
As AppeAred in August 2017 Inhalation Copyright CSC Publishing www.inhalationmag.com

Inhalation toxicity of graphene and 
its derivatives
As occupational exposure to graphene and its derivatives increases, its inhalation toxicity 
should continue to be investigated.

Zorawar Singh, PhD
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Various studies of graphene inhalation in rats and mice 
have not shown it to be toxic. Several examined the 
effects of graphene inhalation on bronchoalveolar 
lavage (BAL) fluid,3 ,5, 6 microalbumin and lactate dehy-
drogenase (LDH).5 One study evaluated the pulmo-
nary effects of graphene oxide (GO) using male 
Sprague-Dawley rats and a single 6-hour, nose-only 
inhalation technique. The rats were allowed to recover 
for 1 day, 7 days or 14 days and a total of three groups 
including control (fresh air), low concentration and 
high concentration were compared. The exposure to 
GO was not found to induce any significant changes in 
the organ weights, body weight or food consumption 
during the 14 days of recovery time. Levels of microal-
bumin, lactate dehydrogenase, total cell count, macro-
phages, polymorphonuclear leukocytes and lympho-
cytes in BAL fluid were found to be changed, however, 
the changes failed to reach statistical significance. 
Therefore, only a minimal toxic response in rat lungs 
was found.5

In an another study, male Wistar rats were exposed 
“head-nose” to atmospheres composed of different 
materials, including multi-wall carbon nanotubes, 
graphene, graphite nanoplatelets and low surface car-
bon black for 6 hours per day for 5 consecutive days. 
Toxicity was determined after 3-week recovery. No 
adverse effects were observed after inhalation exposure 
to 10 mg/m3 graphite nanoplatelets or relatively low, 
specific surface area carbon black. Increase of lavage 
markers indicative for inflammatory processes started at 
exposure concentration of 0.5 mg/m3 for multi-wall 
carbon nanotubes and 10 mg/m3 for graphene. Micro-
granulomas were observed at 2.5 mg/m3 for multi-wall 
carbon nanotubes and 10 mg/m3 for graphene.6

Graphene as nanoplatelets (GNPs), if inhaled, may 
pose risks to the respiratory system. In 2012, Schin-
wald, et al3 revealed the risk to the respiratory system as a 
consequence of unusual aerodynamic properties of 
graphene-based nanoplatelets that consisted of several 
sheets of graphene. After calculating their aerodynamic 
diameter, it was found that nanoplatelets up to 25 µm 
in diameter were respirable and would deposit beyond 
the ciliated airways following inhalation. The group 

Introduction
Graphene is a single, tightly packed, layer of carbon 
atoms bonded together in a hexagonal lattice.1 The 
two-dimensional carbon allotrope is the thinnest, light-
est, strongest material discovered and the best conduc-
tor of electricity and of heat at room temperature.1 It 
also has unique levels of light absorption.1 
Due to its unique properties, graphene and its 
hybrid structures have been widely explored for 
advanced technological applications. In recent 
years, graphene has found numerous uses, particu-
larly in electronics. Some believe it could eventually 
have almost limitless applications.1

With new applications, occupational exposures to 
graphene are increasing. Its potential for toxicity in 
humans is still being determined. As part of these inves-
tigations, the inhalation toxicity of graphene and its 
derivatives is being explored.
Some graphene derivatives are produced as dry pow-
ders, making inhalation a likely route for their 
human exposure.2 Graphene in the form of nano-
platelets may also pose risks to the respiratory system 
following inhalation.3 In addition, graphene-based 
derivatives may reach the lower parts of the lungs, 
causing inflammatory responses.
This article will look at various graphene inhalation 
studies, deposition methods in respiratory pathways 
and mucus, which is one of the human body’s primary 
defense mechanisms against particle exposure.
It should be noted that a recent study pointed out that 
most existing inhalation biophysical models handle 
nanoparticle and pulmonary surface (NP/PS) interac-
tions in the liquid phase and this limitation in current in 
vitro methodologies makes it difficult to determine how 
airborne nanoparticles may deposit at the pulmonary 
surface and interact with it.4

Graphene inhalation studies
Table 1 shows the results of multiple studies of graphene 
inhalation, using different models.



