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Abstract

Graphene-based nanomaterials (GBNs) are widely used due to their chemical and physical
properties for multiple commercial and environmental applications. From an occupational health
perspective, there is concern regarding the effects of inhalation on the respiratory system, and
many studies have been conducted to study inhalation impacts on lung. Similar to the respiratory
system, the eyes may also be exposed to GBNs and thus impacted. In this study, immortalized
human corneal epithelial ("nTCEpi) cells and rabbit corneal fibroblasts (RCFs) were used to
investigate the toxicity of eight types of GBN: graphene oxide (GO; 400 nm), GO (1 um), partially
reduced graphene oxide (PRGO; 400 nm), reduced graphene oxide (RGO; 400 nm), RGO (2 um),
graphene (110 nm), graphene (140 nm), and graphene (1 um). We next examined the effects of
these GBNs on hTCEpi cell migration. We also determined whether the expression of a-smooth
muscle actin (aSMA), a myofibroblast marker, is altered by the GBNs using RCFs. We found that
RGO (400 nm) and RGO (2 um) were highly toxic to hTCEPi cells and RCFs meanwhile, PRGO
(400 nm) was toxic only to hTCEpi cells. In addition, PRGO (400 nm), RGO (400 nm), and RGO
(2 um) inhibited hTCEpi cell migration and significantly increased aSMA mRNA expression.
Further study /7 vivois required to determine if RGO nanomaterials delay corneal epithelial
healing and induce scar formation.
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1. Introduction

There has been significant interest in derivatives of graphene-based nanomaterials (GBNS),
particularly graphene oxide (GO), given their electrochemical and physicochemical
properties (Lee et al., 2019). Specifically, their functionalization allows them to be used

for an array of applications in biosensing (Yang et al., 2013), drug delivery (Zahin et al.,
2020), and antimicrobial materials (Giulio et al., 2018; Mohammed et al., 2020) as well as
multiple environmental applications (Perreault et al., 2015). Furthermore, GBNs are being
incorporated into contact lenses to increase tear fluid volume (Huang et al., 2021), protect
against electromagnetic radiation (Lee et al., 2017), and treat fungal keratitis (Huang et

al., 2016). Thus, this increasing use of GBNS raises questions about potential toxicity.
Various studies have suggested the dose and time-dependent toxicity of GO. /n vitro studies
on hepatocellular carcinoma cells have demonstrated that penetration of GO through the
plasma membrane altered morphology and increased the presence of reactive oxygen species
(Lammel et al., 2013). Exposure to GO resulted in oxidative stress in human lung fibroblast
cells (Wang et al., 2013), human alveolar basal epithelial cells (Chang et al., 2011), as well
as in human skin keratocytes (Pelin et al., 2018).

However, ocular studies are limited, with GO found to be toxic to mouse conjunctiva, while
reduced graphene oxide (RGO) was reported to have no harmful effect (An et al., 2018). The
mechanism by which GO causes ocular toxicity remains unclear, although the difference

in physical characteristics, particularly size, may explain the varying toxicity of GO and
RGO (Jiang et al., 2021). Additionally, dose and time-dependent GO toxicity were due to
oxidative stress in human corneal epithelial cells and human conjunctiva epithelium cells,
while repeated exposure in rats damaged corneal epithelium (Wu et al., 2016).

The eye is in direct contact with its external environment, so it is crucial to understand the
effects of GBNs on the eyes. While it is known that ocular exposure to GBNs can cause
damage, there is still a lack of understanding of their impact on corneal wound healing.
Following an injury to the cornea, cell migration and keratocyte-fibroblast-myofibroblast
(KFM) transformation induced by transforming growth factor-p1 (TGF-p1) are critical
for proper wound healing (Ljubimov and Saghizadeh, 2015). This study evaluates the

in vitrotoxicity of GO, partially reduced graphene oxide (PRGO), RGO, and graphene
nanomaterials on corneal epithelial cells and fibroblasts, epithelial cell migration, and
fibroblast-to-myofibroblast differentiation.

