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Exposure to graphene nanoparticles induces changes in measures of vascular/
renal function in a load and form-dependent manner in mice
K. Krajnaka, S. Waugha, Ab Stefaniakb, D Schwegler-Berrya, Ka Roachc, M Bargera, and Jr. Robertsa

aHealth Effects Laboratory Division, National Institute for Occupational Safety and Health, Morgantown, WV, USA; bRespiratory Health
Division, West Virginia University, Morgantown, WV, USA; cDepartment of Physiology

ABSTRACT
Graphenes isolated from crystalline graphite are used in several industries. Employees working in
the production of graphenes may be at risk of developing respiratory problems attributed to
inhalation or contact with particulate matter (PM). However, graphene nanoparticles might also
enter the circulation and accumulate in other organs. The aim of this study was to examine how
different forms of graphene affect peripheral vascular functions, generation of reactive oxygen
species (ROS) and changes in gene expression that may be indicative of cardiovascular and/or renal
dysfunction. In the first investigation, different doses of graphene nanoplatelets were administered
to mice via oropharyngeal aspiration. These effects were compared to those of dispersion medium
(DM) and carbon black (CB). Gene expression alterations were observed in the heart for CB and
graphene; however, only CB produced changes in peripheral vascular function. In the second study,
oxidized forms of graphene were administered. Both oxidized forms increased the sensitivity of
peripheral blood vessels to adrenoreceptor-mediated vasoconstriction and induced changes in ROS
levels in the heart. Based upon the results of these investigations, exposure to graphene nanopar-
ticles produced physiological and alterations in ROS and gene expression that may lead to cardi-
ovascular dysfunction. Evidence indicates that the effects of these particles may be dependent upon
dose and graphene form to which an individual may be exposed to.
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Introduction

Various forms of graphene generated from crystal-
line graphite are being widely used in the electronics
industry (Sanchez et al. 2012). At least six different
forms of graphene have been manufactured,
described, and employed by the electronics and
health industries. These forms include monolayer
graphene, few-layer graphene (FLG), ultrathin gra-
phite, graphene oxide, reduced graphene oxide and
nano-graphene oxide (Sanchez et al. 2012). The uti-
lization of graphene has expanded, attributed to its
material properties which include superior strength,
flexibility and ability to conduct electrical signals
(Sanchez et al. 2012; Smith 2017). However, with
increased usage and production of graphene nano-
particles and nano-sheets, there is a potential for
a rise in exposure in the workplace. Workers
involved in the manufacturing of electronics, bat-
teries, printable inks, filters, automotive parts, med-
ical devices, and supercapacitors may be exposed to

graphene by inhalation (O’Mahony et al. 2019;
Sanchez et al. 2012; Sang Tran, Dutta, and Roy
Choudhury 2019). In addition, construction workers
(concrete preparation) and scientists devising new
methods for delivery of chemotherapeutic drugs
may potentially be exposed to these particles via
inhalation or dermal contact (Bussy et al. 2015;
Dasari Shareena et al. 2018; Feng and Liu 2011;
Sanchez et al. 2012; Su et al. 2016; Tabish, Zhang,
and Winyard 2018; Zhang et al. 2016a). There are
currently few workplace exposure assessment studies
available for graphene materials. However, a human
airway depositionmodeling study demonstrated that
graphene nanoparticles exhibit the propensity to
deposit in the upper airways of workers (Su et al.
2016). Further, several animal experiments noted
that graphene materials were in the respirable size
range (Han et al. 2015; Kim et al. 2016; Ma-Hock
et al. 2013; Shin et al. 2015; Su et al. 2016). In
addition, in vivo studies also showed translocation
of graphene materials to other organs such as spleen
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and liver following pulmonary exposure (Mao et al.
2016). It is worthwhile noting that several investiga-
tors reported that pulmonary nanoparticle exposures
in vivo produce adverse effects on the cardiovascular
system (Donaldson et al. 2013).

Graphene oxide (GO) GO is manufactured by
chemically oxidizing crystalline graphite resulting
in the chemical attachment of oxygen-containing
functional groups onto every graphene sheet in the
material. A process of thermal reduction is then
applied to the material to generate the rGOmaterial.
This process restores electrical conductivity and may
alter other properties of the molecule, including
a reduction in density relative to the parent com-
pound that occurs during the reduction process
(Sanchez et al. 2012). Both of these oxidized forms
of graphene were found to induce pulmonary
inflammation (Bengtson et al. 2017; Duch et al.
2011; Li et al. 2013; Shurin et al. 2014). Acute inhala-
tion of unoxidized graphene particles was also found
to induce pulmonary inflammation (Ma-Hock et al.
2013; Roberts et al. 2016). However, inhalation of
a number of other nanoparticles, and induction of
pulmonary inflammation, is also associated with
detrimental effects on a number of other systems in
the body (Kermanizadeh et al. 2016). Investigators
examining the influence of titanium dioxide inhala-
tion at concentrations that do not induce a major
pulmonary response, exerted actions on peripheral
and cardiovascular functions (LeBlanc et al. 2010;
Nurkiewicz et al. 2006). Therefore, determining if
there are alterations in cardiovascular function in
response to graphene inhalation may serve as
a sensitive indicator of toxicity following nanoparti-
cle exposure.

