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ABSTRACT

Graphene nanomaterials have attracted wide attention in recent years on their application to state-
of-the-art technology due to their outstanding physical properties. On the other hand, the nanotox-
icity of graphene materials also has rapidly become a serious concern especially in occupational
health. Graphene naomaterials inevitably could become airborne in the workplace during manufac-
turing processes. The inhalation and subsequent deposition of graphene nanomaterial aerosols in
the human respiratory tract could potentially result in adverse health effects to exposed workers.
Therefore, investigating the deposition of graphene nanomaterial aerosols in the human airways is
an indispensable component of an integral approach to graphene occupational health. For this rea-
son, this study carried out a series of airway replica deposition experiments to obtain original experi-
mental data for graphene aerosol airway deposition. In this study, graphene aerosols were generated,
size classified, and delivered into human airway replicas (nasal and oral-to-lung airways). The depo-
sition fraction and deposition efficiency of graphene aerosol in the airway replicas were obtained by
a novel experimental approach. The experimental results acquired showed that the fractional depo-
sition of graphene aerosols in airway sections studied were all less than 4%, and the deposition effi-
ciency in each airway sectionwas generally lower than 0.03. These results indicate that themajority of
the graphene nanomaterial aerosols inhaled into the human respiratory tract could easily penetrate
through the head airways as well as the upper part of the tracheobronchial airways and then transit
down to the lower lung airways, where undesired biological responses might be induced.

Introduction

Graphene is a one-atom-thick, platelet-like nanomaterial
constructed by pure carbon atoms first produced only
a decade ago,[1] whereas it has drawn substantial scien-
tific attention and technology interest today. The distinc-
tive physical characteristics of the graphene nanomate-
rial in terms of mechanical strength, physical elasticity,
thermal conductivity, and electrical property have made
graphene a unique material for application in various
high-tech products in areas of electronics, energy storage,
and composite materials.[2] Besides, graphene nanoma-
terials also have proven to possess a great potential for
biomedical and biotechnology application such as drug
delivery, biosensing, and tissue engineering.[3] Because
of these potential and valuable applications, the graphene
nanomaterial has become one of the intensively studied
nanomaterials both in industry and academia.[4,5]

Despite its promising future, the nanotoxicity of the
graphene nanomaterials has also rapidly become a seri-
ous concern. According to published toxicity studies on

CONTACT Wei-Chung Su wsu@LRRI.org Lovelace Respiratory Research Institute,  Ridgecrest Dr. SE, Albuquerque, NM .
Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/uoeh.

graphene nanomaterials (including graphene nanosheets,
few-layer graphene, graphene oxide, etc.),[6] mice admin-
istrated with graphene nanomaterials could induce lung
granuloma formation,[7] inflammation cell infiltration,
pulmonary edema,[8] severe and persistent lung injury,[9]

and acute pulmonary inflammatory and frustrated alve-
olar phagocytosis.[10] Some in vitro cell culture studies
also indicated that graphene nanomaterials could induce
cytotoxic effects in human neuronal cells,[11] cause viabil-
ity decreasing and apoptosis in human lung cells,[12] and
show cell sensitivity and concentration-dependent cyto-
toxicity in alveolar basal epithelial cells.[13] Based on these
research results, it would be safe to assume that the inhala-
tion and deposition of graphene nanomaterial aerosols in
the human respiratory tract might also induce potential
adverse biological responses.

Due to the fact that graphene nanomaterials inevitably
could become airborne during product harvesting, han-
dling, and reactor cleaning processes in graphene man-
ufacturing workplaces,[14] workers and researchers in
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graphene associatedmanufactories and laboratories could
involuntarily inhale graphene nanomaterial aerosols. The
consequent deposition of graphene nanomaterial aerosols
in the worker’s respiratory tract could therefore pose pos-
sible adverse health effects. Thus, the risk of worker expo-
sure to graphene aerosols in related workplaces should
be considered an essential occupational health issue in
today’s nanotechnology era. The investigation of the
graphene aerosol airway deposition, hence, should be the
indispensable component of an integral graphene occu-
pational health study.

