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REPORT

Application of the Tier 3 NIOSH occupational exposure banding process 
for the graphene family of nanomaterials: A case study

Mamadou Nianga,b , Nicole Barcellosc, Melissa Edmondsond , Lilia Chend, Seth McCormicka , and 
Matthew M. Dahma 

aDivision of Field Studies and Engineering, National Institute for Occupational Safety and Health, Cincinnati, Ohio; bAdvanced 
Technologies & Laboratories International Inc. (ATL), Gaithersburg, Maryland; cOccupational Health Branch, NASA Glenn Research 
Center, Cleveland, Ohio; dDivision of Science Integration, National Institute for Occupational Safety and Health, Cincinnati, Ohio 

ABSTRACT 
Graphene is a class of two-dimensional (2D) nanomaterials composed of single or multiple 
layers of carbon atoms. To date, there are limited clinical data and no epidemiological 
research available to assess graphene toxicity in humans. Despite the growing amount of 
animal toxicity data, there are currently no occupational exposure limits (OELs) for any type 
of graphene nanomaterial published by international authoritative organizations to ensure 
their safe handling within workplaces. In the absence of consensus OELs for graphene, the 
National Institute for Occupational Safety and Health (NIOSH) occupational exposure band
ing process was used to assign an occupational exposure band (OEB). The NIOSH banding 
process is organized into a three-tiered system and is a resource for occupational safety and 
health (OSH) professionals to guide risk management and exposure control decisions when 
OELs are not available. To the authors’ knowledge, there are no Globally Harmonized 
System of Classification and Labeling of Chemicals (GHS) H-codes/statements available for 
graphene to conduct a Tier 1 analysis. Even though data were available from authoritative 
sources for three of nine health endpoints, the data were insufficient to support banding in 
a Tier 2 assessment. Therefore, a Tier 3 assessment using the NIOSH banding process was 
applied to the graphene family of nanomaterials (GFN) as a case study based on the specific 
physicochemical and toxicological properties with uncertainty factor adjustments. The band 
assignment was replicated by three individuals with advanced toxicology and industrial 
hygiene knowledge to ensure a consistent outcome. The results found that three of the six 
endpoints banded were “E,” representing an air concentration �0.01 mg/m3, while the other 
three ranged from “A” to “C.” This indicates that the graphene materials evaluated may 
have potential effects at low exposure concentrations (�0.01 mg/m3). These findings sug
gest an OEB may be a suitable option for OSH professionals attempting to mitigate risk for 
GFN in the absence of an OEL and may provide a reasonable initial estimate for recom
mended workplace exposure and control measures.
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Introduction

Graphene is a class of materials commonly referred to 
as the graphene family of nanomaterials (GFN) based 
on their surface properties, number of layers, and size. 
There is limited agreement on the specific nomencla
ture for this family of nanomaterials, but they can 
generally be categorized as monolayer or pristine (sin
gle atom layer thick), very few layers (vFLG, 1–3 
layers of carbon), few layer (FLG, 2–5 layers), multi- 
layer (MLG, 2–10 layers), graphene nanoplatelets 

(GNP, stacks of graphene sheets > 10 layers), or gra
phene quantum dots (GQDs) which consist of one or 
a few layers of graphene sheets <100 nm in their lat
eral dimension (Sanchez et al. 2012; Wick et al. 2014; 
Chen et al. 2017; ISO 2017; Paszkiewicz and 
Szymczyk 2019). In addition to carbon layers, GFN 
can be categorized based on their oxygen content 
which includes graphene oxide (GO, which is a com
pound of carbon, oxygen, and hydrogen) and reduced 
graphene oxide (rGO, which has fewer oxygen groups; 
Smith et al. 2019). Furthermore, graphene can be 
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functionalized for specific applications by adding ele
ments to the surface or edges, such as graphene nano
flakes (GNFs) functionalized with carboxylic acid 
groups (Lamb et al. 2019).

Over the last decade, graphene has attracted tre
mendous attention due to its remarkable electronic, 
chemical, and mechanical properties. These properties 
facilitate their widespread application in many areas 
including semiconductors, composites, sensors, energy 
storage, functional ink, polymer additives, tires, coat
ings, and many more (Park et al. 2017). While the 
number of workers exposed to GFN in the U.S. is 
unknown, the quantity of this two-dimensional nano
material produced or used by ten surveyed companies 
was estimated at around 50,000 kg/year (Babik et al. 
2018). As the utilization of graphene continues to 
grow with further expansion into industrial applica
tions, the potential for workplace exposures through
out the materials’ life cycle is expected to successively 
increase.

Workplace exposure to graphene likely occurs 
through several routes: inhalation, dermal, ocular, and 
oral (Pelin et al. 2018). However, inhalation is consid
ered the major route of human exposure to GFN in 
occupational settings (Han et al. 2015; Pelin et al. 
2018). To date, only one clinical research study and 
no epidemiologic research or case studies are available 
to assess potential health effects in humans. A double- 
blind randomized controlled study conducted on 
human participants reported that acute inhalation of 
GO (the only type of GFN material tested) was well 
tolerated with no impact on human health (Andrews 
et al. 2024). Therefore, most current information on 
the potential toxicity of graphene comes from experi
mental animal studies. In vivo studies of rodents 
exposed to GFN using various routes of dosing meth
ods provide evidence of graphene uptake in the blood 
causing potential toxicity in various organs and cells 
such as the liver (Syama et al. 2017; Amrollahi- 
Sharifabadi et al. 2018), kidney (Patlolla et al. 2016; 
Amrollahi-Sharifabadi et al. 2018), heart  (Krajnak 
et al. 2019), genome (Bengtson et al. 2017; El-Yamany 
et al. 2017), neurons (Mendonça et al. 2015, 2016a, 
2016b), testes (Nirmal et al. 2017), eye (Wu et al. 
2016), and the brain (Amrollahi-Sharifabadi et al. 
2018). However, there is an exception with the lung 
where the health effects may occur following inhal
ation without requiring uptake in the blood 
(Schinwald et al. 2012; Ma-Hock et al. 2013).

Despite the growing amount of data from animal 
studies, there are no occupational exposure limits 
(OELs) for any type of GFN published by 

international authoritative organizations to ensure safe 
handling in workplaces. However, an OEL was devel
oped by independent researchers based on data from 
a sub-chronic inhalation toxicity study of GO that 
used a lung dosimetry model to derive an OEL of 
18 mg/m3 (Lee et al. 2019). Additionally, a benchmark 
concentration (BMC) for graphene nanoplatelet 
exposure of 212 mg/m3 was developed by Spinazz�e 
et al. (2019) using an experimental probabilistic 
approach based on limited short-term inhalation 
exposure data. In the absence of consensus OELs, 
occupational safety and health (OSH) professionals 
require additional information on how to manage gra
phene exposure risks within the workplace.

