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The Science Advisory Board (SAB) of the Toxics Use Reduction Act (TURA) recommends that multi-walled
carbon nanotubes (MWCNTSs), single-walled carbon nanotubes (SWCNTs) and carbon nanofibers (CNFs) be
added as three distinct categories to the TURA list of Toxic or Hazardous Substances. The SAB further
recommends that MWCNT be added as a Higher Hazard Substance (HHS) with a facility-reporting threshold
below that of the standard HHS 1000-pound threshold.

This policy analysis summarizes key scientific information on multi-walled and single-walled carbon
nanotubes and carbon nanofibers; estimates the number of facilities that are likely to enter the program
because of the proposed listing; analyzes opportunities and challenges new filers are likely to face; and
discusses the implications of this policy measure for the TURA program. Based on this analysis, the Toxics
Use Reduction Institute (TURI) supports the SAB’s recommendation that MWCNTs, SWCNTs and CNFs be
added as three distinct categories to the TURA list of Toxic or Hazardous Substances. TURI also agrees with
the SAB's recommendation that MWCNTSs be designated as a Higher Hazard Substance (HHS) with a lower
facility reporting threshold than 1000 pounds. Drawing upon research and analysis of potential users in
Massachusetts, TURI recommends a one-pound threshold for MWCNT.

OVERVIEW

In June of 2020, the Toxics Use Reduction Act (TURA) Program received a petition to list multi walled carbon
nanotubes (MWCNT), single walled carbon nanotubes (SWCNT), and carbon nanofibers (CNF) from Clean
Water Action (CWA) and the Public Employees for Environmental Responsibility (PEER). In addition, the
petition requested that MWCNT, SWCNT, and CNF be grouped together as a single category with a reporting
threshold of 100q.

Listing Recommendation

After reviewing the scientific evidence about multi walled carbon nanotubes, single walled carbon nanotubes,
and carbon nanofibers, the TURA Science Advisory Board (SAB) made a recommendation to list MWCNTSs,
SWCNTSs, and CNFs as three separate categories under TURA. The SAB further recommended that MWCNTs
be added as a Higher Hazard Substance (HHS).

The SAB based their recommendation for MWCNTSs on evidence that exposure may be linked with pulmonary
toxicity, lung cancer, mesothelioma, and environmental persistence. Additional concerns were expressed by
the SAB for genotoxicity and toxic environmental degradation products. The SAB further recommended that
MWCNTSs be designated as Higher Hazard Substances (HHS). The recommendation to list SWCNTs was based
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on evidence of pulmonary toxicity and environmental persistence. The SAB also noted additional concerns for
reactive oxygen species (ROS) production and DNA damage. Lastly CNFs were recommended to be listed
based on pulmonary toxicity.

Threshold Recommendation

Under TURA, regularly reportable substances have a reporting threshold of 25,000 pounds if manufactured or
processed and 10,000 pounds if otherwise used. SWCNTs and CNFs would have these reporting thresholds if
listed.

Substances designated as HHS under TURA have a reporting threshold of 1,000 pounds. Upon
recommendation of TURI and the SAB, Section 9A of the TURA statute provides the TURA Administrative
Council with the authority to lower the facility-reporting threshold on.a HHS®. Noting their carcinogenicity and
that the exposure and potential associated hazard may be similar across a range of use volumes, the SAB
recommended adopting a lower threshold because many companies handling MWCNTSs use less than 1,000

pounds per year.

After collecting information relevant to MWCNT applications and use inMassachusetts, TURI agrees with the
SAB recommendation that MWCNTSs have a lower facility-reporting threshold under TURA. Based on its
analysis of possible filers, TURI recommends a facility-reporting threshold of one pound. Further details on the
threshold recommendation can be found in'the Use Information section.

BACKGROUND ON NANOMATERIALS

Defining Carbon Nanotubes and Carbon Nanofibers

According to the International Organization for Standardization, carbon nanotubes (CNTs) are tiny tubes
formed from one or several hexagonal graphene sheets consisting of carbon atoms.? Carbon nanotubes can
be single-walled or multi-walled and can vary significantly in physical characteristics. SWCNTs often have
diameters between 1 to 3 nm, MWCNTSs typically range from 10-100 nm in diameter, and CNFs are usually 40
to 200 nm in'diameter. Their lengths vary more widely, from tens of micrometers (um) to several centimeters
(cm).3 The defining feature that distinguishes CNFs from CNTs resides in graphene plane alignment. If the
graphene plane and fiber axis do not align, the structure is characterized as a CNF, but when parallel, the
structure is considered a CNT.4

SUMMARY OF SCIENTIFIC INFORMATION

Nanomaterials are increasingly used in a variety of applications due to their unique properties. However, there
are potential human health hazards associated with exposure to nanomaterials, particularly regarding

! Massachusetts General Laws, ch. 211, § 9A (n.d.). Retrieved April 7, 2025, from
https://malegislature.gov/Laws/GeneralLaws/Partl/Titlell/Chapter21l/Section9A

21S0. (2010). ISO/TS 80004-3:2010 Nanotechnologies — Vocabulary — Part 3: Carbon nano-objects. International Organization for
Standardization

3 United States Department of Health and Human Services, Centers for Disease Control, National Institute for Occupational Safety and
Health, Current Intelligence Bulletin 65: Occupational Exposure to Carbon Nanotubes and Nanofibers, April 2013.

4 |ISO/TS [2008]. Nanotechnologies: terminology and definitions for nano-object; nanoparticle, nanofibre and nanoplate. I1SO/TS
27687:2008. International Organization for Standardization.
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respiratory health. The summary here draws upon the literature reviewed by the SAB. A complete list of these
references is provided in the annex.

Pulmonary Toxicity

Pulmonary toxicity is a major health concern for all carbon nanotubes and fibers. Extremely small, with
diameters on the order of nanometers, they are easily airborne, creating the risk of human exposure through
inhalation. When inhaled, they can penetrate deep into the lungs and cause damage to the respiratory system.
The thin, needle-like shape of the nanotubes can cause inflammation, scarring, and even cancerous growths
in the lungs. Additionally, they can cross the lung-blood barrier and travel.to other organs, potentially
damaging the liver, spleen, or other organs. They have a tendency to biopersist in tissues and can remain in
the body for significant periods of time.

In addition to their size and shape, other properties of nanomaterials may contribute to their respiratory
toxicity. For example, some studies have suggested that.the surface area and surface chemistry of
nanomaterials can affect their ability to cause lung damage. Some may also contain impurities or other
substances that can exacerbate their toxicity.