However, because the dimension of the graphene
nanomaterial aerosol is extremely small, it is infeasi-
ble to apply conventional airway deposition methods on
graphene aerosols for conducting airway replica deposi-
tion studies. The conventional methods for aerosol air-
way replica deposition study involve either radioactive or
fluorescent labeled test aerosols.[15–17] These experimen-
tal methods are considered technically difficult to apply
on graphene aerosols not only because of the required
radioactive facilities, but also due to the measurement
limitation for radioactive and fluorescent tagged nano-
material aerosols. Therefore, there is a need of find-
ing an alternative experimental method to carry out air-
way replica deposition experiments using nanomaterial
aerosols. For this reason, a novel experimental approach
has been developed in our laboratory and employed pre-
viously in our laboratory for two airway replica deposition
studies.[18,19]Agreat number of quality airway deposition
data were acquired by using this experimental approach.
In this study, this novel approach was employed again
and applied on graphene nanomaterial aerosols to obtain
original airway deposition data, and it is also the first
time in the literature that graphene aerosol was used in
airway replica deposition experiments. The experimental
data obtained is believed to be valuable for assessing the
risk of worker exposure to airborne graphene nanomate-
rials in related occupational settings, since the deposition
data obtained from the upper airways in this study can be
utilized to estimate the portion of the inhaled graphene
aerosols entering the lower airways. In addition, the depo-
sition data acquired from this study can also be used to
validate mathematical models newly developed for pre-
dicting the airway dosimetry of nanomaterial aerosols.

Method

The experimental approach, briefly speaking, is to gener-
ate size classified graphene nanomaterial aerosols based
on preselected diameters and then deliver them into
the human airway replica. In the deposition study, the
graphene aerosol concentration in each airway section
is the primary data to measure. By obtaining associated

concentration ratios for all airway sections on the air-
way replica, the graphene airway deposition efficiency and
fractional depositionmap can then be calculated. The fol-
lowing procedures illustrate the details of the experimen-
tal approach for the deposition study.

Graphene nanomaterial aerosolization

The graphene nanomaterial used for generating graphene
aerosols in this study was purchased from Cheap Tube
Inc. (Brattleboro, VT, USA). This graphene nanoma-
terial was in grade 3, which contained 97% purity,
2 μm in platelet diameter, and 600–750 m2/g surface
area. Figure 1a shows the morphology of the graphene
bulk material under a transmission electron microscope
(TEM). As can be seen, the graphene nanomaterial was
severely agglomerated. Graphene in crumpled, crushed,
and platelet-like shapes were found in the bulk mate-
rial. To aerosolize the graphene nanomaterial for the
deposition study, an electrospray (Model 3480, TSI Inc.,
Shoreview, MN, USA) was employed. The electrospray
is a widely applied aerosolization device capable of gen-
erating airborne nanomaterials with uniform size and
shape. The electrospray has been used in a variety of
studies for generating nanoparticles, including carbon
nanotubes and engineered nanomaterials.[20,21] To use
electrospray for generating graphene aerosols, graphene
suspension was prepared by adding 90 mg graphene
nanomaterial into 20ml ethanol alcohol with 5μl ammo-
nium acetate as a buffer solution. The graphene suspen-
sion was treated with ultrasonicator for 10 minutes each
time before being added into the electrospray for gener-
ating graphene aerosols. The capillary used for transport-
ing graphene suspension in the electrospray was made of
silica with ID of 100 μm and OD of 360 μm (Polymicro
Technologies, Phoenix, AZ). When operating the electro-
spray, 4.0 psi differential pressure was set on the electro-
spray to push graphene suspension from the sample vial
through the capillary tube to the opening end of the cap-
illary. A high voltage of 2.3 kV was added to the capillary,
which generated an electrical field at the end of the cap-
illary and pulled the graphene suspension from the cap-
illary to form tiny droplets. A mix of filtered air and CO2
(0.1 L/min each) was then used to evaporate ethanol in
the droplets to have only graphene aerosols remaining in
the air. Before leaving the outlet of the electrospray, the
graphene aerosols were neutralized by a Po-210 ionizer.