The National Institute for Occupational Safety and 
Health (NIOSH) occupational exposure banding pro
cess was developed to fill in knowledge gaps and serve 
as a starting point to inform risk management deci
sions when an authoritative OEL is not available 
(NIOSH 2019). Occupational exposure banding 
assigns chemicals into health protective bands based 
on toxicological potency information on selected 
health effect endpoints (NIOSH 2019). The NIOSH 
occupational exposure banding process is organized 
into a three-tiered system, where each tier has differ
ent requirements related to data availability and 
expertise of the users (NIOSH 2019). Tier 1 is a 
screening-level process based on the Globally 
Harmonized System (GHS) of Classification and 
Labeling of Chemicals hazard codes/statements 
(NIOSH 2019). The same technical criteria for each 
toxicological endpoint are applicable for both Tier 2 
and Tier 3 (NIOSH 2019). While Tier 2 involves 
assigning the occupational exposure band (OEB) 
based on quantitative and qualitative information 
from authoritative sources and reviews, Tier 3 relies 
on a comprehensive evaluation of health effects stud
ies to assign an OEB (NIOSH 2019).

Previously, a case study using the NIOSH Tier 1 
and Tier 2 banding process was completed to derive 
an OEB for Bisphenol A (Hines et al. 2019). The 
authors are unaware of any published literature that 
has completed a Tier 3 assessment. Dissemination of 
the Tier 3 banding process serves as an important 
step to demonstrate the application of the process 
and, most importantly, to provide valuable informa
tion to OSH professionals managing graphene expos
ure risks within the workplace. Therefore, the 
objective of this case study was to use available data 
from appropriate toxicological studies to apply a Tier 
3 assessment using the NIOSH banding process 
for GFN.
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Methods

NIOSH banding process—Tier assessment

Following the NIOSH banding process, the authors 
attempted to apply Tier 1 and 2 assessments. To the 
authors’ knowledge, there are no GHS H-codes/state
ments for GFN to complete a Tier 1 analysis. Data 
were available from authoritative sources, such as the 
European Chemicals Agency (ECHA), for three of the 
9 health endpoints (respiratory sensitization, eye irri
tation, and skin irritation) with a Total Determinant 
Score (TDS) of 20. However, a TDS of less than 30 
indicates that the data for GFN are insufficient to sup
port banding in a Tier 2 assessment (NIOSH 2019). 
Therefore, a Tier 3 assessment of the NIOSH banding 
process was applied for GFN.

Literature review of toxicological studies

A literature review was completed using the Stephen 
B. Thacker Centers for Disease Control and 
Prevention (CDC) Library to obtain dose-response 
information from animal toxicology studies. The lit
erature search was completed in May 2023 across a 
variety of databases which included Medline, 
ProQuest, Web of Science, Toxline, and Scopus. The 
data collected from these studies included both quali
tative and quantitative data on nine standard toxico
logical health endpoints: (1) carcinogenicity; (2) 
reproductive/developmental toxicity; (3) specific target 
organ toxicity-repeated exposure (STOT-RE); (4) gen
otoxicity; (5) respiratory sensitization; (6) skin sensi
tization; (7) acute toxicity; (8) skin corrosion and 
irritation; and (9) eye damage/irritation (Table 1). The 
keywords used for the literature search can be found 
in the supplemental materials. All complete in vivo 
animal toxicological studies were included in this Tier 
3 assessment. Studies that only had an abstract or 
were written in a language other than English were 
excluded. In total, 7,470 potential records were identi
fied through the literature search (Figure 1). After 
reading the titles and abstracts, 2,249 articles were 
removed because they did not meet the inclusion cri
teria of this study. Out of the 5,221 articles screened, 
5,163 were excluded because they were systematic 
reviews, in vitro studies, or duplicates. Out of the 
remaining 56 available articles, 32 studies were not 
utilized for band assignment because they were either 
(a) studies that utilized an intravenous route of 
administration, (b) STOT-RE endpoint studies that 
were under 28 days, (c) respiratory sensitization end
point studies that did not report T helper 2 (Th 2) 

cells, cytokines such as interleukin (IL) IL-3, IL-4, 
IL-5, IL-6, IL-8, IL-13 or IL-18, and immunoglobulin 
E (IgE) (Robinson et al. 1992; Robinson 2000; 
Boverhof et al. 2008; Sanders and Mishra 2016; Sutton 
et al. 2019; Gibb and Sayes 2022), or (d) acute toxicity 
studies that were not expressed as LD50 or LC50. 
Finally, the remaining 24 eligible articles (with two 
articles having two different endpoints) were used to 
derive an OEB in this Tier 3 assessment.

Toxicological study evaluation

The 24 eligible articles on graphene toxicity from 
experimental animal studies were compiled and ana
lyzed to compare hazard potency for nine health end
points. Rodent and rabbit toxicological data were used 
in this case study because human dose-response data 
were not available for GFN. These published articles 
were evaluated to determine whether both quantitative 
and qualitative toxicity information was available to 
assign an OEB for graphene following the method
ology outlined in the Tier 3 NIOSH banding process 
(NIOSH 2019). In evaluating the results from the toxi
cological studies, consideration was given to many fac
tors, including the physical and chemical properties of 
the graphene material under study such as the type of 
graphene, particle size, and physical form of the 
material as well as the specific attributes of the studies 
including animal species, dosing levels, route and dur
ation of exposure, nature of pathologic changes, and 
alteration in metabolic responses.

Band selection

OEBs for graphene were selected for each of the nine 
health endpoints in rodent and rabbit studies by fol
lowing the NIOSH Tier 3 assessment recommenda
tions. For each endpoint, graphene potency estimates 
were determined, and endpoints were assigned to 
exposure bands A, B, C, D, or E (Table 1; NIOSH 
2019). Each endpoint exposure band represents an 
order of magnitude decrease in an airborne concentra
tion range with the “A” OEB being the highest con
centration range and “E” OEB being the lowest 
concentration range (Table 2).

After compiling and assessing the graphene toxicity 
data and assigning an OEB for each endpoint, the 
appropriate overall OEB for GFN was determined by 
considering all endpoints together (NIOSH 2019). In 
cases where given endpoints were classified into more 
than one OEB because of having multiple potency 
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estimates, the most protective OEB was chosen 
(NIOSH 2019).  

Quantitative endpoints
For the STOT-RE and reproductive/developmental tox
icity endpoints, OEBs were derived using no observed 
adverse effect level (NOAEL), and lowest observed 
adverse effect level (LOAEL) data from rodent studies 
(NIOSH 2019). The NOAEL is defined as the highest 
dose at which there are no observed adverse effects; 
whereas the LOAEL is the lowest dose at which there 

are observed adverse effects (Klaassen and Watkins 
2010; Kale et al. 2022). A NOAEL estimate from a 
rodent study with an exposure duration of 90 days or 
longer could be used to directly assign an OEB. If a 
NOAEL estimate was derived from a rodent study of 28 
to 89 days of exposure duration, then that estimate was 
divided by a factor of three to derive a point of depart
ure (POD) estimated to be equivalent to a 90-day 
exposure (NIOSH 2019). If NOAEL values were not 
available, LOAEL values were divided by 10 to estimate 
a NOAEL equivalent (NIOSH 2019).