To assess the effects of different forms of graphene,
an establishedmodel of pulmonary exposure to nano-
particles was used to test the hypothesis that changes
in peripheral vascular function, and alterations in
other factors involved in regulating blood pressure
and cardiovascular function are affected by exposure
to graphene nanoparticles (Porter et al. 2010; Roberts
et al. 2016). Roberts et al. (2016) examined the effects
of pulmonary exposure to these three different sized
graphite nanoplatelets found that exposure to all three
forms induced acute inflammation of the lungs, but
inflammation persisted up to 1 month post-exposure
in mice exposed to nanoplatelets with larger dimen-
sions (Gr5 and 20) (Roberts et al. 2016). It was thus of

interest to determine if changes in cardiovascular
function occurred that were associated with different
sized particles and different forms of graphene. The
goal of this investigation was to specifically examine
graphene sheets of three different sizes and compare
the results obtained to those obtained with exposure
to a dispersion medium (DM control), and those
obtained with exposure to carbon black (CB) nano-
particles which were used as a carbon-based reference
material, on peripheral cardiovascular responsiveness
and relationship to changes in expression of factors
that influence blood pressure (BP) and cardiovascular
function. In addition, alterations in ROS levels in the
heart and kidneys were determined as evidence of
adverse effects attributed to nanoparticles (Ghio,
Carraway, and Madden 2012).

Methods

Animals

Pathogen-free, male C57BL/6J mice, 8 weeks of age at
arrival weighing approximately 23 g, were obtained
from Jackson Laboratory (Bar Harbor, ME). Mice
were allowed to acclimate to the facilities for 1 week
prior to the beginning of the experiment. Mice were
individually housed in polycarbonate ventilated cages
withHEPA-filtered air, in humidity and temperature-
controlled room, under a 12:12 hr light/dark cycle. All
animals were provided with food (Harlan Teklad
Rodent Diet 7913; Indianapolis, IN) and tap
water ad libitum. All housing and exposure facilities
were in compliance with the AAALAC International.
All procedures were approved by Centers for Disease
Control and Prevention/National Institute for
Occupational Safety and Health (Morgantown)
Animal Care and Use Committee and in compliance
with ethical standards put forth by AAALAC
International, the Animal Welfare Act and the
Office of Laboratory Animal Welfare (OLAW). For
all experiments, an n = 6 mice per group was used.

Particle characterization and exposures

Three different sizes of non-oxidized graphite nano-
platelets and two oxidized forms of graphene were
provided by Cabot Corp., Billerica, MA. Printex 90®
(Degussa Heuls, Germany) carbon black (CB), was
used as a reference material control. Samples of
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graphene were manufactured to have approximate
particle dimensions of 1, 5 or 20 µm lateral (referred
to Gr1, 5, or 20, respectively) and thickness of 1–2, 7,
and 7 nm, respectively. Graphene oxide (GO), an
oxidized intermediate material, and the reduced
form of graphene oxide (rGO) were derived from
the particles with similar dimensions to the Gr5
material. CB, Gr1, Gr5, and Gr20 were characterized
as previously reported (Roberts et al. 2016). GO and
rGO were similarly characterized. Briefly, density
was measured by the tap density method and pri-
mary particle size was reported by the manufacturer.
The size was confirmed by field emission scanning
electron microscopy (FESEM) and illustrated in

Figure 1. The surface area of the dry powder form
was measured by the Brunauer, Emmett, and Teller
(BET) method (Materials AsoT 2002, ASTM
B922-02).

Particles (40 µg) were suspended in 50 µl of a well-
characterized dispersion media (DM; containing
0.6 mg/ml mouse serum albumin, 0.01 mg/ml dipal-
mitoyl phosphatidylcholine in phosphate-buffered
saline) (Sager et al. 2007). The dosages were selected
based upon a number of previous studies examining
the influence of carbonaceous nanomaterials follow-
ing oropharyngeal aspiration (Porter et al. 2010;
Roberts et al. 2016). Samples were sonicated for
15 sec at 10 W using a probe sonicator and utilized

a b

c d

e f

Figure 1. Field emission scanning electron micrographs of agglomerates of particles prepared in dispersion medium (DM) for
oropharyngeal aspiration studies: CB (a) and Gr1 (b) are shown at a higher magnification (micron bar = 1 µm total, hatch marks = 0.1
µm apart) than Gr5 (c), Gr20 (d), GO (e), and rGO (f) (micron bar = 30 µm, hatches = 3 µm apart). A higher magnification of rGO is
included (inset, F) demonstrating the layering of the rGO material.
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immediately after preparation each day. The suspen-
sions were characterized for agglomerate size in DM
using microscopy to perform point counts on the
particle and zeta potential of particles was measured
using a zetasizer.

Exposure
All mice were weighed prior to treatment by oro-
pharyngeal aspiration. For Experiment 1, mice
were anesthetized with 3% isoflurane and sus-
pended by their incisors on a slanted board. Each
animal’s mouth was opened and tongue moved
aside. A single 50 µl aliquot of dispersion media,
or media containing 40 µg of the non-oxidized
particles (Gr 1, 5 or 20 µm graphite nanoplatelets)
or CB was pipetted onto the base of the tongue,
and the animal remained in this position until two
full breathes were taken no longer than 15 sec
(Roberts et al. 2016). In study 2, animals were
treated in an identical manner with DM, or oxi-
dized forms of graphene GO or rGO. An n = 8
mice/condition was employed in both studies.
Mice were allowed to recover from anesthesia
before being placed back into their home cage in
the colony room for 24 hr.