Graphene nanomaterial aerosol characterization

The graphene aerosols were then delivered into a differ-
ential mobility analyzer (DMA, Model 3071A, TSI Inc.,
Shoreview, MN) for size classification. The principle of
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50 W-C SU ET AL.

Figure . The morphology of graphene bulk material and the size classified graphene nanomaterial aerosols (a) bulk materual, (b)  nm,
(c)  nm, and (d)  nm. (Also shown aremeasured size distribution, and calculated area equivalent diameter. CGMD= count geometric
median diameter; σ g = geometric standard deviation; reference bars in each subgraphe from (b) to (d) represent  nm).

the DMA is to use the balance between the electrostatic
force and the air drag force acting on aerosols to size
classify them from polydisperse aerosols tomonodisperse
aerosols according to the electrical mobility diameter (dB)
of the aerosol. To size classify graphene aerosols, graphene
aerosols of 1 L/min were delivered into the DMA, and the
DMA was set with parameters (sheath flow of 10 L/min
and suitable voltages) based on target/designated classifi-
cation diameters (dB). The designated classification diam-
eters for this deposition study were 51, 101, and 215 nm.
In order to ascertain the size classified graphene aerosols
leaving the DAM possessing the designated classifica-
tion diameter, a sequential mobility particle sizer (SMPS,
GRIMM Aerosol Technik GmbH & Co., Germany) was
connected to the output of the DAM to monitor the size
distribution of the classified graphene aerosols. Samples
of the size classified graphene aerosols were also collected
on TEM grids with a point-to-plane electrostatic precip-
itator (In-Tox Products, Albuquerque, NM) for needed
morphology analysis. The graphene aerosol morphology
analysis was conducted by a JEOL 2010 TEM (JEOL Ltd.,
Tokyo, Japan). Pictures of graphene aerosol were taken for
each designated classification diameter when inspected
by the TEM. Figures 1b–d show some characteristics of

the size classified graphene aerosols: the aerosol mor-
phology, size distribution (measured by the SMPS), and
associated area equivalent diameter (calculated from the
particle envelop area measured by corresponding TEM
pictures).

To further study the aerodynamic diameter (dae) of the
size classified graphene aerosols, an aerosol particle mass
analyzer (APM, Kanomax USA, Inc., Andover, NJ) was
used for this purpose. The principle of the APM is to uti-
lize the balance between the electrostatic force and cen-
trifugal force acting on the test aerosols to acquire the
mass information of the test aerosols. By using the APM
together with the DMA to form a DMA-APM tandem
setup, and following the experimental procedure pub-
lished in literature,[22,23] the aerodynamic diameter of the
size classified graphene aerosols can then be estimated.

Human airway replicas

In this study, the deposition experiments were conducted
in two airway replicas: nasal airway and oral-to-lung air-
way. For the nasal deposition study, a nasal airway replica
constructed by 77 acrylic plates (1.5 mm in thickness
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Figure . The schematic of the human nasal airway replica.