2. Materials and methods

2.1. Nanomaterials synthesis and characterization and preparation of suspensions

This study used GBNs generated and characterized by the Engineered Nanomaterials
Coordination Core as part of the Nanotechnology Health Implications Research (NHIR)
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Consortium at the Harvard T.H. Chan School of Public Health. The 2D GBNs that were
assessed in this study include: GO (400 nm), GO (1 um), PRGO (400 nm), RGO (400

nm), RGO (2 um), graphene (110 nm), graphene (140 nm), and graphene (1 um) (Table 1).
The GBNSs were synthesized using liquid phase exfoliation and/or a derivative of Hummer’s
method (Duan et al., 2020; Parviz and Strano, 2018). The purity of each of the GBNs was
confirmed to be greater than 98% by inductively coupled plasma mass spectrometry (Herner
et al., 2006).

The GBNs were resuspended and sonicated with a calibrated sonication system (2510R-MT;
Branson Ultrasonic Co., Danbury, CT) as detailed by DeLoid and colleagues (DeLoid et

al., 2017) before experimental use. In summary, each NP was placed in a 15 mL conical
tube with deionized water added to reach a final concentration of 2 mg/ml. Then the
nanosuspensions were vortexed for approximately 30 s at high speed and sonicated for 1
min/ml as described for each material. After sonication, the stock suspensions were vortexed
again at high speed for 30 s and diluted to their final concentration with a balanced salt
solution (BSS; Alcon, Geneva, Switzerland). After preparation, the diluted suspensions were
used immediately, and preparation protocols were repeated every 24 h.

2.2. Cell culture

Primary rabbit corneal fibroblast cells (RCFs) were obtained from enucleated young rabbit
eyes (PelFreez, Rogers, AR) after isolated corneas were digested with collagenase and
hyaluronidase as previously described (Myrna et al., 2012). The cells were maintained

in Dulbecco’s Modified Eagle’s Medium Low Glucose growth media (HyClone; GE
Healthcare Life Sciences, Logan, UT) complemented with 10% fetal bovine serum (Atlanta
Biologicals, Lawrence, GA) and 1% penicillin-streptomycin-fungizone (PSF; HyCloneTM
100 x HyClone, Logan, UT) at 37 °C and 5% CO». Cells were used between passages 3 to 7.

Human-telomerase reverse transcriptase-immortalized corneal epithelial (hnTCEpi) cells were
kindly donated by James V Jester, Ph.D. (University of California, Irvine) (Robertson

et al., 2005). The cells were cultured at 37 °C, and 5% CO> in EpiL.ife growth media

(Life Technologies, Carlsbad, CA) supplemented with 1% EpiL.ife Defined Growth S (Life
Technologies) and 1% PSF (HyCloneTM). Cells were used between passages 40 to 60.

2.3. Cell viability assay

Calcein AM (acetoxymethyl ester) assays were carried out to assess the effects of various
graphene nanoparticles on hTCEpi and RCF cell viability. The Calcein-AM Cell Viability
Kit (TREVIGEN®, R&D Systems, Inc. Minneapolis, MN) was used to measure cytotoxicity.
The RCFs were plated at a density of 5000 cells per well in 100 pl of media or 8000 hTCEpi
cells per 100 pl of media in a black-walled 96-well plate. The cells were incubated for

24 h to allow attachment to the bottom of the wells before treatment. Citrate-capped gold
nanoparticles (AuNP; 15 nm; 5 pg/ml) and saponin (1 mg/ml) were used as negative and
positive controls, respectively. After 24-h incubation with the nanomaterials ranging from
0.05 to 50 pg/ml, the media was replaced with 100 L of working 1 mM Calcein AM
solution in PBS for 30 min at 37 °C under 5% CO,. Cell fluorescence was read using a
microplate reader with a 490 nm excitation filter and a 520 nm emission filter. The viability
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test was conducted in triplicates, and absorbance for wells without cells containing the
NPs was used as the blank control in both assays. Relative cell viability was calculated
by subtracting the blank controls’ absorbance values from the treated wells’ absorbance
values and multiplying by 100 to give the value as percent viabilities. These values were
normalized to the vehicle control.