Table 1. Data selection criteria for a Tier 3 assessment following the NIOSH occupational exposure banding process.
Health Endpoint Criteria for Selecting Endpoint and Assigning a Band

Acute Toxicity Acute lethality data expressed as LD50 or LC50 

Routine experimental animals, e.g., rats, mice, rabbits, guinea pigs, etc. Exclude chickens, frogs, etc. 
Route of administration: oral, dermal, or inhalation. Exclude subcutaneous, intraperitoneal, 

intravascular routes. 
Single dose. Exclude multiple dose studies. 
Exclude inhalation studies where exposure duration not reported. If exposure duration other than four 

hours, adjust LC50 using ten Berge equation. 
Exclude LD50 or LC50 values preceded by a greater than (>) symbol. 
Exclude LD50 or LC50 values presented as a range of concentrations when values in the range fall 

within occupational exposure bands B-E, except when the range reports values separately for male 
and female, in which case the low end of range is used for banding.

Specific Target Organ Toxicity-Repeated  
Exposure (STOT-RE)

NOAEL or BMDL value from a study of at least 28 days. 
If study duration 90 days or longer, reported NOAEL or BMDL is used. 
If study duration 28 days but less than 90 days, NOAEL is divided by 3 to estimate a 90-day equivalent 

NOAEL. 
If no NOAEL or BMDL values are available, use LOAEL, if available, divided by 10 to estimate a NOAEL 

equivalent. 
If multiple NOAELs or BMDLs are available for an exposure route, use the lowest route-specific value.

Genotoxicity Availability of genotoxicity data from in vivo assays and mammalian assays supported by in vitro and 
nonmammalian assays. 

Consistent results in a diverse array of assays that evaluate different types of effects on genetic 
material

Skin Corrosion/Irritation Assessment based on a chemical in its pure form unless exposure banding targeted at a specific 
product with diluted or non-concentrated chemical.

Eye Damage/Irritation NIOSH has not recommended band assignments based on potency information (e.g., dose-response 
data, Draize scores, etc.) for the eye damage/irritation endpoint. 

Instead, NIOSH recommends assigning bands based on qualitative data
Skin Sensitization Qualitative 

Human patch testing for sensitization 
Quantitative 
LLNA EC3 
GMPT 
Buehler guinea pig test

Carcinogenicity Quantitative 
Potency information: slope factor, inhalation risk unit, tumorigenic dose (TD05), or concentration (TC05) 
Qualitative 
Assessment based on authoritative reviews.

Reproductive/Developmental Internationally accepted test guideline (i.e., GLP or OECD) studies preferred. 
NOAEL, BMDL or BMCL values that assess: 
Developmental toxicity 
Perinatal and postnatal toxicity 
One-generation or two generation toxicity 
Reproductive/developmental toxicity 
Combined repeated dose toxicity study with reproductive/developmental toxicity. 
Short- or long-term repeated dose toxicity (i.e., impairment of reproductive function in the absence of 

significant generalized toxicity). 
If no NOAEL or BMDL values are available, use LOAEL, if available, divided by 10 to estimate a NOAEL 

equivalent.
Respiratory Sensitization Markers such as high levels of T helper 2 (Th 2) cells, cytokines such as interleukin (IL) IL-3, IL-4, IL-5, 

IL-6, IL-8, IL-13 and IL-18, and immunoglobulin E (IgE).

Adapted from NIOSH OEB Process for Chemical Risk Management (2019). LD50 ¼ Lethal dose, 50%. LC50 ¼ Lethal concentration, 50%.
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Qualitative endpoints
For endpoints such as skin and eye irritation, geno
toxicity, and skin and respiratory sensitization, a cat
egorical outcome was evaluated on a qualitative or 
semi-quantitative basis to describe the presence of the 
effect of the outcome such as no effect, mild, or severe 
(NIOSH 2019). The skin sensitization endpoint con
siders the local lymph node assay (LLNA), the guinea 
pig maximization test (GPMT), and the Buehler assay. 
The genotoxicity endpoint relies on the overall judg
ment of genotoxicity studies from a literature review. 
For eye irritation, NIOSH recommends assigning 
bands based on qualitative data. Studies that evaluated 
allergic reactions and inflammation in the lungs were 
also considered for banding in respiratory sensitiza
tion (NIOSH 2019).

Band replication

The band assignment in this case study was independ
ently replicated by three individuals with expertise in 
toxicology and industrial hygiene to ensure reliable 
outcomes during the banding process. Each of the 
individuals held at least a master’s degree in industrial 
hygiene, or related field of study, possess the 

professional credential of Certified Industrial 
Hygienist (CIH), and had between 8 and 20 years of 
professional experience. After describing the proce
dures of the study, each individual performing the 
replication was provided with the literature review 
and a summary of the key information needed to 
select health-effect endpoints, determine the TDS, and 
assign an OEB. An overall study OEB (i.e., Final 
Band) was selected based upon majority agreement 
between the replicates. In instances where there was 
no majority agreement, the middle band was selected. 
If the middle band could not be assigned, the more 
protective band was selected. The rationale for 
the selection of the health-effect endpoints and OEB 
assignment for each replication is presented in detail 
within the supplemental materials (Supplementary 
Tables S1–S3). The NIOSH OEB process suggested 
using Klimisch scores if the banding results for a par
ticular endpoint did not agree on an OEB selection 
(NIOSH 2019). Klimisch et al. (1997) developed a 
scoring system to assess the reliability of data to guide 
the evaluation of the quality of toxicological data to 
be used in risk assessments (see additional informa
tion in Supplementary Tables S1 and S2). Instead of 
using Klimisch scores in this case study, the replica
tion process was adopted to determine OEB reliability 
based on majority agreement among experienced 
assessors.

Results

Toxicity data for GFN were identified for seven of the 
nine Tier 3 endpoints including STOT-RE, respiratory 
sensitization, acute toxicity, reproductive and develop
mental toxicity, eye irritation, skin sensitization, and 
genotoxicity. No data were available for the skin cor
rosion/irritation and cancer endpoints.

Summary of available toxicological studies

The 56 available graphene toxicological articles were 
summarized to provide a general overview of gra
phene in vivo toxicity. Most studies on graphene tox
icity were conducted using airway exposure, such as 
nose-only inhalation, intratracheal instillation, and 

Figure 1. Flow diagram for selection of studies in the litera
ture review.