Tissue collection
The day following exposure approximately 24 hr
later each animal was weighed, anesthetized with
a fatal dose of pentobarbital (100 mg/kg, i.p.) and
euthanized by exsanguination. The ventral tail
artery was dissected and stored in cold DMEM
until use for microvessel studies. The kidneys and
hearts were also extracted. The left ventricle heart
was cut into two sections. One was used to mea-
sure RNA while the other portion utilized for
determination of ROS levels. Similar to heart tis-
sue, each kidney was placed in a separate tube and
used for the same parameters to be measured. All
tissues were frozen on dry ice and stored at-80°C
until used for assays. The dose of graphene and
time point (24 hr after exposure) were selected
because previously Roberts et al. (2016) demon-
strated that changes in RNA and other markers of
inflammation in the lung were increased at 4 and
24 hr after a similar exposure. Because pulmonary
inflammation persists at 24 hr after exposure at
a dose of 40 µg (Roberts et al. 2016), and previous
investigators demonstrated both physiological

effects and gene expression alterations in the car-
diovascular system are apparent 24 hr following
exposure (Krajnak et al. 2011; LeBlanc et al. 2010;
Nurkiewicz et al. 2006; Roberts et al. 2013), this
time point was thus selected to assess the influence
of graphene on the cardiovascular system.

Measurements of vascular reactivity

To assess the effects of pulmonary graphene expo-
sure on peripheral vascular function, the ventral
tail artery was dissected, mounted on pipettes
and placed in a microvessel chamber (Living
Systems Instrumentation, Catamount Research
and Development, Inc.). Artery segments were
pressurized and maintained at 60 mm Hg.
Phenylephrine (PE: Cat 207240200) and acetylcho-
line (Ach: Cat A6625) were purchased from Sigma
Aldrich (Indianapolis, IN). Vasoconstriction in
response to the α-1-assessing adrenoreceptor ago-
nist, PE, was monitored after applying the drug in
half-log increments (−10 to −6.5 M) and the inter-
nal diameter was recorded after the vessel equili-
brated (approximately 5 min). If the artery reached
a 50% constriction from the basal diameter, no
additional PE was added. Data were calculated as
% change from baseline. After assessing the effects
of PE, arteries were rinsed until they returned to
their original baseline. Arteries were then re-
constricted to 50% of baseline with PE and acetyl-
choline (ACh) was applied to the bath to induce
a re-dilation. Ventral tail arteries do not have endo-
genous basal tone, such that these were pre-
constricted to assess sensitivity to ACh-induced
re-dilation. As with PE, ACh was added in progres-
sively increasing doses (half-log increments from
−9 to −5.5) and alterations in internal diameter
recorded.

Quantitative reverse-transcriptase polymerase
chain reaction-PCR (qRT-PCR)
The procedures for RNA isolation, amplification and
transcription were described previously (Krajnak et al.
2011). Briefly, tissues were homogenized and RNA
was isolated by centrifugation using the Rneasy Lipid
Tissue kit (Cat # 74804; Qiagen, Germantown, MD).
One µg RNA was used for reverse transcription using
the High Capacity cDNA reverse-Transcriptase kit
(Cat 42–688-13; Life Technologies Corp, Waltham,
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MA), and amplification performed using probes from
Universal Roche Probe Library (Cat # 04683650001;
Roche Diagnostics, Indianapolis, IN). All PCR was
performed using FS Universal SYBR Green master
ROX 5 and Faststart Universal Probe Master Mix
(Cat 4913850001 and 4913957001, respectively;
Sigma-Aldrich, St Louis, MO). Ribosomal 18 s (18s)
was used as a control to determine if there were
equivalent levels of RNA in each sample. Other tran-
scripts that were measured are presented in Table 1.
PCR was performed in an Applied Biosystems 7500
thermocycler and a Step-One-Plus analyzer (Applied
Biosystems, Foster City, CA) and the critical threshold
(CT) of amplification for each transcript was used as
a measure of transcript levels. A standard curve for
each gene was also run (by increasing the concentra-
tion 10-fold for each standard) to determine the effi-
ciency of each PCR assay. The exposure-induced
change in CT (ΔCT) was calculated by subtracting
themean CT of the DM group from each sample. The
fold change was calculated using the following for-
mula (efficiency of the PCR runΔCT). The fold change
was used for statistical analyses.

Tissue Nox and H2O2 concentrations
Heart and kidney tissues were homogenized in 1 ml
of 0.1 M phosphate-buffered saline (PBS; pH 7.2)
containing protease inhibitor, centrifuged (Nox: 15
min at 4500 g; H2O2: 100,000 x g for 30 min, both
at 4°C) and the supernatants were removed and
assayed for nitrate/nitrite (Nox) and hydrogen per-
oxide (H2O2) was measured using the nitrate/nitrite

kit (Cat # 780001; Caymen Biologics, Ann Arbor,
MI). In Experiment 2, Fluoro H2O2 kit (Cat
FLOH100; Cell Technologies, Inc, Fremont CA)
was utilized to measure H202 as the lab no longer
had access to an ultracentrifuge and homogenized
samples were all centrifuged at 4500 g. Assays were
performed using the manufacturer’s protocols. To
account for potential differences in the size of the
tissue that Nox and H2O2 were isolated from, the
tissue pellet remaining after homogenization and
centrifugation was resuspended in 1 ml of PBS and
10 ul was assayed using a bicinchoninic acid (BCA)
protein assay (Pierce Chemicals, Dallas TX).
Concentrations of ROS expressed as concentra-
tion/µg protein.