2.4. RNA extraction and quantitative real-time PCR

RCFs were seeded at 1.5 x 10° per 2 ml of media in 6-well plates. After allowing cells

to attach for 24 h, the media was aspirated and replaced with culture media containing
graphene NPs or distilled water (vehicle control) in the presence or absence of 10 ng/ml

of TGF-p1. RNA was extracted 24 h after treatment using the GeneJET RNA Purification
Kit (Thermo Fisher Scientific, Waltham, MA), following the manufacturer’s protocol. A
NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific) was used to quantify
the RNA by measuring the absorbance at 260 nm. Quantitative real-time PCR (QPCR)

was performed with SensiFAST Probe Hi-ROX One-Step kit (Bioline, Taunton, MA) using
rabbit-specific aptamers for a-smooth muscle actin (aSMA; AC7AZ, 0c03399251 m1;
Thermo Fisher Scientific) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH,
0c03823402_g1; Thermo Fisher Scientific), which served as a housekeeping gene. The
results were expressed as 272ACT with GAPDH used as the reference. The total reaction
volume was 10 pl per reaction, and each reaction was performed in triplicates; experiments
were run at least three times. Gene expression was normalized relative to mRNA expression
of cells treated with the vehicle control and the absence of TGF-p1.

2.5. Epithelial cell migration assay

In vitro cell migration of hTCEpi cells was measured using the Oris™ 96-well cell migration
assay kit (Platypus Technologies, Madison, WI), following the manufacturer’s instructions.
In summary, 2 x 10* hTCEpis per 100 pl of media were seeded in black-walled 96-well
plates containing the cell stoppers in the middle of each well. Once a monolayer of cells was
formed, the cell stoppers were carefully removed, and the cells were treated with various
GBN:Ss at concentrations selected based on cell viability results. Cytochalasin D (1 pug/ml)
was used as a positive control. The cells were incubated for 24 h to allow migration into

the detection zone. Then they were fixed for 30 min with 4% paraformaldehyde in PBS.

The cells were washed with Dulbecco’s Phosphate Buffered Saline, and their nuclei were
stained with 4”,6-diamidino-2-phenylindole (DAPI; BioGenex, San Ramon, CA) 1:20,000
in PBS for 15 min at room temperature. Immediately after staining, the cells were imaged
with a fluorescence microscope with a 4 x objective (BZ-x800; Keyence Co., Osaka, Japan).
The area of the cell-free region was measured using ImageJ analysis software (ver 1.52k;
National Institute of Health, Bethesda, MD), and the relative cell migration was calculated
for the media control.

2.6. Statistical analysis

Cell viability and migration data were analyzed by one-way ANOVA followed by Dunnett’s
multiple comparisons test. Real-time PCR data were analyzed by one-way ANOVA followed
by Tukey’s multiple comparisons test. All statistical analyses were performed using

Exp Eye Res. Author manuscript; available in PMC 2023 April 26.
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GraphPad Prism software version 9.4.0 for macOS (GraphPad Software LLC., San Diego,
CA). A p-value of <0.05 was considered statistically significant.
3. Results

3.1. Cytotoxicity of GBNs to hTCEpi cells

The cell viability of the hTCEpi cells was evaluated after 24-h exposure to various GBNs
using the Calcein AM assay. Of the eight nanomaterials tested, PRGO (400 nm), RGO (400
nm), RGO (2 um), and graphene (110 nm) were significantly cytotoxic to hTCEpi cells.

In particular, RGO (400 nm) showed substantial toxicity at concentrations >12.5 ug/ml.

The remaining four nanomaterials — GO (400 nm), GO (1 um), graphene (140 nm), and
graphene (1 um) — showed no significant toxicity to hTCEpi cells at concentrations as high
as 50 pg/ml (Fig. 1).

3.2. The hTCEpi cell migration after exposure to GBNs

We evaluated the effects of eight GBNSs on cell migration using a round wound healing
assay. Among the GBNs, GO (400 nm), GO (1 um), PRGO (400 nm), RGO (400 nm), and
RGO (2 pm) significantly inhibited cell migration even at low concentrations of 2.5 and 5
pg/ml. Graphene (110 nm) and graphene (140 nm) significantly inhibited cell migration at
concentrations >25 pg/ml and 50 pg/ml, respectively. Graphene (1 um) did not affect cell
migration even at the highest tested concentration of 50 pg/ml (Fig. 2).

3.3. Cytotoxicity of GBNs to RCFs

Cell viability of RCFs after 24 h of exposure to various types of GBN was evaluated
using the Calcein AM assay (Fig. 3). Only RGO (400 nm) and RGO (2 um) were
significantly cytotoxic to RCF at concentrations >12.5 pug/ml. The remaining six GBNs
were not cytotoxic even at the maximum tested concentration of 50 ug/ml.