Table 2. Airborne concentration ranges associated with NIOSH occupational exposure bands.
Occupational Exposure Band Airborne Target Range for Particles (mg/m3) Airborne Target Range for Gas or Vapors (ppm)

A >10 >100
B >1 to 10 >10 to 100
C >0.1 to 1 >1 to 10
D >0.01 to 0.1 >0.1 to 1
E �0.01 �0.1

Adapted from the NIOSH Occupational Exposure Banding Process for Chemical Risk Management (2019).

66 M. NIANG ET AL.

https://doi.org/10.1080/15459624.2024.2420998
https://doi.org/10.1080/15459624.2024.2420998
https://doi.org/10.1080/15459624.2024.2420998


pharyngeal aspiration (Supplementary Tables S1–S3). 
In addition to the airway exposure, studies were con
ducted using intraperitoneal injection, intravenous 
injection, oral gavage, intravitreal injection, applica
tion in the conjunctival sac of the right eye, and appli
cation to the dorsal skin of each ear (Table 3).

Stot-re
Bronchoalveolar lavage analysis demonstrated low tox
icity following a 28-day repeated nose-only GNP 
inhalation study in Sprague-Dawley rats at the tested 
doses of 0.12, 0.47, and 1.88 mg/m3 compared to the 
controls (Kim et al. 2016). These results were sup
ported by Shin et al. (2015) who reported that the 5- 
day repeated exposure to graphene nanoflakes via 
nose-only inhalation in rats only had a minimal toxic 
effect at the concentrations (0.68 and 3.86 mg/m3) and 
time points used in this study. Another inhalation 

study conducted by Ma-Hock et al. (2013) observed 
inflammatory microgranuloma in the lungs after 
10 mg/m3 of GNP head-nose exposure in male Wistar 
rats. Additionally, El-Yamany et al. (2017) found that 
GO nanosheets have the potential to accumulate in 
lung tissue and induce pulmonary injury following an 
intraperitoneal administration of 250 and 500 mg/kg in 
mice. Similarly, Park et al. (2017) observed cytoskel
etal damage in the lung and systemic suppression of 
antigen-presenting cells after an intratracheal installa
tion of 5 mg/kg of GNP in mice. Wu et al. (2022) 
reported that the intranasal administration of 
nitrogen-doping GQD (N-GQDs) and amino-modified 
GQD (A-GQDs) at a dosage of 1 mg/kg caused lung 
fibrotic effects in mice. Furthermore, Dur�an et al. 
(2017) demonstrated that GO-induced spleen inflam
mation following intraperitoneal administration of 
5 mg/kg in rats. On the other hand, no toxic effects 

Table 3. Summary of graphene family nanomaterials toxicological studies selected.
Endpoint Reference Type of graphene Size (nm) Species Dosing route Study duration (Days)

STOT-RE Dur�an et al. (2017) GO 0.7–1.2 Rat Intraperitoneal 30
El-Yamany et al. 

(2017)
GO 7.6 Mice Intraperitoneal 7, 28, and 56

Kim et al. (2016) GNP 0.35–0.38 Rat Nose-only 
inhalation

1, 28, and 90

Kurantowicz et al. 
(2015)

GO 3–4 Rat Intraperitoneal 28

Park et al. (2017) GNP 3–4 Mice Intratracheal 90
Strojny et al. (2015) GO 3–4 Rat Intraperitoneal 28 and 84
Wu et al. (2022) GQD, NGQD, AGQD 1.6–5-8. Mice Intratracheal 28
Yang et al. (2013) GO, nGO-PEG, RGO- 

PEG; nRGO-PEG
0.94–5.66 Mice Oral 1, 7, and 30

Respiratory 
Sensitization

Han et al. (2015) GO 10–120 Rat Nose-only 
inhalation

1, 7, and 14

Park et al. (2015) GNP 3–4 Mice Intratracheal 1, 7, 14, and 28
Roberts et al. 

(2016)
GNP 8–25 Mice Pharyngeal 

aspiration
0, 1 , 7, 30, and 60

Schinwald et al. 
(2012)

GO 10 Mice Pharyngeal 1

Shurin et al. (2014) GO 0.61 Mice Pharyngeal 28 and 29
Genotoxicity Bengtson et al. 

(2017)
GO and rGO 200–800 Mice Intratracheal 1, 3, 28 and 90

Dur�an et al. (2017) GO 0.7–1.2 Rat Intraperitoneal 30
El-Yamany et al. 

(2017)
GO 7.6 Mice Intraperitoneal 7, 28, and 56

Mohamed et al. 
(2021)

GO 62.5 Mice Oral 5

Skin Sensitization Kim et al. (2021) GNP N/A Mice Intraperitoneal 1, 2, and 3
Sosa et al. (2023) FLG and GO 171 Mice Dermal 3

Eye Irritation Lin et al. (2015) G-OH 1.3 Rabbits Intravitreous 
injection

56

Wu et al. (2016) GO 1.2 Rabbits and rats Conjunctival sac 
application

0, 1, 2, 3, and 5

Yan et al. (2012) GO 1 Rabbits intravitreally 
injection

2, 4, and 49

Reproductive/ 
Developmental

Fu et al. (2015) GO 1.8 Mice Oral 21 and 38
Liang et al. (2015) GO 4 Mice Intraperitoneal 30 and 60
Nirmal et al. (2017) GO 0.8–2 Mice Intraperitoneal 15 and 130
Zhang et al. (2019) GQD 5.25 Mice Oral 1 and 10

GO: graphene oxide; rGO: reduced graphene oxide; GNP: graphene nanoplatelets; FLG: few layers graphene; GQD: graphene quantum dots; MLG: multi
layered graphene; A-GQDs: amino-modified graphene quantum dot; GO-PSS: nanographene oxide functionalized with poly sodium 4-styrenesulfonate; 
PEG-nGO: PEGylated graphene oxide nanoparticle; GNF: graphene nanoflakes; nGO-PEG: PEGylated nano-GO; nGO-PEG: PEGylated nano-graphene oxide; 
RGO-PEG: PEGylated reduced graphene oxide; nRGO-PEG: PEGylated nano reduced graphene oxide; G-OH: Hydroxylated graphene; GNF: graphene nano
flakes; STOT-RE: Specific Target Organ Toxicity-Repeated Exposure; N/A: not available.
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on blood and no effects on growth were observed in 
the liver and spleen in rats after an intraperitoneal 
administration of 4 mg/kg of GO (Kurantowicz et al. 
2015). Although these reports suggested mixed results, 
a minimal NOAEL of 1.88 mg/m3 for lung effects in 
rats was found (Kim et al. 2016).