Several studies have documented that exposure to MWCNTs may cause damage to the pulmonary region
resulting in fibrosis, granuloma, mesothelioma, and lung cancer. The International Agency for Research on
Cancer (IARC) classified MWCNT-7 as Class 2B Possible Carcinogen. MWCNT-7 is widely used and the most
well studied MWCNT. It has been linked to mesothelioma and bronchioloalveolar carcinoma.

Animal studies have shown that inhalation of SWCNTSs can lead to lung cancer in some cases. While there are
limited data on the long-term effects of SWCNT exposure in humans, these materials have the potential to
cause respiratory toxicity. Occupational health agencies indicate that they should be handled with caution to
minimize exposure.

While limited, existing data on the pulmonary toxicity of CNFs suggests adverse health effects similarto CNTs.
NIOSH recommends that all types of CNTs and CNFs should be considered a respiratory hazard.

Genotoxicity

MWCNTs and SWCNTSs have been linked to genotoxicity in several in vitro studies. These studies have shown
that exposure to MWCNTs and SWCNTs can cause DNA damage, oxidative stress, inflammation, and
micronuclei formation. Studies have shown that prolonged exposure to MWCNTSs can also cause oxidative
stress and inflammation in the body, leading to various health problems such as cardiovascular disease.

Environmental

A primary environmental concern for carbon nanotubes and fibers is their persistence in biological systems,
and in the environment where they do not readily break down. Several studies of MWCNT show effects on fish
and other biota.

USE INFORMATION

This section summarizes a comprehensive review undertaken by TURI and OTA to identify where carbon
nanomaterials are used in Massachusetts and their applications. It draws upon literature review, industry and
government databases, market research, surveys and interviews.
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Common Applications in Massachusetts

Due to their unique mechanical and chemical properties, carbon nanomaterials have a wide variety of
applications. Some uses relevant to Massachusetts are reviewed below.

Research and Development

Given its status as a research hub, a large share of carbon nanomaterial use in Massachusetts likely occurs in
research and development (R&D) settings. Under TURA, there are exemptions that often apply to companies
or other entities carrying out R&D activities. A “Toxics user” only includes facilities classified in certain SIC
codes (or the corresponding NAICS code). The list of such facilities does notinclude “Testing Labs (SIC Code
8734)" or “Commercial Physical and Biological Research (SIC Code 8731)". Also, facilities using carbon
nanomaterials strictly in laboratory settings, for example in a quality control laboratory, would not be subject
to reporting for that substance.

TURI and OTA's research suggests that a significant number of facilities using carbon nanomaterials in
Massachusetts likely fall under these exemptions. Inventories carried out in Cambridge, MA and Berkeley, CA
identified many facilities using nanomaterials in conditions potentially consistent with TURA’s R&D
exemptionss. A nationwide review carried out in 2007 by The Woodrow Wilson Institute’s Project on Emerging
Nanotechnology found many users in Massachusetts to be universities, government organizations, hospitals
and analytical laboratories, all of which typically do not have associated SIC codes covered by TURAs.

The benefits of TURA often extend to businesses that are exempt. Many companies seek the services of the
TURA Program to adopt safer alternatives to toxic substances despite not being required to report.
Furthermore, the R&D stage is widely recognized as an efficient and effective entry point for applying the
principles of Toxics Use Reduction, as making process changes is typically more difficult once manufacturing
begins.

Nanocomposite Materials

Lightweight and exceptionally strong, carbon fiber composite materials have been used for many years in
sectors such as aerospace and sporting equipment (e.g. tennis rackets, bikes, golf clubs, and hockey sticks).
Composite materials are created by dispersing the carbon nanofibers into a polymer matrix. Demand for these
composites is increasing, for example for use in clean energy devices (wind turbines, fly wheels) and in
automobile components. Composites reinforced with CNTs are seen by some as the next generation high-
performing carbonaceous materials’. Carbon nanotubes may also be incorporated into polymers used for food
packaging. Their presence can improve the antimicrobial properties of the packaging, or act as sensors that
detect spoilages.

5 Bosso, Christopher and McAllister, Caitlin, Local Government and Conditions of Uncertainty: Cambridge and the Regulation of
Nanomaterials (June 18, 2010). Available at SSRN: https://ssrn.com/abstract=2443105 or http://dx.doi.org/10.2139/ssrn.2443105

6 Project on Emerging Nanotechnologies. (n.d.). US NanoMetro Map. Retrieved from Internet Archive website:
https://web.archive.org/web/20200327160519/http://www.nanotechproject.org/inventories/map/ on April 4, 2025

7 Peijs, T., Kirschbaum, R., & Lemstra, P. J. (2022). A critical review of carbon fiber and related products from an industrial perspective.
Advanced Industrial and Engineering Polymer Research, 5(2), 90-106. https://doi.org/10.1016/j.aiepr.2022.03.008

8 Ashfaq, A., Khursheed, N., Fatima, S., Anjum, Z., & Younis, K. (2022). Application of nanotechnology in food packaging: Pros and cons.
Journal of Agriculture and Food Research, 7, 100270. https://doi.org/10.1016/j.jafr.2022.100270

TURI Carbon Nanotube and Fiber Policy Analysis April 2025 DRAFT 4


https://doi.org/10.1016/j.aiepr.2022.03.008

Pharmaceutical and Biomedical

Particularly relevant to Massachusetts is the application of carbon nanomaterials in the pharmaceutical and
biomedical fields. Their unique properties make them promising for medical applications such as drug delivery,
biosensing and tissue engineering. The high surface area of CNTs and their ability to penetrate cell walls
naturally lends itself to drug delivery, but their toxicity is of serious concern. CNF synthesis methods allow for
easier functionalization, leading to increased interest in their use as biosensors and for tissue engineering®.

Electronics, computing and batteries

The electrical and directional thermal conductivity of CNTs make them attractive for a range of applications in
electronic devices. They have been implemented and studied in electrochemical energy storage systems, for
example, as electrodes for lithium-ion batteries or fuel cells?. CNTs have also emerged as a potential
alternative to silicon as a transistor material in next generation integrated circuits'®. CNT chemical solutions
are already being used in MA within components of high performing memory devices®. Finally, CNTs are
attractive for use as chemical sensors which can be helpful for environmental and health monitoring®.

Carbon Nanomaterial Users in Massachusetts - Results

TURI was able to produce a broad, non-comprehensive list of approximately 300 facilities that appear to
manufacture or use nanomaterials (including-materials that are not CNTs and CNFs) within Massachusetts.
The research leading to this list was based upon publicly available information and databases along with
preliminary work from the Office of Technical Assistance (OTA).