Nanomaterial 
Evaluated 

Model Results Inference Article 
Reference 
Number

Graphene oxide 
nanomaterials

Single 6-hour, 
nose-only inhala-
tion at low con-
centration (0.46 ± 
0.06 mg/m3) and 
high concentra-
tion (3.76 ± 0.24 
mg/m3)

Sprague- 
Dawley rats

No significant changes in the body 
or organ weights and food con-
sumption

Microalbumin and LDH levels in 
the BAL fluid were not significantly 
changed

TCC, macrophages,  
polymorphonuclear  
leukocytes and  
lymphocytes were not  
significantly altered in the 
BAL fluid

5

Graphene oxide 
nanosheets

Pulmonary  
surfactant film

GO nanosheets induce pores in the 
PS film and thus show adverse 
effects on the ultrastructure and 
biophysical properties of the  
PS film

Pores induced by GO 
nanosheets result in 
increased compressibility  
of the PS film

10

Graphene and 
graphite nano-
platelets 

(0.5, 2.5, or 10 
mg/m3 for 6 hours 
per day on 5 con-
secutive days)

Male Wistar 
rats

Microgranulomas were observed 
and inflammatory processes started 
at exposure concentration of  
10 mg/m3 for graphene

No adverse effects were 
observed after inhalation 
exposure to 0.5, 2.5 mg/m3 
concentrations

6

Un-oxidized  
multilayered 
graphene  
platelets

Mice Pristine GP showed minimal 
inflammation in mouse lungs after 
6 weeks, even though large depos-
its of GP were evident in the lungs

GP in tissue sections  
showed minimal oxidation

7

Graphene 

Nose-only  
inhalation system;
6 hours per day for 
5 days at low  
concentration 
(0.68 ± 0.14 mg/m3 
and high concen-
tration (3.86 ± 
0.94 mg/m3)

Male Sprague- 
Dawley rats

No change in body weights or 
organ weights of the rats; no statisti-
cally significant difference in the 
levels of LDH, protein and albumin

No adverse effects were 
observed

8

Graphene  
aerosols

Human airway 
replicas (nasal 
and oral-to-
lung airways)

Fractional deposition in airway 
sections were all less than 4%; the 
deposition efficiency in each air-
way section was generally lower 
than 0.03

GA transit down to the 
lower lung airways which 
may result in undesired  
biological responses 

9

Carbonaceous 
nanomaterials 

In vitro  
methodology 
(CDS)

Graphene nanoplatelets induced a 
concentration-dependent PS inhi-
bition under physiologically rele-
vant conditions

CDS can advance  
understanding of the ways 
submicron airborne  
nanomaterials affect the  
PS lining

4

GO = Graphene oxide; TCC = Total cell count; LDH = Lactate dehydrogenase; CDS = Constrained drop surfactometer;  
PS = Pulmonary surfactant; GPs = Graphene platelets; GA = Graphene aerosols; BAL = bronchoalveolar lavage
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Table 1

Toxicity studies on inhalation of graphene derivatives involving various models



Hydrophobic 
interactions

Oligosaccharide

Protein

Hydrogen 
bonding

Cysteine-rich domain

Sialic acid

COOH-

OH-

SO4
-2

COO-

Electrostatic 
interactions

used models of pharyngeal aspiration and direct 
intrapleural installation of GNPs to assess inflamma-
tory potential. GNPs were found to be inflammogenic 
in both the lung and the pleural space. MIP-1alpha, 
MCP-1, MIP-2, IL-8, and IL-1beta expression in the 
BAL and the pleural lavage were also found to be 
increased. In 2014, Schinwald, et al7 again investigated 
pulmonary inflammation at 6 weeks after pharyngeal 
aspiration of unoxidized, multilayered graphene plate-
lets (GPs) in mice. Minimal inflammation in mouse 
lungs after 6 weeks was observed and large deposits of 
GPs were evident in the lungs. However, the authors 
suggested the GPs were due to tissue engineering and 
drug delivery, as no associated inflammation was found.
Inhaled nanoparticles can penetrate deep pulmonary 
structures where they interact with the pulmonary 
surfactant lining at the alveolar air/water interface.4 
Su, et al9 carried out a series of airway replica deposi-
tion experiments to obtain original experimental data 
for graphene aerosol airway deposition in humans. In 
the experiment, graphene aerosols were generated and 
their sizes were classified. The graphene aerosols were 
then delivered into two types of human airway repli-
cas: nasal airway passages and oral-to-lung airways. 
The fractional deposition in airway sections was found 
to be less than 4%, which showed that graphene aero-
sols could easily pass through the head airways as well 
as tracheobronchial airways to the lower lung airways 
where they may cause serious biological impacts.9 In 
addition, Valle, et al. developed “the constrained drop 
surfactometer,” an in vitro method to quantitatively 
study pulmonary surfactant inhibition by airborne 
carbonaceous nanomaterials.4