Statistical analyses

All statistical analyses were performed with Jmp
13.2.0 (2016; SAS Institute, Cary NC, 2016).
Microvessel data (mean internal diameter) were
analyzed using a 5 (treatment) x 5 (dose) repeated
measures (RM)-ANOVA for experiment 1 and a
3 (treatments) x 9 (dose) RM-ANOVA for
Experiment 2. Appropriate post-hoc comparisons
were conducted using one-way ANOVAs or
Student’s t-tests, to assess pairwise comparisons.
The effective dose that generated a 50% change in
vascular diameter (ED50) was calculated by fitting
the dose-response from each mouse, using a non-
linear fit function (Prism 5.0 for Windows,
2001–2007; Prism Inc, San Diego, CA), which also
determined the ED50. The ED50 for each group was
then analyzed using a one-way ANOVA
(Experiment 1) or a Student’s t-test (Experiment
2). Other data were analyzed using one-way
ANOVAs followed by t-test tests to determine if
measures were different from DM controls. All data
are reported as the mean ± SEM, and differences
with a p < .05 considered significant. Graphs were
made using Prism 5.0 for Windows.

Results

Particle characterization

Particle morphology is illustrated in Figure 1. CB
is spherical in shape while, Gr1, 5, and 20 are in
platelet forms, and vary in primary particle size.

Table 1. Transcripts quantified by qRT-PCR in the heart and
kidney. All transcripts were measured using probes from the
Roche library.
Heart Kidney

Angiotensin converting
enzyme (ACE)

Dopamine receptor 1a
(Drd1a)

Hypoxia induced factor-1a
(HIF1a)

Dopamine receptor 2
(Drd2)

Metallothionin-1
(Mt1)

Chemokine (C-X-C motif) ligand 14
(Cxcl14)

BAD (pro-apoptotic) Dopamine receptor 5
(Drd5)

BAX (pro-apoptotic) Cyclic-AMP response-element binding
protein (CREB)

BCl2 (repression of
apoptosis)

Tissue inhibitor of metalloproteinase-1
(TIMP1)

Fibronectin-1
(FN1)

Endothelial nitric oxide synthase
(NOS2)

Collagenase-1
(Col1a1)

Inducible nitric oxide synthase
(NOS3)
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GO displays similar structural morphology to Gr5,
while rGO has a more separated layered and
accordion-like structure. Characterization of both
the dry powder form of particles and suspension is
reported in Table 2. Gr1 and rGO had the greatest
surface area followed by CB. Gr5 and GR20 were
similar in terms of surface area. The surface area
was not measured for GO due to concern for
exothermic decomposition during degassing in
the BET method; however, similarities in size,
morphology, and density suggest that it would be
similar to the Gr5 sample, a similar particle from
which the GO was derived. The density of rGO
was approximately an order of magnitude lower
than Gr20, which in turn was approximately an
order of magnitude lower than Gr1, 5, and CB
which were similar to each other. Sonication was
found to disrupt the primary particle size of the
largest sample, Gr20, to a degree, and it also
represented the material with the widest particle
size range. It is important to note that because of
its low density, dosing on an equal mass basis and
taking into consideration particle size, 40 μg of the
rGO results in a significantly greater particle load
by number delivered to the lungs when compared
to the other graphene-based materials.

Experiment 1. Gr1, 5 and 20

Microvessel: Vascular responses to the varying con-
centrations of Gr are presented in Figures 2a–d.
Oropharyngeal aspiration of different sized graphene
nanoplates did not markedly affect the sensitivity of

the ventral tail artery to α1-adrenoreceptor-induced
vasoconstriction (Figure2a). However, exposure to
CB significantly increased sensitivity to PE-induced
constriction as compared to DM controls, particularly
at the highest PE-log dose (Figure2b). Although the
ED50’s appeared to be lower in CB-treated animals
compared to mice treated with Gr1 and 5, these
differences were not significant. Re-dilation in
response to ACh was highly variable and analyses of
concentration-dependent re-dilation were not signifi-
cantly different between groups (Figure 2c–d).

Nox and H2O2 concentrations: Nitrate/nitrite
(Nox) levels in heart and kidney were not signifi-
cantly affected by any of the exposures (Table 3).
Hydrogen peroxide (H2O2) concentrations also
were not significantly different between DM and
non-oxidized graphite nanoplatelet-treated ani-
mals in the heart Table 3). However, H2O2 con-
centrations were significantly higher in CB
compared to DM-administered mouse kidneys.
In addition, H2O2 levels were lower in kidneys of
Gr20 than CB-exposed and DM animals; however,
only the difference between the CB and Gr20
exposed mice was significantly different.

qRT-PCR: Treatment-induced changes in tran-
script levels in relation to DM are presented in
Figure 3. In the heart (Figure 3a), exposure to all
particles significantly increased type 1a1 collage-
nase (Col1a1) expression. Exposure to Gr5 also
significantly elevated chemokine Cxcl14 in the
heart. In the kidney (Figure 3b), exposure to CB
resulted in a significant rise in chemokine ligand
24 (Ccl24). Gr exposure, regardless of size, did not

Table 2. Particle characteristics.