Once the list of facilities likely using nanomaterials within Massachusetts was compiled, the website of each
company was visited to identify its category of industry, the specific nanomaterial(s) it is likely to be using, as
well as the specific products it makes or distributes. In addition, a database search using EBSCO information
services was conducted to identify common uses of nanomaterials within each industry. This allowed for the
creation of a list of possible nanomaterials used, and possible uses for the list of identified companies. An
appendix to this policy analysis outlines in more detail the methodology used to identify potential companies
in Massachusetts that use CNFs and CNTs.

After removing facilities that use nanomaterials that are not carbon based or are not in TURA SIC codes (e.g.
R&D), eight companies in Massachusetts were identified as likely using CNTs and CNFs in Massachusetts. An
additional 36 companies were identified as possibly using CNTs and CNFs in Massachusetts. Table 1
summarizes the information gathered on companies that are either likely or possibly using CNTs and CNFs in
Massachusetts, and what they may be using them for.

9 Gaur, M., Misra, C., Yadav, A. B., Swaroop, S., Maolmhuaidh, F. O., Bechelany, M., & Barhoum, A. (2021). Biomedical Applications of
Carbon Nanomaterials: Fullerenes, Quantum Dots, Nanotubes, Nanofibers, and Graphene. Materials (Basel, Switzerland), 14(20),
5978. https://doi.org/10.3390/ma14205978

0 Shoukat, R., Khan, M.l. Carbon nanotubes: a review on properties, synthesis methods and applications in micro and nanotechnology.
Microsyst Technol 27, 4183-4192 (2021). https://doi.org/10.1007/s00542-021-05211-6

1t Sandalow, B. (2022, November). Looking to the future of carbon nanotube transistors. Northwestern Engineering News.
https://www.mccormick.northwestern.edu/news/articles/2022/11/looking-to-the-future-of-carbon-nanotube-transistors/ (Accessed
April 9, 2025).

12 Nantero Carbon NanoTechnology. https://www.nantero.com/technology/. (Accessed May 21, 2024)

13 Vera Schroeder, Suchol Savagatrup, Maggie He, Sibo Lin, and Timothy M. SwagerChemical Reviews 2019 119 (1), 599-663 DOI:
10.1021/acs.chemrev.8b00340

14 EBSCO. (n.d.). Research databases. EBSCO. https://www.ebsco.com/products/research-databases. (Accessed April 9, 2025)

TURI Carbon Nanotube and Fiber Policy Analysis April 2025 DRAFT 5


https://www.nantero.com/technology/
https://www.ebsco.com/products/research-databases

Table 1: Identified Likely and Possible Users of CNT and CNF in MA

Industry

# of
companies
with likely
use/# of
companies
with possible
use

Nanomaterial

Uses
(*Definitive application in MA)

Estimated
Use
Volume
(per
facility)

Electronics and
Computing

413

CNT, CNF

Electronics (semiconductors,
*Memory RAMS, *Optical Devices)
Computers (*Semiconductors,
computer chips, *quantum
computers,display panels)

1-100 b

Advanced
Materials

1/3

CNF

Carbon Fiber Flywheel: Storage of
Kinetic Energy (composite rim core)
Protective Equipment

Aerospace (*Thrusters)

Specialty Paper Manufacturing
(Activated Carbon and Filter paper)

500-5,000
Ib

Batteries

o/8

CNT, CNF

Lithium-lon Batteries (Anode
materials)

Food Packaging/
Plastics

o/9

CNT

Structural Pieces (incorporated into
synthetic polymer matrix to provide
strength and antimicrobial
properties),

Sensors (Spoilage detection)
*Plastics

Sensor
Manufacturers

1/8

SWCNT

Gas Sensors (*Sensing element),
Temperature Sensors (sensing
element),

Pressure Sensors (sensing element),
Humidity Sensors (sensing
element),

Electrochemical Biosensors
(sensing element)

0.25-2 |bs

Sports Equipment
Manufacturers

o/1

CNT

Sports Surfaces/Tracks/Courts
(synthetic rubber)

Biopharmaceutical

o/4

CNT

Chromatography Columns,
Spectroscopy (1 dimensional
systems),

Pharmaceuticals (sustained -
release drugs)

Nanomaterial
Manufacturing

2/o

SWCNT,
MWCNT

*Fullerenes
*Fullerene Derivatives
*Carbon Nanotubes

1,000-
5,000 |bs

Total

8/36
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Carbon Nanomaterial Users in Massachusetts - Discussion

Of the eight companies identified as “likely users” in Table 1, two are manufacturers of carbon nanomaterials
and six use carbon nanomaterials to manufacture other products, such as sensors, semi-conductor
components, and advanced composite materials.

Potential users, for example in food packaging, lithium-ion batteries, biopharmaceuticals and sports
equipment, may be subject to TURA filing and planning as well. Furthermore, due to MA’s status as a carbon
nanomaterial research hub, some users of carbon nanomaterials may not fall under the SIC codes indicated in
the TURA statute.

Carbon Nanomaterial Users in Massachusetts - Threshold Discussion

The TURA statute, upon the recommendation of TURI and the SAB, provides the TURA Administrative Council
with the authority to lower the facility-reporting thresholds for a Higher Hazard Substance. The SAB
recommended a lowered reporting threshold for MWCNT.

Based on its extensive research of MWCNT use, TURI agrees with the SAB recommendation to lower the
reporting threshold, and suggests a one-pound threshold. Otherwise, itis likely that the TURA reporting and
planning requirements would not apply to most, if not all, MWCNT users in Massachusetts. TURI's research on
quantities of MWCNT use included reviews.of global nanomaterial inventories and regulatory databases,
market research and interviews with government officials. When data was available, it often suggested that
facilities were using MWCNT in quantities far below the 2000-pound HHS threshold. As shown in Table 1, when
CNTs are being used in Massachusetts, there'is limited public information about whether these CNTs are
MWCNTs or SWCNTSs. In addition, there is often no information on the quantity being used.

There is precedence for adopting lower reporting thresholds for CNTs and CNFs. An EPA rule requires lower
reporting thresholds under EPCRA section 313 for Persistent, Bioaccumulative and Toxic (PBT) substances?s.
The research reviewed by the SAB included evidence of persistence, biopersistence, and toxicity of CNTs and
CNFs. The French National Registry for Nanomaterials¢ and an inventory conducted by the Belgian
government both required entities to report their use of nanomaterials in quantities greater than 100
grams/year”. Under these inventories several entities have reported CNT use in the 100-gram range.

A one-pound threshold would capture a reasonable portion of MWCNT users in Massachusetts resulting in
improved publicaccess to valuable information. As mentioned above, it is prohibitively difficult to find detailed
information on MWCNT use and release. TURA has demonstrated that access to this type of information
empowers communities, companies and governments to strengthen protection of worker and public health.
Additional knowledge on where MWCNTSs are used would be particularly valuable to municipal emergency
responders and planners so that they can respond safely when issues arise.