3.4. TGF-Bl-induced aSMA mRNA expression of RCFs after exposure to GBNs

We studied the effects of the eight GBNs on aSMA mRNA expression using quantitative
real-time PCR (Fig. 4). PRGO (400 nm), RGO (400 nm), and RGO (2 pm) significantly
increased aSMA mRNA expression in the presence of TGF-B1. The remaining five GBNs
had no significant effect on a SMA mRNA expression.

4. Discussion

Clinical application of GBNs is underway in the field of ophthalmology. For example,
GBN-containing contact lenses have been developed with the added value of treating dry
eye syndrome (Huang et al., 2021) and fungal keratitis (Huang et al., 2016), and shielding
electromagnetic waves (Lee et al., 2017). Since contact lenses are in contact with the cornea
for long periods of time, it is significant to evaluate the impact of GBNSs on the cornea.

This study described the /n vitro cytotoxic effects of various GBNs on corneal epithelial
cells and stromal fibroblasts. The PRGO (400 nm), RGO (400 nm), and RGO (2 um) were
all cytotoxic to hTCEpi cells even at low concentrations. By contrast, exposure of hTCEpi
cells to GO (400 nm) and GO (1 um) at concentrations of 50 pug/ml resulted in only a
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slight, statistically insignificant decrease in cell viability of approximately 80%. These cell
viabilities were similar to those obtained when mouse corneal epithelial cells were exposed
to GO at 50 pg/ml (An et al., 2018). In contrast, Wu et al. reported that GO is toxic to human
corneal epithelial cells, with cell viability reduced to 40% when exposed to concentrations of
50 pg/ml (Wu et al., 2016). This difference may be attributed to the GO size; Wu et al. used
120 nm GO, smaller than the GO sizes used in this study (400 nm and 1 pm). Generally, the
smaller the size of a GO, the more toxic it is (Seabra et al., 2014). The fact that RGO (400
nm) was more toxic than RGO (2 um) in this study may also be due to the size difference.
PRGO (400 nm) and RGO (400 nm) were comparable in size, but RGO (400 nm) was

more toxic to hTCEpi cells. This result is also consistent with a report that RGO became
more harmful to human retinal pigment epithelium as the degree of reduction increased (Ou
et al., 2021). None of the three graphene nanomaterials tested in this study was toxic at
concentrations below 25 pg/ml. This difference in toxicity between graphene and GO versus
RGO may be explained by hydrophilicity and functional groups. Graphene and RGO are
hydrophobic and therefore have high affinity to cell membranes. GO and RGO have many
carbonyl groups, which are considered toxic functional groups (Chng and Pumera, 2013).
Thus, the hydrophobicity of RGO combined with its carbonyl groups may have disrupted the
cell membrane.

We have previously reported the toxicity of various metal oxide nanomaterials on corneal
epithelial cells and fibroblasts. Previous studies demonstrated that most metal oxide
nanomaterials displayed similar toxicity to hTCEpi cells and RCFs (Fukuto et al., 2021;
Kim et al., 2020). In the present study, RGO (400 nm) and RGO (2 pm) were also toxic
to both cell types. The two RGO nanomaterials were toxic to hTCEpi at 5 ug/ml and RCF
at 12.5 pg/ml, comparable to the toxicity of V,05 nanoflakes (Fukuto et al., 2021; Kim et
al., 2020). Limited publications evaluate the toxicity of graphene nanomaterials on human
epithelial cells and fibroblasts, with no or low toxicity at concentrations lower than 10
ug/ml (Liao et al., 2011; Nasirzadeh et al., 2019; Park et al., 2015). Similarly, the graphene
nanomaterials used in this study were not toxic to hTCEpi cells or RCF at concentrations
below 12.5 pg/ml.

Epithelial cell migration is a crucial property of corneal wound healing. All GO forms

(GO, PRGO, and RGO) tested in this study decreased epithelial cell migration in a dose-
dependent matter. GO nanosheets inhibited cell migration of human alveolar basal epithelial
(A549) cells by interfering with the structure of the actin filaments (Tian et al., 2017). RGO
nanomaterials increased cell migration of A549 cells at concentrations lower than 10 ug/ml,
while migration was inhibited at 20 ug/ml (Liao et al., 2018). The difference in the effect of
low concentrations of RGO on cell migration between A549 and hTCEpi cells suggests that
tolerance to RGO may vary from organ to organ.