Respiratory sensitization
Reports of respiratory sensitization for graphene were 
the most common outcome. Schinwald et al. (2012, 
2014) observed inflammogenic response in both the 
lung and the pleural space following a pharyngeal 
aspiration of GNP and unoxidized multilayered gra
phene platelets (GPs) in mice. Similarly, Han et al. 
(2015) reported inflammation of the lung at a dose of 
3.76 mg/m3 after a nose-only inhalation of GO in rats. 
Park et al. (2015) investigated the effect of intratra
cheally instilled GNP in mice and reported that doses 
of 2.5 and 5 mg/kg induced a sub-chronic inflamma
tory response. Another intratracheal instillation of 
5 mg/kg of GO in mice caused dose-dependent acute 
lung injury characterized mainly by cell injury, lung 
edema, and neutrophil infiltration (Li et al. 2013). 
Additionally, Lee et al. (2017) observed a significant 
acute neutrophilic inflammation which resolved over 
time following a 1 mg/rat intratracheal instillation of 
all types of GNPs. Li et al. (2018) studied the pulmon
ary toxicity of GO and rGO after oropharyngeal aspir
ation exposure and reported that 2 mg/kg of GO 
showed moderate effects, while 2 mg/kg of rGO 
induced low levels of lung inflammation in rats. 
Furthermore, Mao et al. (2016) observed that exposure 
to 50 mg of FLG caused moderate pulmonary edema 
in mice following an intratracheal instillation. 
Altogether, these studies found that graphene expos
ure through multiple airway administration methods 
in rodents can lead to lung inflammation. However, 
pulmonary inflammation alone was not considered for 
banding respiratory sensitization endpoints.

Genotoxicity
The genotoxicity of graphene nanomaterials has been 
tested in acute and sub-chronic bioassays in mice and 
rats. Intraperitoneal treatment of GO at doses of 10, 
50, 100, 250, and 500 mg/kg once weekly for 7, 28, and 
56 days induced chromosomal aberrations in bone 
marrow cells and DNA fragmentation in lung cells 
that were time and dose-dependent (El-Yamany et al. 
2017). Another study by Mohamed et al. (2021) con
firmed the effect of GO in mice bone marrow cells in 
a dose-dependent manner along with a histological 
lesion such as apoptosis, necrosis, inflammations, and 

cell degeneration in the liver and brain tissue sections 
following an oral gavage at doses of 10, 20, or 40 mg/ 
kg for 5 days. In addition, Bengtson et al. (2017) dem
onstrated that at a dose of 18 mg/mouse, both GO and 
rGO induced a significant increase of DNA damage in 
bronchoalveolar lavage (BAL) cells at days 3 and 28 
for GO and days 28 and 90 for rGO following intra
tracheal administration. Moreover, the genotoxicity of 
GO was observed in rats following an intraperitoneal 
administration of 5.0 mg/kg as compared to rats 
receiving the dose of GO 0.5 mg/kg and the negative 
control (Dur�an et al. 2017). Similarly, Altwaijry et al. 
(2022) showed single and double-stranded DNA 
breaks at 1 to 2 h following an intravenous injection 
of 5.0 mg/kg PEGylated GO (Polyethylene glycol 
(PEG) conjugated to the GO). All these reports sug
gested that GO may have a genotoxic potential that 
increases with the dose.

Skin sensitization
Skin sensitization was evaluated in mice following the 
application of GNP (working concentration: 25, 50, 
and 100% v/v, respectively) to the dorsal skin of each 
ear and intraperitoneal administration of 20 mg/mL 
GNP using the murine local lymph node assay 
(LLNA): BrdU-FCM in vivo test (Kim et al. 2021). It 
was found that GNPs did not induce skin sensitization 
at any concentration. The absence of skin sensitization 
was confirmed by Sosa et al. (2023) after daily expos
ure to FLG or GO through an application of the dor
sal skin of each ear at a working concentration range 
of 0.4–40 mg/mL for three consecutive days. These 
studies suggest that graphene nanomaterials may not 
be a skin sensitizer.

Eye irritation
The potential as an eye irritant for GO has been dem
onstrated through in vivo rodent experiments. Wu 
et al. (2016) studied the toxicity of GO exposure in 
the eyes of Sprague–Dawley rats by evaluating the 
lesions of conjunctiva, cornea, and iris following ocu
lar instillation. They concluded that GO did not cause 
acute eye irritation because no evidence of corneal 
opacity, conjunctival redness, abnormality of the iris, 
or chemosis was observed at 12.5 mg/mL or 25 mg/ 
mL, 1 h post application (Wu et al. 2016). However, 
mild corneal opacity and conjunctival redness were 
observed in 25 and 50% of rats following short-term 
repeated GO treatment of 50 and 100 mg/mL, respect
ively (Wu et al. 2016). Furthermore, the authors 
found that the GO-induced effects were reversible as 
no effects were observed at 24-, 48-, and 72-hr post- 
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GO exposure (Wu et al. 2016). Similarly, Lin et al. 
(2015) reported moderate damage to eyesight follow
ing intravitreal injection of 50 mL hydroxylated gra
phene (G-OH) into the right eye of rabbits. On the 
other hand, Yan et al. (2012) demonstrated that 0.1, 
0.2, and 0.3 mg GO intravitreally injected eyes showed 
little change in eyeball appearance and eyesight in 
rabbits. These reports suggested mixed results for gra
phene as a potential eye irritant.

Reproductive and developmental toxicity
Liang et al. (2015) studied GO reproductive system 
toxicity in male mice given 25 mg/kg via tail vein 
injection and intraperitoneal injection of 24 and 
60 mg/kg for 5 days and observed no decrease in fertil
ity. Similarly, Zhang et al. (2019) showed that high 
doses of GQDs administered via oral gavage (300 mg/ 
kg), or intravenous injection (150 mg/kg) produced 
no discernible short- and long-term toxic effects on 
male reproductive ability and health of offspring. 
Contradicting results were found by Akhavan et al. 
(2015), who observed a significant reduction in sperm 
viability and motility in male mice following intraven
ous administration of GO at a concentration below 
0.4 mg/kg. The semen of the GO-treated mice (con
taining the damaged spermatozoa) was observed to 
change the fertility, gestation ability, and multi- 
production capability of female mice. Another study 
by Nirmal et al. (2017) in rats demonstrated a dose- 
dependent reduction in total sperm count after 15 and 
30 days of exposure to GO via intraperitoneal injec
tion. The authors observed no sperm dysfunction or 
testis damage associated with the low dose of 0.4 mg/ 
kg and mid-dose 2.0 mg/kg, whereas a high dose of 
10.0 mg/kg induced considerable testis damage 
(Nirmal et al. 2017). Additionally, Fu et al. (2015), 
demonstrated that an oral administration of GO at a 
concentration of 0.5 mg/mL or 150 mg/kg every day 
hurts the development of mice in the lactation period 
and an increase in body weight, body length, and tail 
length in mice. This study was corroborated by 
Xu et al. (2015), who observed evidence of abortions 
after an intravenous administration of rGO in preg
nant mice with low (6.25 mg/kg) or medium doses 
(12.5 mg/kg) at a late stage (�20 days) of gestation 
and death of nearly all mice following intravenous 
injection with a high dose (25 mg/kg) of rGO in the 
late stage of gestation. Despite the contradicting 
results, these studies suggest that graphene may be a 
reproductive and developmental toxicant. Based on 
studies in rodents, a NOAEL of 300 mg/kg-day was 

identified for male reproductive ability and health of 
the offspring in mice (Zhang et al. 2019).