for each plate) was used. This nasal airway replica was
made based on a set of in vivo head MRI scans of a male
adult. This nasal airway replica consists of detailed nasal
airway structures from the nostril, vestibule, nasal valve,
and turbinate to the nasopharynx. The airway geometry
and the air flow field in this nasal airway replica have
already been well studied,[24,25] and this nasal airway
replica has been employed in our laboratory for a num-
ber of airway deposition studies using spherical parti-
cles, fiber aerosols, and carbon nanotubes.[18,26,27] Depo-
sition results obtained from this nasal airway replica have
successfully demonstrated this replica is able to provide
reliable experimental data for aerosol nasal airway depo-
sition study. Figure 2 shows the nasal airway replica used
in this study with individual acrylic plates selected from
some major airway sections. For the oral-to-lung airway
deposition study, a human respiratory tract replica made
of conductive silicone rubber (KE-4576, Shin-EtsuChem-
ical Co., Ltd., Tokyo, Japan) was used. The original pro-
duction mold of this human respiratory tract replica was
made from a cadaver.[28] This human oral-to-lung air-
way replica consists of an oral cavity, pharynx, larynx,
and tracheobronchial airways down to part of the 4th
lung generation. The geometry and dimension of this
oral-to-lung airway replica also has been well studied
previously.[29] This oral-to-lung airway replica has been
frequently used in our laboratory for aerosol airway depo-
sition studies and numerous representative experimental
data were acquired.[17,19,30,31] Figure 3 shows the physi-
cal model of the oral-to-lung airway replica in conjunc-
tion with the illustration of the airway structure. In this
study, due to the experimental approach designed for the
airway deposition study, several identical oral-to-lung air-
way replicas were trimmed based on the human airway
structure to have only certain lung generations remain on
the replica. The trimmed airway replicas made for this
study are all demonstrated in Figure 3.

Estimation of graphene aerosol airway deposition

Figure 4a shows the experimental setups of the graphene
aerosol airway deposition study using the nasal airway
and the oral-to-lung airway, respectively. As can be seen,
the DMA size classified graphene aerosols were deliv-
ered straight into the human airway replica for deposi-
tion experiments. The SMPS was employed again in the
experiment for measuring the average concentration of
the graphene aerosol in the airway replica.Whenmeasur-
ing the average concentration, the SMPS output channels
were rearranged to have only one channel that matches
the designated classification diameter to show on the
SMPSmonitor (the channel showing the peak concentra-
tion in SMPS subgraphs in Figures 1b–d). In this way, it
permitted the tracking of the concentration variation of
the size classified graphene aerosol over a period of time.
The graphene aerosol average concentration (C) wasmea-
sured in a pair (Cinlet, Coutlet) at both the inlet and out-
let of the airway replica by using a three way valve as
shown in Figures 4a and 4b. For the nasal airway replica,
since there is only one inlet and one outlet (nasophar-
ynx) on the entire replica, only one pair of the graphene
aerosol average concentration was required to determine
the airway deposition. However, for the oral-to-lung air-
way replica, there is more than one outlet in the airway
replica. Therefore, several pairs of average concentration
were needed to determine the graphene deposition in dif-
ferent airway sections. When all of the required concen-
tration pairs were obtained, a set of corresponding con-
centration ratios, Coutlet/Cinlet, could then be calculated.
These concentration ratios were the primary data as well
as the foundation in this study to estimate the deposi-
tion fraction of graphene aerosol in the human airways.
The deposition fraction in this study is defined as the per-
centage (%) of the graphene aerosols deposited within a
certain airway section to the total graphene aerosols that
entered the entire airway replica (the entire nasal or oral-
to-lung airway replica).

In the nasal airway deposition study, inspiratory flow
rates of 15, 30, and 43.5 L/min were used in the experi-
ment. These flow rates represent the inhalation flow rates
of a worker from being at an at-ease status to havingmod-
erate workloads.[32] The Coutlet/Cinlet concentration ratios
obtained from SMPS measurement can be directly used
to calculate the nasal deposition fraction, Dnasal:

Dnasal (%) =
(
1 − Coutlet

Cinlet

)
× 100. (1)

In the oral-to-lung airway deposition experiments, an
inspiratory flow rate of 43.5 L/min was used for the depo-
sition study. The flow rate distribution in the oral-to-lung
airway for this inspiratory flow rate has already been well
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Figure . The schematic of the human oral-to-lung airway replica and the trimmed replicas.