KFM transformation also plays an essential role in corneal wound healing. When the cornea
is injured /n vivo, keratocytes differentiate into fibroblasts and migrate to the injury site

(Fini and Stramer, 2005). As wound healing progresses, fibroblasts differentiate into aSMA-
positive myofibroblasts (Jester et al., 1995). This differentiation is promoted by TGF-p1
secreted by corneal epithelial cells (Jester et al., 1999). If this reaction is excessive, the
corneal parenchyma becomes fibrotic, resulting in corneal opacification and impaired visual
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function (Wilson, 2020). Similarly, GO and RGO nanomaterials induce lung fibrosis via
epithelial-mesenchymal transition (Kan et al., 2022; Liao et al., 2018). In the current study,
PRGO and RGO nanomaterials significantly increased aSMA gene expression, while GO
and graphene nanomaterials did not show significant changes.

A limitation of this study is that there is an upper limit to the concentration of GBNs that

can be tested in the cell viability assay. According to the U.S. Environmental Protection
Agency’s acute toxicity classification, a chemical is considered essentially nontoxic if its
median lethal concentration (LC50) exceeds 100 pg/ml (Hemmer et al., 2011). Therefore,
the maximum concentration for cell viability assays should ideally exceed 100 pg/ml. As can
be seen in Tables 1 and 8 GBNs are available in concentrations ranging from 310 pg/ml to
500 pg/ml. The maximum concentration of GBNs used in the cell viability assay was set at
50 pg/ml to minimize the effects of dispersants on cells.

It is important to consider the effects of metal/metal oxide NPs on corneal epithelial and
stromal wound healing since in vitroand in vivo results are always congruent. For example,
zinc oxide, vanadium pent-oxide, and silver silica NPs inhibited corneal epithelial cell
migration /n vitro, but only zinc oxide NPs delayed corneal epithelial wound closure /in vivo
(Kim et al., 2020, 2021). Iron oxide NPs increased aSMA mRNA expression in corneal
fibroblasts /n vitro but did not alter corneal stromal haze formation /n vivo (Fukuto et al.,
2021). In the present study, we investigated the effect of GBNs on corneal epithelial and
stromal wound healing /n vitro, but whether the same phenomenon occurs /n vivo warrants
further investigation in animal models.

5. Conclusion

Funding

GBNs vary in toxicity to corneal epithelial cells and fibroblasts depending on their size and
degree of redox. We show that GO, PRGO, and RGO nanomaterials significantly inhibit

the migration of corneal epithelial cells even at low concentrations, suggesting that they
prolong corneal epithelial defects. Furthermore, PRGO and RGO nanomaterials significantly
induced KFM transformation, indicating that they may leave scars after corneal wound
healing.

These studies were funded by grants from the National Institutes of Health - NIEHS U01 ES027288, NEI R01
EY019970, NEI KO8 EY 028199, and NEI P30 EY012576 and conducted as part of a Nanotechnology Health
Implications Research (NHIR) Consortium with the Coordination Core established at the Harvard University T.H.
Chan School of Public Health. The NIEHS Nanosafety Center provided all GBNs (U24 ES026946).
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Data will be made available on request.
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Fig. 1.

Ef%ect of eight GBNs on hTCEpi cell viability as measured by Calcein AM assay. Data are
represented as mean + standard error of the mean (SEM). Error bars represent the SEM and
asterisks indicate significant differences using a one-way ANOVA followed by Dunnett’s
multiple comparisons test compared to the media controls at *£< 0.05, **P< 0.01, ***P<
0.001. The number of independent experiments (/) which included six technical replicates is
designated in the figure.
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Fig. 2.

Ef%ect of eight GBNs on hTCEpi cell migration as measured by round wound healing assay.
(A) Representative images of migration assay of hTCEpi cells treated with 0.5-50 ug/ml of
GO (400 nm). (B) The data represent mean + standard error of the mean (SEM). Error bars
represent the SEM and asterisks indicate significant differences identified with a one-way
ANOVA followed by Dunnett’s multiple comparisons test when compared to the media
controls; *P< 0.05, **P< 0.01, ***P< 0.001. The number of independent experiments (/1)
with three technical replicates is denoted in the figure.