Acute toxicity
No adverse health effects of graphene have been 
reported in humans. Andrews et al. (2024) reported 
that no heart rate, blood pressure, lung function, or 
inflammatory markers were affected following 2 h 
inhalation exposure of 200 mg/m3 GO in a double- 
blind randomized controlled study in humans. On the 
other hand, acute toxicity potential for GFN has been 
demonstrated through in vivo rodent studies. Duch 
et al. (2011) showed that 50 mg/mouse of pristine gra
phene and GO induced severe and persistent lung 
injury with excessive inflammation in C57BL/6 mice 
following 24 h intratracheal administration. The same 
dose of 50 mg/mouse GNP produced granulomatous 
lesions in the bronchiole lumen and near the alveolar 
region 24 h after pharyngeal aspiration (Schinwald 
et al. 2012). In addition, Singh et al. (2011) observed 
extensive pulmonary thromboembolism occluding 
lung vessels only 15 min following intravenous admin
istration of rGO and GO at a dose of 250 mg/kg in 
mice. Another oropharyngeal aspiration investigation 
of rGO and GO at a 40 mg dose observed physiological 
changes and alterations in reactive oxygen species and 
gene expression that may lead to cardiovascular dys
function following a one-day exposure (Krajnak et al. 
2019). Together these data suggest the potential for 
acute toxicity for rGO and GO in rodents but possibly 
limited adverse health effects in humans. However, 
the NIOSH banding criteria require lethality data 
(LC50 or LD50) which were not available in any of 
the previously discussed animal studies for GFN.

Tier 3 overall OEB assignment by endpoint

The NIOSH banding process was followed for the 
nine health endpoints using the rodent and rabbit 
potency estimates to assign an OEB for GFN. Banding 
results for six health endpoints are listed in Table 4.

Stot-re
For the STOT-RE endpoint, NOAELs/LOAELs derived 
from rodent studies performed under internationally 
accepted test guidelines were used. There were eight 
different studies used for the banding process and eight 
different types of graphene were evaluated in those 
studies. Two studies resulted in band “E” and one study 
in band “C.” However, five studies were not banded by 
two replicators because of insufficient information. The 
overall band “E” (�0.01 mg/m3) was assigned to GFN, 
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which is the most stringent band. Two of the eight 
STOT-RE bands were based on lung effects, two were 
based on blood and immune toxicity, and four 
were based on internal organ (liver and kidney) 
toxicity.

Respiratory sensitization
The presence of high levels of T helper 2 (Th 2) cells, 
cytokines such as interleukin (IL) IL-3, IL-4, IL-5, IL-6, 
IL-8, IL-13, and IL-18, and immunoglobulin E (IgE), 
which are important mediators of allergic responses 
were considered for the respiratory sensitization end
point. Evidence of various interleukins were found for 
all the graphene nanomaterials including three GOs 
and two GNPs. Therefore, the overall band “E” was 
assigned.

Genotoxicity
The genotoxicity endpoint refers to changes in genetic 
material which includes mutations and other DNA or 

chromosome level changes. Qualitative data (e.g., in vivo 
heritable germ cell mutagenicity tests and in vivo somatic 
cell mutagenicity tests) were considered for banding this 
endpoint. All the data available for GO and rGO 
observed genotoxicity in rodent bioassays; therefore, the 
overall band “E” was assigned.

Skin sensitization
For skin sensitization, both quantitative (e.g., LLNA 
tests) and qualitative data (e.g., NIOSH SK-SEN nota
tion) were considered for this endpoint. Only qualita
tive skin sensitization data were available for GNP, 
FLG, and GO. The overall band “A” (>10 mg/m3) was 
assigned for both FLG and GNP because the skin sen
sitization results using the LLNA test were negative.

Eye irritation
The eye irritation endpoints were based on serious 
eye damage or irritation studies performed under an 
internationally accepted test. NIOSH OEB guidance 

Table 4. Occupational exposure band estimates for graphene family of nanomaterials by endpoints.

Endpoint Reference Type of graphene PoD From the study

Assigned band by replicate

1 2 3 FB

STOT-RE2 Dur�an et al. (2017) GO NOAEL ¼ 0.05 mg/kg E� N/A N/A N/A
El-Yamany et al. (2017) GO NOAEL ¼ 0.01 mg/kg E� N/A E� E�

Kim et al. (2016) GNP NOAEL ¼ 1.88 mg/m3 C C C C
Kurantowicz et al. (2015) GO NOAEL ¼ 4 mg/kg N/A N/A D N/A
Park et al. (2017) GNP LOAEL ¼ 5 mg/kg D N/A N/A N/A
Strojny et al. (2015) GO NOAEL ¼ 4 mg/kg N/A N/A D N/A
Wu et al. (2022) GQD, NGQD, AGQD NOAEL ¼ 0.1 mg/kg E� C E� E�

Yang et al. (2013) GO, nGO-PEG, RGO-PEG  
and nRGO-PEG

NOAEL ¼ 100 mg/kg N/A N/A C N/A

Overall STOT-RE Band E
Respiratory Sensitization Han et al. (2015) GO IL-18 E C N/A E

Park et al. (2015) GNP IL-6 E E N/A E
Roberts et al. (2016) GNP IL-5, IL-10, and IL-13 E N/A E E
Schinwald et al. (2012) GO IL-8 E E N/A E
Shurin et al. (2014) GO IL-4, IL-5, IL-13 E E C E
Overall Respiratory Sensitization Band E

Genotoxicity Bengtson et al. (2017) GO and rGO Positive genotoxicity E C E E
Dur�an et al. (2017) GO Positive genotoxicity E C E E
El-Yamany et al. (2017) GO Positive genotoxicity E E E E
Mohamed et al. (2021) GO Positive genotoxicity E E E E
Overall Genotoxicity Band E

Skin Sensitization Kim et al. (2021) GNP Negative LLNA test A N/A A A
Sosa et al. (2023) FLG and GO Negative LLNA test A N/A A A
Overall Skin Sensitization Band A

Eye Irritation Lin et al. (2015) G-OH Moderate damage on eyesight B B A B
Wu et al. (2016) GO Mild to moderate corneal opacity B B B B
Yan et al. (2012) GO Nonirritant A A A A
Overall Eye Irritation Band B

Reproductive/Developmental Fu et al. (2015) GO NOAEL ¼ 30 mg/kg C N/A C C
Liang et al. (2015) GO NOAEL ¼ 60 mg/kg B N/A B B
Nirmal et al. (2017) GO NOAEL ¼ 10 mg/kg C A C C
Zhang et al. (2019) GQD NOAEL ¼ 60 mg/kg B N/A B B
Overall Reproductive/ Developmental Band C