defined elsewhere.[33] To estimate the oral airway depo-
sition fraction, the experimental procedure is similar to
that done in the nasal airway study since the oral air-
way has only one inlet and one outlet as the nasal air-
way. However, to estimate the deposition fraction for lung
bifurcations in the tracheobronchial airways of the oral-
to-lung airway replica, it is relatively much more difficult
and complicated and is depicted in detail as follows: given
a typical lung bifurcation has one parent tube (p) and
two daughter tubes (d1 for the left daughter tube and d2

for the right daughter tube), the graphene aerosol depo-
sition fraction in that lung bifurcation can be calculated
by the equation below derived from the principle of mass
conservation:[19]

Dlung(%) =
(

Qp

Qoral

Cp

Coral
− Qd1

Qoral

Cd1

Coral
− Qd2

Qoral

Cd2

Coral

)

× 100, (2)

where Dlung is the deposition fraction (in percentage) of
graphene aerosol in a certain lung bifurcation; Qp/Qoral,
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Figure . The experimental setup of graphene aerosol deposition study in (a) nasal airway and (b) oral-to-lung airway.

Qd1/Qoral, and Qd2/Qoral are respective flow rate ratios of
the flow rate in the parent tube, left daughter tube, and
right daughter tube in regard to the total flow rate enter-
ing the oral airway (43.5 L/min in this study); Cp/Coral,
Cd1/Coral, and Cd2/Coral, are the graphene aerosol aver-
age concentration ratios measured at the parent tube,
left daughter tube, and right daughter tube, respectively
(the Coutlet/Cinlet mentioned above). Here, since the total
flow rate and the flow rate distribution in the entire oral-
to-lung airway replica (including the tracheobronchial
airways) are already defined, the Qp/Qoral, Qd1/Qoral, and

Qd2/Qoral in Equation (2) therefore are all known vari-
ables. Thus, to calculate the deposition fraction for a lung
bifurcation by using Equation (2), the only unknowns
in Equation (2) are those concentration ratios. Once the
concentration ratios are measured for all the lung bifur-
cations on the oral-to-lung airway replica, the graphene
aerosol deposition fraction in each lung bifurcation can
be estimated, and a complete airway fractional deposition
map can then be constructed. To facilitate measuring all
necessary Coutlet/Cinlet concentration ratios in the oral-to-
lung airway replica, trimmed airway replicas shown in
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Figure . The procedure to obtain the graphene aerosol average concentration ratio for a lung bifurcation, and the calculation for the
associated deposition fraction.

Figure 3 were made for this purpose. With these trimmed
airway replicas, Coutlet/Cinlet concentration ratio for each
lung tube on the oral-to-lung airway replica can be mea-
sured. Figure 5 summarizes the procedure of how to
obtain the Coutlet/Cinlet for a certain lung bifurcation in
the oral-to-lung airway replica together with the calcu-
lation to estimate the deposition fraction for that lung
bifurcation.

In this study, for every experimental condition (i.e.,
combination of different lung tube flow rates and
graphene classification diameters), the Cinlet and Coutlet
were measured for at least 70 sec individually to obtain
ideal Coutlet and Cinlet averages, and each experimental
condition was repeated a minimum of three times for
obtaining statistically meaningful results. When prepar-
ing the nasal airway or the oral-to-lung airway replica
for the deposition experiment, a thin layer of silicon oil
(550 Fluid, Dow Corning Co., Midland, MI) was applied
onto the inside surface of the airway replica (accompa-
nying with overnight dripping) to simulate the wet sur-
face nature of the real human airways. Also, in this study,
separate experiments were carried out by using size clas-
sified NaCl aerosols with the same designated classifica-
tion diameters as the graphene aerosols for investigating
the particle delivery efficiency of the experimental setup.
From the investigation conducted, a set of delivery effi-
ciency correction factors (F) were acquired covering all
experimental conditions and airway replicas in this study.
These delivery efficiency correction factors, F, considered
the graphene aerosol delivery loss due to diffusion while
the aerosols are transporting in the tubing system of the