A lower threshold would connect more MA companies with TURA program services such as free performance
testing, confidential on-site visits and the TURI grant program. Businesses reporting MWCNT use would
become subject to toxics use reduction (TUR) planning requirements. The TUR planning process has shown to

15 U.S. Environmental Protection Agency. (1999). EPA final rule: TRI reporting for persistent bioaccumulative toxic (PBT) chemicals (EPA
745-F-99-002). https://www.epa.gov/sites/default/files/documents/pbtrule-fs.pdf. (Accessed April 7, 2025)

16 R-Nano. (n.d.). The French national registry for nanomaterials. https://www.r-nano.fr/?locale=en. (Accessed April 7, 2025.)

17 Belgian Federal Public Service Health, Food Chain Safety and Environment. (n.d.). Register of nanomaterials.
https://www.health.belgium.be/en/environment/chemical-substances/nanomaterials/register. (Accessed April 7, 2025.)
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reveal opportunities for innovation which save money while reducing the use of toxics. On-site technical
assistance, which would become available for TURA filers using MWCNTSs, has also proven to help companies
identify and implement TUR opportunities that protect workers and promote efficient use of resources.

TOXICS USE REDUCTION (TUR) FOR CARBON NANOMATERIALS
The Toxics Use Reduction (TUR) Approach

Toxics Use Reduction is a best practice for advancing innovations to fulfill societal needs, while reducing
negative impacts on human health and the environment. The pyramid in Figure 1 illustrates a pollution
prevention hierarchy with TUR efforts prioritizing elimination and substitution followed by engineering
controls. Minimizing the use of toxic substances upstream is often the most efficient approach to reducing
harmful pollution.

Controls

Controls

Mitigation

Figure 1: The Occupational Safety and Health Administration’s Hierarchy of Controls®

Advancing Safer Alternatives under TURA

Due to their groundbreaking applications, TUR opportunities for carbon nanomaterials are unique with many
relevant technologies still in early research stages. It is important to recognize that the availability of
alternatives is not a pre-requisite for addition to the TURA list of toxic substances. Nonetheless, there are
opportunities for continued research and development of alternatives, and safer by design strategies to reduce
negative impacts of CNTs and CNFs without sacrificing their properties and societal benefits.

Adding substances to the TURA list has proven to support the development and implementation of TUR
innovations. In 2022, the Certain PFAS Not Otherwise Listed category was added to the TURA list of Toxic
Substances. Research conducted by TURA program agencies on TUR opportunities, and the establishment of
relationships between companies using PFAS have helped to advance safer solutions. A collaboration between

18 Occupational Safety and Health Administration. (2023). Identifying hazard control options: The hierarchy of controls. U.S.
Department of Labor. https://www.osha.gov/sites/default/files/Hierarchy of Controls 02.01.23 form 508 2.pdf (Accessed April 8, 2025)
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TURI and the microelectronics company Transene resulted in the elimination of PFAS from a key product
formulation. As with PFAS, listing carbon nanomaterials would result in access to valuable reporting data and
the development of TUR plans. TURA program services such as research grants, access to laboratory
infrastructure and free confidential on-site assistance would also be prioritized to MA businesses using these
substances.

The experience of TURA is not isolated. Research shows that stricter laws on the use of toxic substances often
trigger the invention, development and adoption of safer alternatives. A landscape analysis of patents for
alternatives to toxic substances shows a clear correlation between the invention of alternatives to toxic
substances and the development of European legislation for toxic chemicals. The study demonstrates the
potential of stronger laws to spark the invention and disclosure of alternatives, to pull safer alternatives into
the market, and thus to drive innovation. As has been demonstrated with many other toxic substances, listing
carbon nanomaterials under TURA has the potential to further accelerate innovation in Massachusetts.

Opportunities for TUR

This section provides an overview of key TUR options related to the use of carbon nanomaterials. It aims to
strike a balance between maintaining the societal benefits which these‘materials can provide, while ensuring
they do not harm human health and the environment.

Considering the need

A helpful first step when identifying TUR opportunities for carbon nanomaterials is to assess whether their use
is truly necessary. The use of CNTs and CNFs in certain applications that have exposure risks and in which the
main benefit is questionable, could be deemed unnecessary?* and avoided by users.

An in-depth alternatives assessment comparing performance, cost and safety may reveal benefits associated
with switching away from carbon nanomaterials. Flywheels are an important energy storage device, and
sometimes contain components that incorporate CNTs or CNFs to leverage their unique mechanical
properties. One line of research is exploring the use of laminated steel for cheaper and more compact
flywheels,

Alternatives to Carbon Nanomaterials

Given their evolving applications and unique properties, there are relatively few potential alternatives to
carbon nanomaterials. However, there are some lines of research looking for alternative materials which retain
performance while possibly reducing toxicity. Similar nanostructures based on bio feedstocks have been

9 Transene Company Eliminates its Use of PFAS and Saves Money (2023). TURI Case Study. https://www.turi.org/transene-company-
eliminates-its-use-of-pfas-and-saves-money-case-study-2023/ (Accessed April 7, 2025)

2 Tuncak, Baskut. "Driving Innovation: How Stronger Laws Pull Safer Chemicals into the Market." Sustainable Development Law &
Policy 14, no. 3 (2014): 4-11, 44-46.
https://digitalcommons.wcl.american.edu/cgi/viewcontent.cgi?params=/context/sdlp/article/1549/&path_info=tuncak.pdf (Accessed April 6, 2025)
2 Bilal, M., & Igbal, H. M. N. (2020). New Insights on Unique Features and Role of Nanostructured Materials in Cosmetics. Cosmetics,
7(2), 24. https://doi.org/10.3390/cosmetics7020024

2 QOlabi, A. G., Wilberforce, T., Abdelkareem, M. A., & Ramadan, M. (2021). Critical Review of Flywheel Energy Storage System.
Energies, 14(8), 2159. https://doi.org/10.3390/en14082159
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explored for use in reinforcing concrete®, in sporting equipment®, and in load-bearing automotive
components?.

Along with potential for improved biocompatibility, polypeptide nanotubes sourced from food proteins have
exhibited certain advantages over their purely carbonaceous counterparts?27. Boron Nitride nanotubes are of
interest due to their superior thermo-mechanical stability?s. While many of these alternatives are attractive for
their potential for reduced cost and sustainable feedstock sources, they have not been thoroughly evaluated
from a human health and safety perspective. Such an evaluation is a pre-requisite before determining if they
are viable alternatives.