GO: graphene oxide; rGO: reduced graphene oxide; GNP: graphene nanoplatelets; FLG: few layers graphene; GQD: graphene quantum dots; MLG: multi
layered graphene; A-GQDs: amino-modified graphene quantum dot; GO-PSS: nanographene oxide functionalized with poly sodium 4-styrenesulfonate; 
PEG-nGO: PEGylated graphene oxide nanoparticle; GNF:graphene nanoflakes; nGO-PEG: PEGylated nano-GO; nGO-PEG: PEGylated nano-graphene oxide; 
RGO-PEG: PEGylated reduced graphene oxide; nRGO-PEG: PEGylated nano reduced graphene oxide G-OH: Hydroxylated graphene; GNF:graphene nano
flakes; LOAEL: lowest adverse effect level; NOAEL: no observable adverse effect level; STOT-RE: Specific Target Organ Toxicity-Repeated Exposure; PoD: 
point of departure; N/A: not assigned a band; IL: interleukin; �: Band assignments that would be an order-of-magnitude or more below band E.
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recommends assigning bands based on qualitative 
data instead of quantitative dose-response potency 
information from eye damage/irritation studies 
(NIOSH 2019). Two studies of GO and G-OH materi
als resulted in band “B” (>1 to 10 mg/m3) based on 
mild to moderate eye irritation and another GO study 
resulted in band “A” based on nonirritating effects on 
the eye. The overall OEB selected for GFN for eye 
irritation was band “B.”

Reproductive and developmental toxicity
These endpoints are based on adverse effects on sex
ual function and fertility in adult male and female test 
animals, and the developmental toxicity in the off
spring observed in rodent bioassay data from three 
GO materials and one GQD. Based on these criteria, 
two studies of GO were assigned to band “C” (>0.1 
to 1 mg/m3), another GO study resulted in band “B”, 
and the GQD was assigned to band “B.” Therefore, 
the overall band for reproductive and developmental 
toxicity was “C.”

Overall OEB assignment by material

In total 11 different GFN materials were included in 
this banding process, which included 18 studies on 
GOs, five for GNPs, two for GQD, and one each for 
FLG, rGO, NGQD, AGQD, G-OH, nGO-PEG, RGO- 
PEG, and nRGO-PEG. The overall OEB for GFN 
assigned by different independent replicates was “E,” 
representing an exposure air concentration of �
0.01 mg/m3. The GO materials examined had four dif
ferent bands assigned, including “E” for STOT-RE, 
respiratory sensitization, and genotoxicity, “C” for 
reproductive and developmental toxicity endpoints, 
“B” for eye irritation and reproductive and develop
mental toxicity endpoints, and “A” for skin sensitiza
tion endpoint. The rGO materials were banded “E” 
for respiratory sensitization and genotoxicity health 
endpoint. GNP materials received a band “E” for 
the respiratory sensitization endpoint, “C” for 
the STOT-RE endpoint, and “A” for skin sensitization. 
FLG nanomaterials were also banded “A” for skin sen
sitization. Functionalized graphene nanomaterials such 
as NGQD and AGQD were assigned a band “E” for 
STOT-RE endpoints. GQD was assigned a band “E” 
based on STOT-RE and “B” for reproductive and 
developmental toxicity endpoints. Finally, a band “B” 
was assigned for G-OH based on the eye irritation 
endpoint.

Discussion

The aim of this case study was to apply a Tier 3 
assessment using the NIOSH banding process to 
derive an OEB for GFN. The NIOSH banding process 
is a resource for OSH professionals to guide risk man
agement and exposure control decisions when OELs 
are not available. The information provided by OEBs, 
together with exposure assessment data, can be used 
to determine the acceptability of air sampling results 
and evaluate the need for controlling exposures 
(NIOSH 2019).

Currently, there are insufficient published data for 
GFN to perform a Tier 1 or Tier 2 assessment. The 
NIOSH banding process recommends that nine stand
ard toxicological endpoints be considered when con
ducting a Tier 3 assessment (NIOSH 2019). During 
this Tier 3 assessment for GFN, data for two of the 
nine endpoints (skin corrosion/irritation and carcino
genicity) were not available while the data for acute 
toxicity was insufficient to band. Therefore, the 
remaining six endpoints were pursued here for band
ing. The overall OEB for GFN assessed was “E,” rep
resenting a target exposure air concentration of �
0.01 mg/m3. This result is comparatively similar to the 
recommended OEL of 18 mg/m3 by Lee et al. (2019) 
but lower than the BMC of 212 mg/m3 developed by 
Spinazz�e et al. (2019).

The results of this banding process were replicated 
by three individuals with advanced toxicology and 
industrial hygiene knowledge which was a strength of 
this study and should be considered for use in future 
Tier 3 assessments as well. There were discrepancies 
between OEBs among the replicates. However, there 
was only one study that did not have at least a two- 
thirds agreement among the assessors. The discrepan
cies were mainly due to difficulties locating NOAEL/ 
LOAEL values in the articles, and therefore being 
unable to assign a band.

In this present study, the OEBs were assigned based 
on the specific physicochemical and toxicological 
properties of graphene nanomaterials with uncertainty 
factor adjustments. The results found that the overall 
band for GFN is band “E” which indicates that the 
materials evaluated could pose health effects at rela
tively low concentrations. OEB estimates for GO (El- 
Yamany et al. 2017), GO (Dur�an et al. 2017), and 
GQD (Wu et al. 2022) with NOAEL values of 0.01, 
0.05, and 0.1 mg/kg-day, respectively, were lower than 
the current NIOSH band “E” representing a NOAEL 
of �1 mg/kg-day (Table 4). This may suggest the need 
for a risk manager to consider limiting exposures to a 
level lower than the “E” band based on the effect 
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levels presented in the data (External Draft Review 
NIOSH 2021). This suggestion was supported by the 
United Kingdom Health and Safety Executive (HSE) 
which recommended applying control approach three 
for dust in air exposure level of � 0.001 mg/m3 (HSE 
2009). Other international occupational hazard band 
frameworks such as the International Organization for 
Standardization (ISO) and the French Agency for 
Food, Environmental and Occupational Health and 
Safety (ANSES) have corroborated these findings by 
shifting by a factor of 10 difference which corresponds 
to an air concentration of � 0.001 mg/m3 for nano
particles (ANSES 2010; ISO 2016).