experimental setup. The F acquired was then incorpo-
rated into Equations (1) and (2) to calculate the final air-
way deposition fraction: True concentration ratio = F ×
Measured concentration ratio. In thisway, it is believed that
amore accurate aerosol airway deposition calculation can
be achieved given that the system particle diffusion loss
has beenwell addressed. For the sake of brevity, the exper-
imental procedure and results regarding the investigation
of the particle delivery efficiency correction factors are not
repeated here; all of the details can be found in our previ-
ous works.[18,19]

Results

Figure 6 shows the calculated aerodynamic diameter (dae)
and effective density (ρeff) of the size classified graphene
aerosol acquired from the DMA-APM tandem study.
Figures 7 and 8 display the fractional deposition map
of size classified graphene aerosols in the human nasal
and oral-to-lung airways, respectively. Figure 9 presents
the deposition efficiency of the graphene aerosol in the
nasal (Figure 9a) and oral (Figure 9b) airways as a func-
tion of particle impaction parameter dae2Q (Q is the
flow rate in the airway). The particle impaction param-
eter is a common physical parameter used for present-
ing aerosol airway deposition data in irregular or com-
plicated human airways such as nasal and oral airways,
and the deposition efficiency is defined as the ratio of
the aerosol amount deposited within a specific airway
section to the total aerosol amount entering that specific
airway section. In this study, the graphene aerosol amount
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Figure . The effective density and the aerodynamic diameter of the size classified graphene aerosols as a function of the classification
diameter (electrical mobility diameter).

that entered an airway section, as well as the aerosol
amount deposited within the airway section, can be back-
calculated by the data shown in the fractional deposition
maps in Figures 7 and 8. Also shown in Figure 9a are
some published nasal deposition data acquired by using
spherical particles.[27,34,35] Similarly, together presented
in Figure 9b are published oral deposition data using
spherical particles.[30] Figures 10a–c show the deposition
efficiency in the tracheobronchial airways from the 1st to
the 3rd lung generation. The deposition efficiencies were
plotted against the Stokes number. The Stokes number for
a particle in a lung bifurcation is expressed as Stk= ρo dae
Us / 18ηD (ρo is the density of water, dae is displayed in
Figure 6, Us is the mean air velocity in the parent tube, η
is the air viscosity, andD is the mean diameter of the par-
ent tube). The Stk is a dimensionless physical parameter
frequently used for presenting aerosol deposition in lung

Figure . The deposition fraction of graphene aerosols in the
human nasal airway.

bifurcations. Also shown in Figure 10 are deposition data
obtained from separate experiments using size classified
NaCl aerosols in this study, as well as other spherical par-
ticle data acquired previously fromour laboratory.[17] (All
of the non-graphene data shown in Figures 9 and 10 are
for the purpose of data comparison, since the test parti-
cles are all isometric, and were all obtained from the same
nasal and oral-to-lung airway replicas.)

Discussion

As can be seen in Figure 1, the graphene aerosols could
be ideally size classified by their dB. For each designated
classification diameter (51, 101, or 215 nm), an appar-
ent peak concentration was shown on the SMPS right
at the channel bar corresponding to the designated clas-
sification diameter. This result implies that the majority
of the graphene aerosols coming out of the DMA pos-
sessed the samedB, which can also be evidently seen by the
morphology of the graphene aerosols shown on Figure 1.
Based on this, it is warranted that airway deposition data
obtained in this study under a certain designated classifi-
cation diameter were all generated by graphene aerosols
with a same physical property, dB.