Safer by Design Carbon Nanomaterials

TUR actions can be taken which reduce the hazards of nanomaterials, without compromising their properties.
This section will introduce lines of research related to modifying the toxicity and exposure potential of CNTs
and CNFs along their lifecycle. It is important to note that at present a key obstacle for many of these safer by
design approaches is their scalability and how they impact functionality.

Biodegradability

Due to their rigid and strong structure, CNTs are particularly persistent in both the human body and the
environment. The biodegradability of carbon nanomaterials is therefore particularly relevant to the biomedical
field, a key sector in MA2. Approaches are being studied to ensure carbon nanomaterials can biodegrade in a
timely and safe manner, thus reducing their potential to accumulate in the human body and environment.

Functionalization of the CNTs can accelerate their elimination from the human body and the environment, for
example, studies have observed certain coatings can invoke positive immune responses towards the
elimination of the CNTs from the body. SWCNTSs treated with hydrogen peroxide biodegrade more rapidly
than the non-treated material®. Grafting carbon nanotubes onto small organic molecules may also reduce the

2 E|-Feky, M. S., EI-Tair, A. M., Kohail, M., & Serag, M. I. (2019). Nano-fibrillated cellulose as a green alternative to carbon nanotubes in
nano-reinforced cement composites. International Journal of Innovative Technology and Exploring Engineering, 8(12), 484-491.
https://doi.org/10.35940/ijitee.L3377.1081219

2Wu, Y., Gao, X., Nguyen, T. T., Wu, J., Guo, M., Liu, W., & Du, C. (2022). Green and Low-Cost Natural Lignocellulosic Biomass-Based
Carbon Fibers—Processing, Properties, and Applications in Sports Equipment: A Review. Polymers, 14(13), 2591.
https://doi.org/10.3390/polym14132591

2 Anwer, A. H., Ahtesham, A., Shoeb, M., Mashkoor, F., Ansari, M. Z., Zhu, S., & Jeong, C. (2023). State-of-the-art advances in
nanocomposite and bio-nanocomposite polymeric materials: A comprehensive review. Advances in Colloid and Interface Science, 318,
102955. https://doi.org/10.1016/j.cis.2023.102955

% Katouzian, |., & Jafari, S. M. (2019). Protein nanotubes as state-of-the-art nanocarriers: Synthesis methods, simulation, and
applications. Journal of Controlled Release, 303, 302-318. https://doi.org/10.1016/j.jconrel.2019.04.026

27 Praveena, G., Kolandaivel, P., Santhanamoorthi, N., Renugopalakrishnan, V., & Ramakrishna, S. (2007). Looking beyond carbon
nanotubes: polypeptide nanotubes as alternatives?. Journal of nanoscience and nanotechnology, 7(7), 2253-2259.
https://doi.org/10.1166/jnn.2007.649

28 Kim, J.H., Pham, T.V., Hwang, J.H. et al. Boron nitride nanotubes: synthesis and applications. Nano Convergence 5, 17 (2018).
https://doi.org/10.1186/s40580-018-0149-y

2 Chen, M., Qin, X., & Zeng, G. (2017). Biodegradation of carbon nanotubes, graphene, and their derivatives. Trends in Biotechnology,
35(9), 836-846. https://doi.org/10.1016/j.tibtech.2016.12.001

3 Bjanco, A., Kostarelos, K., & Prato, M. (2011). Making carbon nanotubes biocompatible and biodegradable. Chemical
Communications, 47(37), 10182-10188. https://doi.org/10.1039/C1CC13011K
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persistence of CNTs in cells3t. As the functionalization will also likely modify the CNTs’ hazard profile, it is
important to evaluate this prior to assuming it (and its degradation products) will be a safer alternative.

Morphology

Countless structures of CNTs and CNFs exist and continue to be invented. While this is of concern for tracking
their fate and toxicological properties, modifications to the shape or structure of carbon nanomaterials can
sometimes reduce their hazards. For example, studies have shown that longer MWCNTSs provoked greater
inflammatory responses in the lungs2. In general, nanoparticles with a diameter less than 20 nm can permeate
skins. However, larger diameters do not exclude possible exposures, as the carbon nanofibers can split into
smaller fragments3. Using more flexible CNTs has also been recommended as a measure to reduce the risk of
mesothelioma3.

The structure of the nanomaterial itself can also be considered when looking to improve human health
outcomes. For example, CNFs have been found to exhibit stronger cytotoxicity than SWCNTs3. Different
morphologies may also reduce potential for worker exposures during processing. As is the case with carbon
nanoribbons (a monolayer of graphite patterned into a narrow strip) which, unlike nanotubes, can be inserted
into electronic components using lithography rather than manual placement?’. A life-cycle assessment is thus
important when considering alternative structures in product design, or for manufacturing.

Treatment and Processing

Carbon nanomaterials can undergo treatments, during or after processing, which may serve to reduce their
toxicity or other concerning properties. For example, certain CNT coatings may inhibit their tendency to cause
lung fibrosis® or CNFs oxidized inair at 800°C exhibited lower genotoxicitys?. Grafting the nanomaterials onto
biocompatible films or small organic materials have also been reported to neutralize certain toxic properties

31 Reijnders, L. (2020). Chapter 10 - Safer-by-design for nanomaterials. In S. Rajendran, A. Mukherjee, T. A. Nguyen, C. Godugu, & R. K.
Shukla (Eds.), Nanotoxicity (pp. 215-237). Elsevier. https://doi.org/10.1016/B978-0-12-819943-5.00010-5

32 Oberdorster, G., Castranova, V., Asgharian, B., & Sayre, P. (2015). Inhalation Exposure to Carbon Nanotubes (CNT) and Carbon
Nanofibers (CNF): Methodology and Dosimetry. Journal of Toxicology and Environmental Health, Part B, 18(3-4), 121-212.
https://doi.org/10.1080/10937404.2015.1051611

3 Larese Filon, F., Mauro, M., Adami, G., Bovenzi, M., & Crosera, M. (2015). Nanoparticles skin absorption: New aspects for a safety
profile evaluation. Regulatory Toxicology and Pharmacology, 72(2), 310-322. https://doi.org/10.1016/j.yrtph.2015.05.005

34 \Wang, J., Schlagenhauf, L. & Setyan, A. Transformation of the released asbestos, carbon fibers and carbon nanotubes from
composite materials and the changes of their potential health impacts. J Nanobiotechnol 15, 15 (2017).
https://doi.org/10.1186/s12951-017-0248-7