Particle Primary Particle Size
Density
(g/ml)

Specific Surface
Area

(m2/g) ± SEM
Mean Agglomerate Size in DM Following Sonication

(μm) ± SEM
Zeta Potential in DM (mV)

± SEM

CB 15–20 nm 0.180 334.0 ± 2.9 1.16 ± 1.18 −12.6 ± 0.6
Gr1 1–2 μm lateral,1–2 nm

thickness
0.200 747.1 ± 4.4 1.60 ± 1.58 −15.1 ± 0.8

Gr5 5 μm lateral,7 nm
thickness

0.190 106.5 ± 1.1 4.30 ± 4.32 −14.9 ± 0.8

Gr20 20 μm lateral,7 nm
thickness

0.070 115.5 ± 8.4 7.28 ± 13.4 −17.1 ± 1.2

GO 5 μm lateral,7 nm
thickness

0.420 N.D. 4.89 ± 6.55 −14.1 ± 1.1

rGO Not Reported 0.003 650 4.07 ± 3.89 −12.5 ± 0.7

Density and primary particle size were measured by the tap density method. The specific surface area was measured by BET method for all particles
with the exception of GO (N.D., not determined) as per recommendation due to potential reactivity in the assay (1–3 measures per sample ±
standard error). Mean agglomeration in DM was determined morphometrically using point count methods microscopically for the Gr5, Gr20, GO,
and rGO samples, and both microscopically and with validation by dynamic light scattering for the smallest particles CB and Gr1 particles. Point
counts are the mean of ~200–500 counts per sample ± standard deviation. Agglomerates ranged in size up to 2, 2, 60, 300, 40, and 70 μm for CD,
Gr1, gr5, gr20, GO, and rGO, respectively. Zeta is reported as the average of two separate measures per sample.
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exert a significant effect on any of the transcripts
measured in the kidney.

Experiment 2. GO vs rGo

Microvessel: Figure 4 shows vascular responses to
PE and ACh after exposure to GO. There were no
marked exposure-related differences in response to
PE when the concentration-dependent vasocon-
striction was analyzed by repeated-measures
ANOVAs (Figure 4a). Analysis of the ED50 in
response to PE demonstrated that there was
a significant difference between DM and GO-
treated mice with arteries from GO-treated animals
being more sensitive to PE-induced constriction
than arteries from DM controls (Figure 4b; mean
± sem; DM: 10−6.92 ± 0.35; GO 10−7.14 ± 0.12 mM PE).
ACh-induced re-dilation is presented in Figures 4c,
d. GO exposure did not markedly alter the concen-
tration–response relationship or ED50 ACh.
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Figure 2. These graphs show vascular responses to the α1-adrenoreceptor agonist PE (a and b) and ACh (c and d). Exposure to Gr1, 5
and 20, did exert significant effects on PE-induced vasoconstriction (a). However, mice exposed to CB showed a greater vasocon-
striction than those exposed to DM in response to PE at the highest dose (*p < .05). Although the ED50 to PE appeared to be lower
in CB, Gr1, and Gr5-treated mice, these differences were not significant (b). Figure 1a and D illustrate vasodilation in response to
ACh. There were no marked changes in dose-dependent dilation (c) in response to ACh or in the ED50 (d).

Table 3. Concentrations of Nox and H202 in the heart and
kidney after exposure to different dosages of graphene
(Experiment 1: clear boxes) or oxidized graphene (Experiment
2: shaded boxes).

Nox (nM/µg protein) H202 (nM/µg protein)

condition Heart Kidney Heart

DM 0.20
(0.02)

0.013
(0.005)

0.44
(0.1)

CB 0.22
(0.02)

0.012
(0.001)

0.50
(0.02)

Gr1 0.20
(0.02)

0.011
(0.001)

0.56
(0.15)

Gr5 0.18
(0.01)

0.010
(0.002)

0.40
(0.10)

Gr20 0.21
(0.03)

0.010
(0.003)

0.50
(0.20)

DM-GO 0.51
(0.16)

2.24
(0.68)

0.48
(0.11)

GO 0.55
(0.17)

5.05
(1.89)

0.24
(0.11)

DM-rGO 0.56
(0.17)

4.68
(1.36)

0.30
(0.12)

rGO 0.69
(0.20)

2.36
(1.12)

0.94
(0.28)*

Data are presented as the mean (SEM). Values significantly different
than those measured in DM-treated animals are designated in bold
type (*p < 0.05)
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Vascular responses to PE and ACh after rGO are
presented in Figure 5. Arteries frommice exposed to
rGO were more sensitive to PE-induced vasocon-
striction than those exposed to air (Figures 5a,b).
Although arteries from rGO-treated mice appear to
be less sensitive to ACh-induced re-dilation, these
differences were not significant (Figures 5c,d).