Deposition methods in respiratory pathways
When a potentially toxic particle is inhaled into the 
human upper respiratory tract, the retention time 
within the respiratory tree increases as the particle 
reaches the base of the tree. This can be a deciding factor 
for the magnitude of toxic response.
As nanoparticles enter the respiratory system, they 
encounter the extrathoracic region, followed by tra-
cheobronchial region. If inhaled in higher concentra-
tions, they can reach the pulmonary region. Here they 
may deposit onto the internal walls of the tracheal sys-
tem by several modes including impaction, sedimenta-
tion, electrostatic deposition and diffusion. Deposition 
by impaction can take place in cases where the particle 
momentum is large and the particle cannot change its 
flow direction, in an area where bulk airflow is changing 
its direction in a rapid manner. Impaction can increase 
with high breathing rates, as it will affect the bulk air-
flow velocity. Impaction can also be affected by the size 
of the inhaled particles. Gravitational settling of air-
borne nanoparticles onto the respiratory surfaces is 
known as sedimentation. The chance of particle deposi-
tion by sedimentation increases with an increase in par-
ticle size, density and retention time in the airway tracts. 
Low velocities of bulk airflows can lead to sedimenta-
tion of the particles onto the respiratory surfaces, partic-
ularly in deep bronchioles (generation number greater 
than 5) where the airflow is slow. If inhaled particles are 
charged, they can be deposited via electrostatic forces 
over the respiratory surface. Small-sized particles (with 
aerodynamic diameter less than 1 µm) can be deposited 
over the deep alveolar surfaces at higher generation 
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Figure 1

Structure of mucin glycoproteins showing different types of interactions with particles due to the presence 
of various interacting groups: hydrophobic interactions, electrostatic interactions and hydrogen bonding. 

(Redrawn with permission from Yang, et al.11)



numbers as the particles acquire random motion due to 
very low bulk airflow. Deposition of nanoparticles in 
the respiratory tract depends on the aerodynamic prop-
erties of the particles.
One of the properties of particles is aerodynamic size. 
For airborne particles, including dry nanopowders, the 
aerodynamic size depends on a number of factors, 
including the shape, physical size and density of the par-
ticles. For nonspherical particles of graphene derivatives, 
the aerodynamic diameter has been given as   

da=de(      )
1/2

  
ρp
ρ0χ

 where da is the aerodynamic diameter, de is the volume 
equivalent diameter, ρp is the density of the material, ρ0 is 
the standard particle density and χ is the shape factor.2

Mucus: A primary defense mechanism
Mucus acts as a primary line of defense, as it lines dif-
ferent organs in the body that are in direct contact 
with the environment. It is a thick, viscous secretion 
produced by goblet cells, which are present in the epi-
thelial lining of the airways. Despite the fact that it 
removes harmful substances from the respiratory 
pathways, it also lubricates the passage of different 
objects. Thus, mucus helps prevent the entry of for-
eign particles into the cells of the trachea. On one side, 
mucus acts as a barrier to different pathogens, yet on 
the other side, it also acts as a hydrating layer over the 
epithelium, which helps in gaseous exchange.
Mucins are high molecular weight glycoproteins that 
have the characteristic feature of making gel forms.11 
Some mucins can be membrane-bound, due to the 
presence of hydrophobic domains that interact with the 
membrane. Yet generally, mucins are secretory products 
and act as key components of mucus or form a part of 
saliva. These are highly glycosylated secretions and may 
contain 80% carbohydrates. As shown in Figure 1 
(redrawn with permission from Yang, et al.11), different 
interactions between mucins and foreign particles may 
be hydrophobic, electrostatic or involve hydrogen 
bonding. The ability of the substances to adhere to 
mucins is known as mucoadhesivity.
Nanoparticles entering the airway pathways may inter-
act with mucus in different ways. The interactions 
between the two are yet to be characterized definitively. 
As shown in Figure 1, the mucus meshwork can trap the 
nanoparticles and hinder their direct interaction with 
cells. The nanoparticles are removed from that surface 
by regular mucus clearing mechanisms through the 
action of ciliated epithelium. When nanoparticles are 
inhaled in large amounts, they may cause the mucin 
fibers to intermingle and increase the pore sizes of the 
meshwork, which may further increase the chance of 
other foreign particles reaching the cells. Thus, mucus 
acts a potential defender in blocking the interaction of 
nanoparticles with the epithelial cells.

Conclusion
Graphene and its derivatives have unique properties 
that have resulted in new applications. Many further 
uses are anticipated. Consequently, occupational expo-
sure is increasing. If graphene proves to be toxic upon 
inhalation, it may be due to a complex interaction of 
several mechanisms. Short term toxicity studies and 
other evaluations are needed to characterize and under-
stand the aerodynamic behavior and deposition mecha-
nisms of graphene derivatives in human respiratory 
pathways, as well as biological responses following inha-
lation. This will assist in making future graphene mate-
rials safer and minimizing associated inhalation risks.
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