3 Bhattacharya, K., Mukherjee, S. P., Gallud, A., Burkert, S. C., Bistarelli, S., Bellucci, S., Bottini, M., Star, A., & Fadeel, B. (2016).
Biological interactions of carbon-based nanomaterials: From coronation to degradation. Nanomedicine: Nanotechnology, Biology and
Medicine, 12(2), 333-351. https://doi.org/10.1016/j.nan0.2015.11.011

3% Kisin, E. R., Murray, A. R., Sargent, L., Lowry, D., Chirila, M., Siegrist, K. J., Schwegler-Berry, D., Leonard, S., Castranova, V., Fadeel, B.,
Kagan, V. E., & Shvedova, A. A. (2011). Genotoxicity of carbon nanofibers: Are they potentially more or less dangerous than carbon
nanotubes or asbestos? Toxicology and Applied Pharmacology, 252(1), 1-10. https://doi.org/10.1016/j.taap.2011.02.001

37 B. Obradovic et al., "Carbon Nanoribbons: An Alternative to Carbon Nanotubes," 2006 International Conference on Simulation of
Semiconductor Processes and Devices, Monterey, CA, USA, 2006, pp. 27-30, doi: 10.1109/SISPAD.2006.282830.

38 Reijnders, L. (2020). Chapter 10 - Safer-by-design for nanomaterials. In S. Rajendran, A. Mukherjee, T. A. Nguyen, C. Godugu, & R. K.
Shukla (Eds.), Nanotoxicity (pp. 215-237). Elsevier. https://doi.org/10.1016/B978-0-12-819943-5.00010-5

3 Yadav, D., Amini, F., & Ehrmann, A. (2020). Recent advances in carbon nanofibers and their applications — A review. European
Polymer Journal, 138, 109963. https://doi.org/10.1016/j.eurpolymj.2020.109963
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of CNTs#. A review of CNT functionalization approaches to reduce their toxicity are explained in Vardharajula,

20124,

Ensuring the composition and purity of carbon nanomaterial products is also key to minimizing concerns for
human health and the environment. The presence of transition metal contaminants which originate from the
catalyst is suspected to increase their genotoxicity. Therefore, post-processing purification techniques, or
replacing the metal catalysts with safer alternatives could eliminate these metal contaminants<.

Safer Manufacturing and Product Design

As a persistent substance, it is important to understand exposures and TUR opportunities associated with each
stage of the carbon nanomaterial life cycle. For example, unintended releases of carbon nanomaterials, as in
the case of tire wear and the use of crumb rubber in synthetic turf4, may occur during use. Batteries and
nanocomposite materials, the sectors responsible for the majority of CNT use in industry#., present end-of-
life concerns despite low potential for exposure during the use phase®. At end-of-life these materials are often
landfilled, incinerated or exported to developing countries with reduced waste management capacity,
sometimes becoming an environmental justice issue.

Innovations and product and process design have proven to reduce releases of nanomaterials along their life
cycle with many showing potential for TUR. This section provides an overview of these lines of research and
provides examples of innovations which may align with established TUR techniques.

Product Design

Product design offers opportunities to reduce use while improving safety during product use, manufacturing
and at end-of-life. When using polymer-nanomaterial composites, measures can be taken to inhibit the release
of the nanomaterial from.the matrix4. The retro Diels-Alder reaction has been used on nanocomposites to
enhance their durability and integrity®. Designing products, especially electronic devices, for easier
disassembly and safer end-of-life management can allow for TUR through integrated recycling systems«.

40 Reijnders, L. (2020). Chapter 10 - Safer-by-design for nanomaterials. In S. Rajendran, A. Mukherjee, T. A. Nguyen, C. Godugu, & R. K.
Shukla (Eds.), Nanotoxicity (pp. 215-237). Elsevier. https://doi.org/10.1016/B978-0-12-819943-5.00010-5

“Vardharajula, S., Ali, S..Z., Tiwari, P. M., Eroglu, E., Vig, K., Dennis, V. A., & Singh, S. R. (2012). Functionalized carbon nanotubes:
biomedical applications. International journal of nanomedicine, 7, 5361-5374. https://doi.org/10.2147/1JN.S35832

42 Reijnders, L. (2020). Chapter 10 - Safer-by-design for nanomaterials. In S. Rajendran, A. Mukherjee, T. A. Nguyen, C. Godugu, & R. K.
Shukla (Eds.), Nanotoxicity (pp. 215-237). Elsevier. https://doi.org/10.1016/B978-0-12-819943-5.00010-5

4 Watterson, A. (2017). Artificial Turf: Contested Terrains for Precautionary Public Health with Particular Reference to Europe?
International Journal of Environmental Research and Public Health, 14(9), 1050. https://doi.org/10.3390/ijerph14091050

4 Kim, M., Goerzen, D., Jena, P.V. et al. Human and environmental safety of carbon nanotubes across their life cycle. Nat Rev Mater 9,
63—-81 (2024). https://doi.org/10.1038/s41578-023-00611-8

* |bid.

4 Reijnders, L. (2008). Hazard reduction in nanotechnology. Journal of Industrial Ecology, 12(3), 297-306.
https://doi.org/10.1111/j.1530-9290.2008.00049.x

471§, Q. T., Jiang, M. J., Wu, G., Chen, L., Chen, S. C., Cao, Y. X., & Wang, Y. Z. (2017). Photothermal Conversion Triggered Precisely
Targeted Healing of Epoxy Resin Based on Thermoreversible Diels-Alder Network and Amino-Functionalized Carbon Nanotubes. ACS
applied materials & interfaces, 9(24), 20797-20807. https://doi.org/10.1021/acsami.7b01954

nanotubes, Appl. Mater. (2017) 2079720807.

48 Bigum, M., Brogaard, L., & Christensen, T. H. (2012). Metal recovery from high-grade WEEE: a life cycle assessment. Journal of
hazardous materials, 207-208, 8—14. https://doi.org/10.1016/j.jhazmat.2011.10.001
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Process Design

Process innovations have been implemented which reduce use of nanomaterials during manufacturing and
the associated risk for workers. Engineering controls, such as in-situ synthesis of nanomaterials on their
substrates*, can promote efficient use while reducing opportunities for exposure.

Under the European NANOREG and Prosafe projects, a safer-by-design approach was developed for
nanomaterials. It was implemented to create six industrial case studies, many containing examples of TUR-
relevant techniques. An electronic coatings company participating in the project used wet synthesis, recycling
and automated packaging to reduce exposure and byproduct generation of a«carbon nanomaterial. Another
company that manufactures materials for automobile parts tested three different CNFs and chose the material
with the least toxicity. They also switched to a fully automated dispersion system, a technique that may be
considered improved operations and maintenance under TURA®.