Nox and H2O2 concentrations: Neither exposure
to GO nor rGO exerted a marked effect on Nox

concentrations in heart or kidney (Table 3). H2O2

concentrations in the heart were not significantly
different in DM and GO-exposed mice. However,
H2O2 was markedly higher in heart tissue of ani-
mals exposed to rGO as compared to those
exposed to rDM-GO. Kidney H2O2 concentrations
were at the lower level of detectability of the assay
in samples collected from all groups and therefore
not reported.

qRT-PCR: Figures 6a,b illustrate transcript levels in
the heart after exposure to GO or rGO. FN1 was
significantly decreased and Mt1a was elevated in
mice exposed to GO as compared to DM (Figure 6a)

Ace also was significantly increased in GO-exposed
mice. Mice exposed to rGO displayed a rise in Ace,
Bcl2, and Mt1, and a reduction in Fn1 and Nos2
(Figure 6b). Figure 7 shows changes in transcript levels
in the kidney after exposure to GO or rGO. Cxcl14
and CREB were increased in the kidney of GO com-
pared to DM-exposed mice (Figure 7a). Figure 7b
demonstrates changes in transcript levels in kidneys
after exposure to rGO. Drd1 and CREB were signifi-
cantly elevated and Drd2, FN1, and Col1a1 were
reduced as compared to DM controls.

Discussion

The global market for graphene and products that
incorporate is growing rapidly. Graphene is being
used in a number of different industries to
improve the product longevity and conductivity
including but not limited to electronics, sensors,
energy storage, and composites (Sanchez et al.
2012; Smith 2017). The goal of this study was to
examine graphene nanoparticles of different sizes
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and different forms to determine if pulmonary
exposure resulted in changes in peripheral vascular
function and markers of acute tissue responses in
heart and kidney of rats. This study examined the
effects of installation of graphene nano-platelets
on specific markers that previously have been
associated with the development of changes in
cardiovascular function with prolonged exposures
(Krajnak et al. 2011; Roberts et al. 2014, 2013,
2016). Data demonstrated that an acute exposure
to non-oxidized forms of graphene did not signif-
icantly alter the peripheral vascular function or
oxidative stress parameters, but affected transcrip-
tion of a few genes involved in inflammation and
remodeling in the heart and kidney. It is worth-
while noting that incubation of mouse lymphoma
cells with graphene failed to significantly affect
LDH activity, ROS levels and gene expression of
catalase and superoxide dismutase, indicating that
although graphene may be genotoxic, cytotoxic or
mutagenic, it does not induce oxidant stress in this
cell type in vitro (Demir and Marcos 2018).
Although oxidative stress was not altered by

pulmonary instillation of graphene nanosheets in
the current study, GO exposure produced altera-
tions in the expression of specific factors asso-
ciated with inflammation (e.g., MT1a, CCL24,
Cxcl14), cell signaling (Creb) and remodeling fac-
tors (Col1a1, Fn1) in the heart and kidney. In
contrast, exposure to rGO resulted in increased-
sensitivity to PE-induced vasoconstriction (i.e., less
PE was needed to induce a vasoconstriction)
which might potentially contribute to a short-
term change in blood pressure (Krajnak et al.
2011). rGO exposure also resulted in a rise in H2

O2 concentrations in the heart, and changes in
gene transcription similar to those seen with expo-
sure to GO. In the kidney, rGO induced changes
in the expression of transcripts involved in cell
signaling (Creb, Nos2, Drd1, and 2) and tissue
remodeling (Col1a1, Fn1). Therefore, based upon
the results of these studies, the oxidized forms of
graphene exerted a more pronounced acute effect
on vascular and renal systems than non-oxidized
forms. Based upon our observations, future studies
examining the influence of repeated exposures to
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oxidized graphenes and longer recovery times are
warranted to determine if alterations seen in the
current experiment were an acute response, or an
indicative of disease development.

Cardiovascular function alterations that occur
as a result of inhalation of toxicants are often
associated with pulmonary inflammation
(Krajnak et al. 2011; Nurkiewicz et al. 2006;
Roberts et al. 2013). However, there are studies
demonstrating that the cardiovascular system
may be more sensitive and display a response to
inhalation of toxins when there is little or no
pulmonary response (LeBlanc et al. 2010;
Nurkiewicz et al. 2006). Although pulmonary
inflammation was not measured in these experi-
ments, Roberts et al. (2016), assessing the effects of
exposure to the same graphene nanoplatelets (i.e.,
Gr1, 5 and 20), found that exposure to these par-
ticles, or CB, resulted in a rise in neutrophils and
LDH concentrations in bronchiolar lavage fluid.
There were also increases in transcript levels for
a number of pro-inflammatory factors in the lung

after an acute exposure to Gr5 and Gr20 (Roberts
et al. 2016). In addition, other investigators noted
that oxidized forms of graphne may produce
a greater acute pulmonary inflammation than the
un-oxidized forms (Duch et al. 2011; Li et al. 2018;
Shurin et al. 2014). Bengtson et al. (2017) reported
the effects of a single exposure to similar particles
from a different manufacturer and noted pulmon-
ary inflammation was induced by the exposure
that was maintained for up to 90 days. As men-
tioned previously, exposure to toxins or particles
that induce pulmonary inflammation also often
results in changes in cardiovascular function and
systemic inflammation (Krajnak et al. 2011;
LeBlanc et al. 2010; McKinney et al. 2012;
Nurkiewicz et al. 2006; Roberts et al. 2014, 2013).
Thus, the cardiovascular and renal effects observed
in these experiments might be attributed to pul-
monary inflammation induced by exposures to
graphene.