Also, from the graphene aerosol morphology pre-
sented in Figure 1, it is noticeable that the graphene
aerosols were generally isometric in shape. The increase
of the classification size only made the particle diam-
eter increase but remained the particle morphology
basically unchanged.When taking a close look at themor-
phology of the graphene aerosol, it was found that the
graphene aerosols were all constructed by agglomerated
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Figure . Fractional deposition maps of graphene aerosols in the human respiratory tract replica (data uncertainty were .–.%,
.–.%, and .–.% for dB =  nm,  nm, and  nm, respectively).

Figure . The deposition efficiency of graphene aerosols in (a)
nasal airway and (b) oral airway as a function of the particle
impaction parameter.

graphene platelets. This might be due to the fact that
all of the graphene aerosols were formed by evaporated
graphene suspension droplets. The evaporation of the
alcohol portion in a graphene suspension droplet resulted
in droplet shrinking and graphene nanoplatelet agglom-
erating, which eventually formed the graphene aerosol
morphology presented. A published field sampling study
conducted at a graphene manufactory also indicated that
graphene aerosols released in the workplaces was primar-
ily graphene agglomerates.[14] Therefore, in this study,
the use of size classified graphene aerosols in the form
of agglomeration for airway deposition experiments is
considered realistic and also practical to a certain extent.
It is widely accepted that graphene agglomerates, once
deposit in the lung airways, will gradually disperse in the
lungmucuswhere the nanotoxicity effects of the graphene
platelets found in those in vivo and in vitro studies can
then be seen.

Figure 6 indicates that the acquired effective den-
sity, ρeff, of the size classified graphene aerosols were
generally less than 1 g/cm3 (the density of carbon:
∼2.0 g/cm3), and the ρeff decreased as the classification
diameter increased. This result implies that the agglom-
erated graphene aerosols generated in this study contain
a considerable portion of empty space within them (loose
structure), and the larger the particle size, the larger the
portion of the empty space. This phenomenon is in agree-
ment with what was found in other published research

D
ow

nl
oa

de
d 

by
 [

St
ep

he
n 

B
. T

ha
ck

er
 C

D
C

 L
ib

ra
ry

] 
at

 0
6:

25
 1

2 
Ja

nu
ar

y 
20

16
 



JOURNAL OF OCCUPATIONAL AND ENVIRONMENTAL HYGIENE 57

Figure . The deposition efficiency of graphene aerosols in the
human tracheobronchial airways as a function of the Stokes num-
ber (a) st lung generation, (b) nd lung generation, and (c) rd lung
generation.

on aggregate nanoparticles and nanofibers.[23,36] In those
studies, ρeff was also found to decrease as the particle
diameter increased. With these ρeff acquired, the dae for
corresponding size classified graphene aerosols could be
estimated. The calculated dae for 51, 101, 215 nm size clas-
sified graphene aerosols were 47, 84, 167 nm, respectively,
as shown in Figure 6.

The graphene aerosol fractional depositionmap shown
in Figures 7 and 8 indicate that the deposition of graphene
aerosols in human airway replicas was generally low and

expressed basically no appreciable difference between dif-
ferent classification diameters. This result might be owing
to the fact that the sizes of the graphene aerosols used
in this study are all in the regime in which the airway
depositions are not significantly affected by the size of the
aerosols. As can be seen in Figures 7 and 8, the depo-
sition fractions were less than 4% in general for all air-
way sections examined, and no apparent deposition pat-
tern or trend was shown regarding the location of the air-
way section in the oral-to-lung airway replica. In the nasal
airway, the graphene aerosol deposition fraction ranged
from 1.3–2.4%. In the oral-to-lung airway, a considerable
portion of the inhaled graphene aerosols were found to
deposit in the oral airway (1.7–3.1%), and the deposi-
tion fractions in the tracheobronchial airways from the
2nd to the 4th lung generations were found generally less
than 1%. The relatively high deposition fraction shown
in the oral airway might be due to the fact that the oral
airway (from the oral cavity to the larynx) contains a
relatively larger total surface area for graphene aerosols
to deposit. The total accumulated deposition fraction of
the graphene aerosol in both nasal and oral-to-lung air-
ways together was around 10% for all three classifica-
tion diameters. These results indicate that nearly 90% of
the graphene aerosols (with the diameter studied in this
research) inhaled into the human airway could easily pen-
etrate through to the human upper airways.