REGULATORY CONTEXT
Carbon Nanotubes Regulations (CNT) and Guidance Review

Due to the evolving understanding of carbon nanomaterial applications, and their effects on human and
environmental health, a number of regulatory and non-regulatory frameworks are in place or under
development. This review includes broader-regulations on manufactured nanomaterials, as well as those
which specifically cover CNTs and CNFs. Regulations are evolving, as research continues to uncover potential
risks and applications.

International Organizations
The Organization for Economic Cooperation and Development (OECD)

The OECD is carrying out a strategic program on the safety evaluation and risk assessment of manufactured
nanomaterials to assist countries in the implementation of national policies. The program focuses on
generating appropriate methods and strategies to ensure potential safety issues through the following:s

- Establishing an OECD database on manufactured nanomaterials to inform and analyze research
activities and strategies on environmental, human health and safety issues;

- Testing specific nanomaterials for their human health and safety evaluation, while ensuring
appropriate testing methods (in vivo & in vitro);

- Promoting co-operation on voluntary schemes and regulatory programs;
- Facilitating international co-operation on risk assessment strategies;

- Developing guidance on exposure measurement and exposure mitigation (workplace; consumers; and

the environment); and

49 Reijnders, L. (2020). Chapter 10 - Safer-by-design for nanomaterials. In S. Rajendran, A. Mukherjee, T. A. Nguyen, C. Godugu, & R. K.
Shukla (Eds.), Nanotoxicity (pp. 215-237). Elsevier. https://doi.org/10.1016/B978-0-12-819943-5.00010-5

%0 Sanchez Jiménez, A., Puelles, R., Pérez-Fernandez, M., et al. (2020). Safe(r) by design implementation in the nanotechnology
industry. Nanolmpact, 20, 100267. https://doi.org/10.1016/j.impact.2020.100267

51 Organisation for Economic Co-operation and Development. (n.d.). Nanomaterials and advanced materials. OECD.
https://www.oecd.org/en/topics/nanomaterials-and-advanced-materials.html. (Accessed April 9, 2025)
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- Promoting the environmentally sustainable use of nanotechnology through enhancing the knowledge
base about life cycle aspects of manufactured nanomaterials. This should be done at their different
stages of development and applications regarding the impacts on human health and environmental
safety.

The OECD series on the safety of manufactured nanomaterials includes reports on both SWCNT and MWCNT.
They contain information on physical and chemical properties, exposure, hazards and toxicologyss:.

Strategic Approach to International Chemicals Management (SAICM) / Global Chemicals Framework

“Nanotechnology and manufactured nanomaterials” was designated an emerging policy issue at the second
session of the International Conference on Chemicals Management (ICCM) in 2009. Stakeholders stressed the
need to close knowledge gaps; to understand, avoid, reduce and manage risks; and to review the methods
used for testing and assessing safetys«. Subsequently, the topics were included under the SAICM Global Plan
of Action.

Under the Global Framework on Chemicals, of which SAICM is a predecessor, The International Conference on
Chemicals may adopt issues of concern, such as nanomaterials. Among other actions, the adoption of issues
of concern will result in the formation of an ad-hoc working group which can recommend courses of action to
address these issuesss.

World Health Organization (WHO)

A report titled “Guidelines on protecting workers from potential risks of manufactured nanomaterials” was
published by WHO in February 2017. The guidelines are aimed at policymakers and professionals in the field
of occupational health and safety with recommendations on how best to protect workers from the potential
risks of manufactured nanomaterialsss.

In collaboration with the Food and Agriculture Organization, WHO published a technical paper in 2013 titled
"State of the art on the initiatives‘and activities relevant to risk assessment and risk management of
nanotechnologies.in the food and agriculture sectors”s?

US Federal
TSCA (Recordkeeping)

As of May 2017, the EPA has reporting and recordkeeping requirements for certain chemical substances when
they are manufactured or processed at the nanoscale (forms with particle sizes of 1-100 nm). This does not

52 OECD (2016), Single Walled Carbon Nanotubes (SWCNTs): Summary of the Dossier, OECD Series on the Safety of Manufactured
Nanomaterials and other Advanced Materials, OECD Publishing, Paris, https://doi.org/10.1787/cd95c45f en.

53 OECD (2016), Multiwalled Carbon Nanotubes (MWCNT): Summary of the Dossier, OECD Series on the Safety of Manufactured
Nanomaterials and other Advanced Materials, OECD Publishing, Paris, https://doi.org/10.1787/98807eel-en.

5 SAICM. (n.d.). Nanotechnology. SAICM Knowledge. https://saicmknowledge.org/epi/nanotechnology (Accessed April 7, 2025)

%5 Global Framework on Chemicals — For a Planet Free of Harm from Chemicals and Waste (2023). https://www.unep.org/resources/global-
framework-chemicals-planet-free-harm-chemicals-and-waste. (Accessed March 17, 2025)

% WHO guidelines on protecting workers from potential risks of manufactured nanomaterials (2017). World Health Organization.
https://www.who.int/publications/i/item/9789241550048. (Accessed May 31, 2024.)

57 FAO/WHO [Food and Agriculture Organization of the United Nations/World Health Organization]. 2013. FAO/WHO Paper: State of
the art on the initiatives and activities relevant to risk assessment and risk management of nanotechnologies in the food and
agriculture sectors. Geneva. 56 pp. https://openknowledge.fao.org/server/api/core/bitstreams/1955340e-f512-4f75-ae3e-
e4258b2e401e/content. (Accessed April 7th, 2025)
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apply to, for example, pesticides, foods, food additives, drugs or cosmetics. The rule requires one-time
reporting of certain information including specific chemical identity, production volume, methods of
manufacture and processing, use, exposure and release information and available health and safety
information.

This rule applies to chemical substances, as defined in section 3 of TSCA, that are solids at 25 °C and standard
atmospheric pressure; that are manufactured or processed in a form where any particles, including aggregates
and agglomerates, are in the size range of 1-100 nanometers (nm) in at least one dimension; and that are
manufactured or processed to exhibit one or more unique and novel properties. Manufacturers and processors
of multiple nanoscale forms of the same chemical substance will, in some cases, need to report separately for
each discrete form of the reportable chemical substance.ss

TSCA (Regulatory Approach)

TSCA requires manufacturers of new chemical substances to provide specific information prior to
manufacturing chemicals or introducing them into commerce. Many new chemical notices have been
reviewed under TSCA for nanoscale materials, including CNTs. The EPA has permitted manufacturing of CNTs
using consent orders or significant new use rules (SNURs). The document Nanoscale Substances on the TSCA
Inventory provides guidance on how EPA determines whether a nanoscale substance is new for the purposes
of the TSCA inventorys.