In Experiment 1, where mice were treated with
CB or one of the forms of Gr, the greatest effects
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were seen in animals treated with CB. Previous stu-
dies demonstrated that CB exposure induced an
acute pulmonary inflammation (Lovinsky-Desir
et al. 2016; Ma-Hock et al. 2013). However, results
displaying the effects on the cardiovascular system
are mixed, with some studies noting CB-induced
alterations in the cardiovascular system while other
investigators failed to detect effects (Holz et al. 2018;
Saber et al. 2013). The different responses may be
due to the fact that some studies generate black
carbon particles by burning a carbon-producing
source (Holz et al. 2018), while other studies, includ-
ing this study use manufactured carbon black ultra-
fine particles (Croft et al. 2017; Roberts et al. 2016).
The results of these studies are consistent with those
showing that when compared to animals treated
with DM, exposure to may induce factors that lead
to pulmonary and/or cardiovascular dysfunction or
disease (Nurkiewicz et al. 2006; Saber et al. 2013).

CB exposure resulted in an enhanced sensitivity
to PE-induced vasoconstriction in ventral tail

arteries. The changes may be attributed to
increased load that occurs with exposure to nano-
particles of a smaller size (Roberts et al. 2013,
2016; Schinwald et al. 2012). Enhanced pulmonary
inflammation and induction of inflammatory
pathways such as ROS generation and increases
the expression of pro-inflammatory cytokines
(LeBlanc et al. 2010; Nurkiewicz et al. 2006),
along with activation of the autonomic nervous
system (Kan et al. 2014; Knuckles et al. 2012),
might initiate systemic effects and alter responses
of the cardio- and peripheral vascular systems to
endogenous mediators of vascular function. The
CB-induced alterations in vascular sensitivity to
vasoconstricting and vasodilating factors also may
contribute to the development of cardiovascular
diseases. Studies examining the influence of CB-
exposure on other vascular beds, including the
microvasculature of the heart, demonstrated that
exposure to CB induced elevation in oxidative
activity and alterations in responsiveness to
endothelial-mediated vasodilation (LeBlanc et al.
2010; Nurkiewicz et al. 2006).

Exposure to Gr did not significantly alter per-
ipheral vascular responses to PE-induced vasocon-
striction or ACh-mediated vasodilation. However,
there was an elevation in a number of pro-
inflammatory factors in the heart, which tended
to be most prominent with exposure to Gr5 with
some smaller changes following exposure to Gr20.
In the kidney, exposure to non-oxidized graphenes
did not markedly alter the expression of inflam-
matory factors. In the heart, exposure to all parti-
cles resulted in a rise in Col1a1, and Gr5- and
Gr20-treated mice displayed changes in pro-
inflammatory factor Cxcl14. These factors may be
involved in repair and remodeling in tissues
acutely (Lyu et al. 2015). However, a prolonged
increase in the expression of these factors may be
indicative of dysfunction (Erdely et al. 2013; Porter
et al. 2010; Roberts et al. 2016). In Experiment 2,
the effects of exposure to GO and rGO were
examined. Although the administration of both
particles resulted in a significantly lower ED50 for
PE, the change in the ED50 with GO was small and
may not have exerted significant effects on vascu-
lar physiology. However, the difference between
ED50 of DM and rGO-exposed mice was greater,
with the ED50 being significantly lower in the
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Figure 6. Transcript changes in heart tissue in response to GO
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exposed animals indicating that the tail artery was
less sensitive to the influence of α1-noradrenergic-
mediated vasoconstriction. Previously investiga-
tors observed that pulmonary exposure to nano-
particles induced an increased sensitivity to PE-
induced vasoconstriction or reduced sensitivity to
ACh-induced vasodilation after inhalation of other
toxicants (Krajnak et al. 2011; McKinney et al.
2012; Roberts et al. 2014, 2013). Thus, it was
surprising that treatment with rGO increased the
sensitivity of the ventral tail artery to PE. Although
Nox and H202 concentrations were not evaluated in
the peripheral vascular system, these measures
were collected in heart tissue. There were no
marked changes in Nox concentrations in the
hearts of mice exposed to GO or rGO. However,
there was a rise in H2O2 concentrations in heart
tissue from rGO-exposed rats. Elevations in ROS,
including, but not limited to Nox and H202, are
known to lead to damage of peripheral and cardi-
ovascular tissues if maintained over time, and it is

common to see changes in ROS levels in response
to particle or toxin inhalation (Han et al. 2015;
LeBlanc et al. 2010; Nurkiewicz et al. 2006). In fact,
a number of studies demonstrated that particle-
induced changes in vascular function, particularly
reductions in endothelial-mediated vasodilation,
are partially due to changes in ROS concentrations
(Knuckles et al. 2012; LeBlanc et al. 2010;
Nurkiewicz et al. 2006). Changes in H2O2, super-
oxide, peroxynitrite, and other ROS were found to
interfere with nitric oxide (NO)-induced vasodila-
tion. These other ROS alter NO activity by scaven-
ging additional oxygen or NO by inhibiting nitric
oxide synthase activity, and/or by reducing the
bioavailability of tetrahydrobiopterin (BH4). Both
NO and BH4 are needed to synthesize NO
(Kotsonis et al. 1999; Xia et al. 1996).