Figures 9 and 10 express that the deposition efficiency
of the size classified graphene aerosols in the human air-
wayswere generally less than 0.03. Somepublished studies
in literature reported similar deposition results as in this
study, concluding that ultrafine particles with comparable
diameters demonstrated a low airway deposition.[15,16]

Here, the low airway deposition efficiencies shown in
our study prove again that most of the graphene aerosols
entering into the human respiratory tract can easily pen-
etrate through airway sections in the upper airways. Also
seen in Figures 9 and 10 is that, in comparing the depo-
sition efficiencies of graphene aerosols to those of NaCl
particles, the data points were scattered and showed no
significant discrepancy between graphene aerosols and
NaCl aerosols. This result implies that the size classi-
fied graphene and NaCl aerosols generated in this study
possessed similar aerodynamic behaviors in the airway,
which produced comparable airway deposition efficien-
cies. Moreover, it can be noticed that data points in
Figures 9 and 10 seem to be able to connect smoothly
between the nano-scale data group (solid data points) and
the micro-scale data group (hollow data points on the
right hand side), forming a smooth “S-like” data trend.
This sigmoidal data trend reveals a well-recognized char-
acteristic of aerosol airway deposition: aerosol airway
deposition increases proportionally to the aerosol inertia
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(for aerosol size around 100 nm and up). According to
this, the deposition mechanism for those large micro-
scale aerosols shown in Figures 9 and 10 should be inertia
impaction, and for those small nano-scale aerosols such
as graphene aerosols, the deposition mechanism should
be Brownian diffusion.

Based on all deposition results acquired from this study
shown above, it is reasonable to summarize that graphene
aerosols with isometric shape and diameters in nano-scale
show a low airway deposition in the human upper air-
ways from the nasal and oral to the 4th lung generation
airways. Nevertheless, it is believed that, with the same
classification diameter (dB), a possible platelet-like (high
aspect ratio) graphene aerosol could possess a distinct
dae compared to an isometric graphene aerosol, which
might generate a significantly different airway deposi-
tion result. Further graphene airway deposition studies
should focus on investigating this issue. However, for con-
ducting airway deposition experiments using platelet-like
graphene aerosols, a big challenge wemust overcome first
is to discover an optimal method to generate platelet-like
graphene aerosols with concentrations high enough to
sufficiently conduct size classification and the consequent
airway deposition experiment.

Conclusion

Studying the deposition of graphene naomaterial aerosols
in the human airway is very important from the view-
point of occupational health since graphene materials
inevitably could become airborne during the manufac-
turing process in the workplace. In this study, graphene
aerosols were generated, size classified, and delivered into
human upper airway replicas for airway deposition exper-
iments using a novel experimental approach. The frac-
tional deposition map obtained from this study showed
that the graphene aerosol deposition in the airway sec-
tions studied were all less than 4%, and the deposition
efficiency obtained in each airway section was gener-
ally lower than 0.03. This result implies that most of the
graphene aerosols inhaled into the respiratory tract would
enter the lower airways; therefore, worker exposure to
graphene aerosols in related workplaces could result in
a considerable amount of graphene aerosols entering the
deep lung, where adverse health effects could possibly be
induced. Also in this study, it was found that nano-scale
aerosols having similar dB will behave similarly in the air-
way, causing comparable deposition efficiencies in the air-
ways. The experimental approach employed in this depo-
sition study proved to be a desired experimental method
for carrying out airway deposition studies using size clas-
sified aerosols.
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