Exp Eye Res. Author manuscript; available in PMC 2023 April 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fukuto et al.

Cell viability (%)

Cell viability (%)

Cell viability (%)

Page 12
GO 400 nm GO 1pum PRGO 400 nm
n=4 n=6 n=3
1404 120+ 120+
120 100 _ 100
100 2 S
s0. z 80 z 80
3 60 o 60
60 - .‘s“ .E
404 § 40 § 40
20 204 20
i - o . i
@ o> D0 D 0 0D e R PR - T N R JPL WP W@ o> LN S L P SRR
\‘@b‘ W o7 Pl v %Qoo\ \‘&s Y e’ Tt v ‘°Q°<~* \x@& Y o7 P’ v ‘>Q°¢\
< P &
Concentration (ug/mL) Concentration (ug/mL) Concentration (ug/mL)
RGO 400 nm RGO 2 pm Graphene 110 nm
n=3 n=3 n=3
1204
140 % 120
100
120 :\'o‘ o = 100+
E > 80+ X
100 . z 95 80
80 8 60 =
2 3 60
60 = 40 >
[7] = 40
07 © 2 8
20 e . 20+
0- 0- i
I I IR TR TR T S NP
L PP P9 P S & ¥ N G P PE P gt PR
N < R W <
g @ &
Concentration (ug/mL) Concentration (ug/mL) Concentration (pg/mL)
Graphene 140 nm Graphene 1 ym
n=3 n=3
1204 120
100 100
2
80 ‘5 80~
60 B 60
40 = 40
o
20 20—
o e o
& \»‘\9" Pl P2 P S & vowga RIS ISR
ée- () Q‘Q Qo
2z <°
Concentration (ug/mL) Concentration (ug/mL)

Fig. 3.

Ef%ect of eight GBNs on RCF viability as measured by Calcein AM assay. Data are
represented as mean + standard error of the mean (SEM) with error bars denoting SEM.
Asterisks indicate significant differences compared to the media controls at *£< 0.05, **P
< 0.01, ***P< 0.001 using a one-way ANOVA followed by Dunnett’s multiple comparisons
test. The number of independent experiments (77) with six technical replicates is designated
in the figure.
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Gene expression of aSMA after 24-h treatment of RCFs with GBNSs analyzed by
quantitative real-time PCR. The results were expressed as 2"22CT with GAPDH used as
the endogenous control. Data are mean + standard error of the mean (SEM) with error bars
indicating SEM; **P< 0.01, ***P < 0.001, one-way ANOVA followed by Tukey’s multiple
comparisons test was performed to compare with TGF-B1 treatment only. The number of
independent experiments (/) with three technical replicates is denoted in the figure.
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Table 1

General characteristics of the eight graphene-based nanomaterials.

Page 14

Nanomaterial name (Serial number) Particle size  Dispersant Dispersion Synthesis method
concentration

Graphene oxide (GO-400NMX400NM- 400 nm Water 310 ug/ml Improved Hummer’s

DP20190115-1) method and liquid-phase
exfoliation

Graphene oxide (GO-1uMX1uM- 1pum Water 500 pg/ml Improved Hummer’s

DP20190115-1) method and liquid-phase
exfoliation

Partially reduced graphene 400 nm Sodium cholate (4 500 pg/ml Improved Hummer’s

oxide (PRGO-400NMX400NM- mg/ml) method and liquid-phase

DP20190630-1) exfoliation

Reduced graphene oxide 400 nm Sodium cholate (3.88 500 pg/ml Modified Hummer’s

(RGO-400NMx400NM-DP04302018-1) mg/ml) method and liquid-phase
exfoliation

Reduced graphene oxide 2um Sodium cholate (2.5 400 pg/ml Improved Hummer’s

(rGO-2uMX2puM-DP20190220-1) mg/ml) method and liquid-phase
exfoliation

Graphene (G-110NMX110NM- 110 nm Sodium cholate (5 500 pg/ml Liquid-phase exfoliation

DP20170315-1) mg/ml)

Graphene (G-PF108-140NMX140NM- 140 nm Pluronic® F-108 (10 320 ug/ml Liquid-phase exfoliation

DP20190801-1) mg/ml)

Graphene (G-PF108-1uMX1uM- 1pm Pluronic® F-108 (10 320 ug/ml Liquid-phase exfoliation

DP20190801-1)

mg/ml)
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