Evidence suggests that increases in ROS levels in
the physical presence of graphene nanoparticles
may actually exhibit angiogenic properties
(Mukherjee et al. 2015). Particle accumulation in
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Figure 7. Changes in transcript levels in response to GO (a) and rGO (b) exposure in the kidney. Exposure to GO resulted in an
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various tissues was not measured in these studies.
However, there is evidence that there might be an
accumulation of particles in various tissues after
inhalation or intra-tracheal installation, and it has
been postulated that these particles are being trans-
ported to other organs via the circulatory system
(Liang et al. 2016; Kim et al. 2016; Lee et al. 2016).
Cardiac transcript level alterations in Experiment 2
also suggest that exposure to GO and rGO induced
the transcription of factors involved in the acute
response of heart tissue to inhaled toxins. Both GO
and rGO exposures stimulated increases in Ace and
Mt1a expression in cardiac tissues. In addition,
exposure to rGO induced a rise in Bcl2 and reduc-
tions in Fn1 andNos2 in the heart. Changes in these
transcripts might occur in response to tissue insult
or dysfunction, and may under acute conditions
play a role in tissue remodeling (Krajnak et al.
2011; Roberts et al. 2014). These cardiac gene
expression alterations may be attributed to (1)
direct effects of graphene exposure systemically,
(2) the result of changes in blood pressure because
of reduced sensitivity to constricting factors, or (3)
changes in the electrolyte or fluid balances due to in
kidney function alterations. Exposure to GO and
rGO also induced changes in pro-inflammatory
gene expression in the kidney. Reduced GO-
exposed mice also displayed an elevation in the
dopamine 1-receptor (Drd1) and reduction in the
dopamine 2-receptor (Drd2). Decreases in expres-
sion of Drd2 receptors have been linked to a kidney
injury (Zhang et al. 2016b), and a change in the
ratio between Drd1 and Drd2 receptors, leading to
modifications in blood volume and circulating
sodium levels (Banday and Lokhandwala 2009;
Chugh, Lokhandwala, and Asghar 2012; Gildea
et al. 2014; Yang et al. 2014), which subsequently
affect cardiac function (Banday and Lokhandwala
2009; Chugh, Lokhandwala, and Asghar 2012; Yang
et al. 2014).

Evidence indicates that pulmonary exposure to
graphene nanoparticles might exert an acute effect
on peripheral and cardiovascular systems
(Donaldson et al. 2013), particularly the oxidized
forms of the material. Depending upon the form
and size of the particle, pulmonary exposure
to graphene or other particles may affect
vascular function by acting on the heart, periph-
eral blood vessels and renal system (Donaldson

et al. 2013; Kan et al. 2014; Kermanizadeh et al.
2016; Knuckles et al. 2012; LeBlanc et al. 2010;
McKinney et al. 2012; Nurkiewicz et al. 2006;
Roberts et al. 2013; Saber et al. 2013). The effects
noted are a result of an acute exposure to a high
dose of graphene and suggest that prolonged expo-
sures might contribute to the development of car-
diac and/or renal failure. The physiological and
cellular responses initiated by graphene appear to
be dependent on size and oxidation state of the
materials [this experiment and (Roberts et al.
2016)]. Further particle load in the lung may also
be a significant factor. On a mass-based dose
model, as the size of the particle is reduced, there
is an increase in the number of particles delivered
to the lungs and consequently an elevated pulmon-
ary particle load (Anderson et al. 2015; Ma-Hock
et al. 2013). Based upon these physical properties
of the particle, it is not surprising that in
Experiment 1, the most pronounced effect was
with CB, which was the smallest primary particle
and the particle had the highest particle number
load. In Experiment 2, the effects of graphene were
more pronounced in the rGO-exposed mice.
Although the agglomerate size of the oxidized
materials did not differ markedly when dispersed
in DM, the high surface area and low density of
the rGO material relative to the GO might result
a greater particle load by number when delivered
at a similar mass, as performed in these studies;
therefore, the influence of particle load may also
be a factor in the responses observed in this treat-
ment group (Han et al. 2015; Kim et al. 2016;
Long, Nascarella, and Valberg 2013; Schinwald
et al. 2012; Shin et al. 2015; Tabor et al. 2016).

Data suggest that pulmonary exposure to gra-
phene at the dose used in this study exerted acute
effects on the cardiovascular and renal systems. If
the changes induced by this acute exposure persist
with repeated exposures, it is possible that the
physiological and cellular responses observed
might lead to injury or dysfunction of the cardio-
vascular and renal systems. Roberts et al. (2016)
showed that the dose of Gr20 used in this study
produced an increase in markers of pulmonary
inflammation (Roberts et al. 2016). There are few
studies on oxidized forms of graphene, but based
upon the results these and published data (Han
et al. 2015), it is likely that exposure to a high dose
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may result in the potential for pro-longed pulmon-
ary inflammation affecting the cardiovascular and
renal systems; However, longer term studies with
additional doses and time points need to be per-
formed. It is also important to note that there are
currently few studies that examine workplace
exposure levels in graphene manufacturing and
handling, where the risk of exposure is likely
higher than that encountered by release in the
environment. Therefore, more exposure assess-
ment studies are necessary to fully assess the risk
associated with a potential workplace and environ-
mental exposure along the life cycle of graphene
nanomaterials (Dasari Shareena et al. 2018; Ghio,
Carraway, and Madden 2012).

Disclaimer

The findings and conclusions in this report are those of the
authors and do not necessarily represent the official position
of the National Institute for Occupational Safety and Health,
Centers for Disease Control and Prevention.
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