There are no known reports or case studies of 
adverse health effects in workers using or producing 
GFN. The only controlled human exposure study 
available to date reported that no heart rate, blood 
pressure, lung function, or inflammatory markers 
were affected within 14 young healthy volunteers fol
lowing 2-hr inhalation exposure of 200 mg/m3 GO in 
repeated visits (Andrews et al. 2024). By contrast, the 
literature review identified short-term and sub-chronic 
studies in rats and mice, many of which indicated 
that graphene may have the potential to cause non- 
cancerous adverse lung effects including pulmonary 
edema, pulmonary inflammation, and granulomatous 
lesions in the bronchiole lumen and near the alveolar 
region following inhalation, intratracheal instillation, 
or pharyngeal aspiration (Schinwald et al. 2012, 2014; 
Park et al. 2015; Mao et al. 2016; El-Yamany et al. 
2017; Lee et al. 2017).

The NIOSH occupational exposure banding process 
did not guide sampling methods or the relevant aero
sol size fraction to sample to protect workers from 
potentially harmful exposures to particulates. Rather, 
OSH professionals applying a Tier 3 assessment 
should decide on the sampling method and size frac
tion for the chemical of interest. For GFN, it may be 
advisable to sample at least at the respirable size frac
tion because the derived OEB was primarily based on 
adverse lung effects in animals observed near the 
alveolar region (Schinwald et al. 2012, 2014; El- 
Yamany et al. 2017; Li et al. 2018). The derived OEB 
for GFN is designed to be used as an 8-hr time- 
weighted average (TWA) exposure range (NIOSH 
2019).

There are currently no consensus air sampling 
methods for GFN. However, there has been a growing 
agreement on methodologies for other carbonaceous 
nanomaterials, such as carbon nanotubes, as well as 
some graphene nanomaterials which have used elem
ental carbon as a marker for exposure (Lee et al. 

2016; Vaquero et al. 2019; Guseva Canu et al. 2020; 
Lov�en et al. 2021; McCormick et al. 2021). The expos
ure sampling methods for carbonaceous nanomaterials 
have generally consisted of a sample collected for 
elemental carbon mass using NIOSH method 5040, or 
equivalent, coupled with a sample for electron micros
copy to verify and further describe the size and 
morphology of the collected aerosol (Birch 2016; 
Eastlake et al. 2016; Dahm et al. 2018).

NIOSH has previously evaluated the consistency of 
the banding process for chemical substances by com
paring OEBs with existing OELs. This evaluation 
demonstrated that the NIOSH Tier 1 and Tier 2 
banding process resulted in a band that included the 
OEL or was more conservative than the OEL 91% and 
98% of the time, respectively (NIOSH 2019). By con
trast, the NIOSH Tier 3 banding process has never 
been evaluated. The guidance states that expert judg
ment should be used providing OSH professionals 
with a wide latitude for decision making. The NIOSH 
Tier 3 banding process allows for the use of in vitro 
data, specifically for the genotoxicity endpoint. 
However, it was not considered in this study because 
in vitro data lacked the inherent complexity of organ 
systems, and extrapolating the results of in vitro assays 
to predict the toxicokinetics of graphene in workers 
may lead to a misinterpretation of the data (Saeidnia 
et al. 2015). Despite the NIOSH banding framework 
recommending the use of NOAEL values derived 
from studies featuring oral, dermal, and/or inhalation 
exposures in experimental animals, other routes of 
exposure such as intratracheal instillation and intra
peritoneal delivery were also considered in this Tier 3 
assessment due to a lack of current oral and inhal
ation studies. Intratracheal instillation is widely used 
to test the respiratory toxicity of a substance as an 
alternative to inhalation in animal testing (Driscoll 
et al. 2000). The toxicokinetics of substances adminis
tered via intraperitoneal injection are considered to be 
like those seen after oral administration because they 
are absorbed primarily through the portal circulation 
and therefore must pass through the liver before 
reaching the other organs (Klaassen and Watkins 
2010). The NIOSH banding process could be repeated 
for GFN once more toxicological data are available to 
demonstrate the assumptions made during this 
application.

The NIOSH banding process guidance recommends 
the use of NOAEL/LOAEL or benchmark dose level 
(BMDL) values when outcomes are expressed as quan
titative information and/or potency data (NIOSH 
2019). Although the BMDL approach typically offers 
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more accurate potency estimations since it utilizes the 
full dose range of data (Boots et al. 2021; EFSA 
Scientific Committee 2022; EPA 2012), it was not con
sidered in this paper because many of the studies used 
for the STOT-RE and reproductive/developmental 
endpoints were not amenable to BMDL modeling.

Conducting a Tier 3 assessment using the NIOSH 
banding process was challenging and required individ
uals with advanced knowledge in toxicology and 
industrial hygiene. One of the major challenges faced 
during this assessment was identifying NOAEL/ 
LOAEL values from animal toxicology studies. To 
find such a dose from nonclinical studies can often be 
challenging, as well as subjective, due to difficulties in 
distinguishing between adverse and non-adverse 
effects (Kale et al. 2022). Another challenge encoun
tered during the NIOSH Tier 3 banding process was 
selecting the criteria for the respiratory sensitization 
endpoint. While pulmonary inflammation is recom
mended by the NIOSH banding process, it may not 
be a sufficient endpoint for evaluating respiratory sen
sitization. Therefore, other respiratory sensitization 
markers such as high levels of T helper 2 (Th 2) cells, 
immunoglobulin E (IgE) antibodies, or the presence 
of certain cytokines were considered for banding this 
health endpoint.

Limitations

Limitations in the data include a lack of graphene 
solubility data from acute to chronic endpoints. Given 
the uncertainties in the relationship of solubility to 
particle toxicity, NIOSH recommends that in the 
absence of data to the contrary, all nanoscale particles 
should be treated in the same manner without regard 
to solubility (NIOSH 2019). Another limitation of this 
study is the lack of relevant data for GFN across some 
toxicological endpoints such as acute toxicity, skin 
corrosion/irritation, and carcinogenicity. Generally, 
lacking toxicological data across all endpoints may 
lead to the banding process resulting in a band that is 
not the most protective. In addition, the use of 
intratracheal instillation as an alternative to inhalation 
constitutes a limitation as it bypasses the upper 
respiratory tract such as nasal and oral passages, phar
ynx, and larynx, thus making it difficult to compare 
with the results obtained using inhalation exposure 
(Driscoll et al. 2000). These limitations highlight the 
need for additional sub-chronic and chronic repeated 
dose inhalation studies which would provide critical 
information for future risk assessments.

Conclusion

The derived overall OEB for GFN from this case study 
that applied the NIOSH banding process was a band 
“E,” representing an air concentration of � 0.01 mg/ 
m3. The OEB can be used in combination with expos
ure information to inform workplace risk manage
ment decisions. This derived band is voluntary and 
only serves as a consideration for OSH professionals 
until a traditional and more thorough risk assessment 
is performed by an authoritative public health agency 
to develop an OEL. Furthermore, additional sub- 
chronic and chronic repeated dose inhalation animal 
studies and research on the solubility of graphene 
nanomaterials would benefit future risk assessments 
on these materials.
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