This is an example of how EPA can regulate MWCNTs .under TSCA. In December of 2023, the EPA issued
SNURs for four MWCNTs which had been the subject of premanufacturing notices (PMNs). The SNURs include
the following four closed MWCNTSs:

e 4.4-12.8 nanometer(nm) diameter; bundle length 10.6-211.1 micrometer (um); Grade: Jenotube 6
(PMN P-20-62);

e 5.1-11.6 nm diameter; bundle length 1.9-552.0 um; Grade: Jenotube 8 (PMN P-20-63);

e 7.9-14.2 nm diameter; bundle length 9.4-1206.4 pm; Grade: Jenotube 10 (PMN P-20-64); and

e 17.0-347nm diameter; globular shape; Grade: Jenotube 20 (PMN P-20-65)

Significant new uses include manufacturing the substance with a maximum weight of cobalt oxide impurity
and processing or using the substances other than as an electrically conductive material, an additive in
batteries, energy storage and others. Any persons who intend to manufacture, import or process any of these
MWCNTSs for an activity designated as a significant new use under these SNURs must notify EPA at least go
days ahead of doing so¢.

8 U.S. Environmental Protection Agency. (2017, January 12). TSCA reporting and recordkeeping requirements. Federal Register, 82(8).
https://www.regulations.gov/document/EPA-HQ-OPPT-2010-0572-0137

5 .S. Environmental Protection Agency. (n.d.). Nanoscale substances in the TSCA Inventory. https://www.epa.gov/tsca-
inventory/nanoscale-substances-tsca-inventory (Accessed April 7, 2025)

% Bergeson & Campbell, P.C. (2023, December 18). EPA issues final SNURs for four multi-walled carbon nanotubes. Bergeson &
Campbell, P.C. https://www.lawbc.com/epa-issues-final-snurs-for-four-multi-walled-carbon-nanotubes/ (Accessed April 7, 2025)
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Europe
EU Classification, Labeling and Packaging Regulation

Classification and labelling data has been provided by industry to the European Chemicals Agency (ECHA) for
MWCNTs and SWCNTSs. At this time, labels must indicate that MWCNTSs “cause damage to organs through
prolonged or repeated exposure”. The substance is classified as hazardous to lungs via inhalation®:. Labelling
for SWCNTs mustindicate the substance as an eye irritant and as toxic to aquatic life with long lasting effects¢=.

EU REACH

Companies who manufacture and market CNTs and CNFs in the EU have certain obligations regarding the
identification of hazards and management of the corresponding risks. They must demonstrate to ECHA how
the substance can be safely used, and they must communicate risk management measures to users. If the risks
cannot be safely managed, authorities can restrict the use of the substance. These basic registration
requirements are triggered once use surpasses the 1 metric tonne threshold (2,204.6 Ibs.) s.

CNTs are considered a nanomaterial under REACH (Nanomaterials are defined as chemical substances or
materials with particle sizes between 1 to 100 nanometers. in at least one dimension). This means that
companies must provide additional information on these materials: Registration dossiers for nanomaterials
must characterize the various “nanoforms” of nanomaterial substances and fulfill information requirements
for each . For example, the dossier must include information on the dustiness and the acute toxicity for each
nanoformes.

Multi-Walled Carbon Nanotubes (MWCNT) and Single Walled Carbon Nanotubes (SWCNT) are registered
under REACHs®. As of March-2025; there are 13 active registrations for MWCNTs and 2 for SWCNTs.
Compliance checks of the dossiers are ongoing.

A substance evaluation report for MWCNTSs was carried out on behalf of the ECHA to clarify concerns abouté:
o Widespread use
e Consumer use

e Discrepancy in self-classification between different registrants of the joint submission(s)

61 European Chemicals Agency. (n.d.). Multi Walled Carbon Nanotubes (MWCNT) ECHA Substance Info Card.
https://echa.europa.eu/substance-information/-/substanceinfo/100.217.898. (Accessed March 18, 2025).

2 European Chemicals Agency. (n.d.). Single Wall Carbon Nanotubes (SWCNT) ECHA Substance Info Card.
https://echa.europa.eu/substance-information/-/substanceinfo/100.242.364. (Accessed March 18, 2025).

8 European Chemicals Agency. (n.d.). Understanding REACH. https://echa.europa.eu/regulations/reach/understanding-reach. (Accessed April
11, 2025)

8 European Chemicals Agency. Appendix for nanoforms applicable to the Guidance on Registration and Substance Identification
(2022). https://echa.europa.eu/documents/10162/13655/how_to_register nano_en.pdf/f8c046ec-f60b-4349-492b-e915fd9e3ca0.

8 European Chemicals Agency. Guidance on information requirements and chemical safety assessment Appendix R7-1 for
nanomaterials applicable to Chapter R7a Endpoint specific guidance (2022). https://echa.europa.eu/guidance-documents/guidance-on-
information-requirements-and-chemical-safety-assessment.

8 European Chemicals Agency. (n.d.). Single Wall Carbon Nanotube ECHA Overview.
https://chem.echa.europa.eu/100.242.364/overview?searchText=carbon%20nanotube.(Accessed March 18, 2025).

6 European Chemicals Agency. Substance Evaluation Conclusion and Evaluation Report as required by REACH Article 48 for Multi-
Walled Carbon Nanotubes (MWCNTSs) (2020). https://echa.europa.eu/documents/10162/801e9eel1-1347-0072-44a5-b044510e79b5. (Accessed
March 17, 2025).
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e Differences in physico-chemical properties that affect toxicity, i.e. number of different registered
nanoforms and the choice of representative test material(s)

e Suspected STOT RE (differing NOAEL/Cs in several animal studies using different forms of the same
test material)

e Suspected carcinogen

e Effects on environmental organisms
e Suspected environmental exposure
e Cumulative exposure

e Suspected persistency

The evaluation concluded that it was not possible to fully resolve these concerns and urged companies to
provide further information. It also stated that the dossiers had not made it transparent which data is
appropriate for which nanoforms. A decision on further action is awaiting completion of the compliance check
of the dossiers.

National legislation in EU

A 2012 decree in France established a registry for any manufacturing, import or use of over 100 grams of
nanomaterials. Similar registries are now in place in Belgium, Denmark, Norway and under consideration in
Sweden and Italy. Much of the reporting under these registries falls below the REACH thresholdss

Additional EU Legislation

In addition to REACH, nanomaterials are also referenced in other EU regulatory frameworks. The table below
is adapted from a review of nanotechnology standardization and requlation by Soltani and Pouypouy of the
Tehran Technology Studies Institutes.

Area Description
Nanomaterials in e Foods consisting of engineered nanomaterials should be considered a novel food
novel foods e Food consisting of engineered nanomaterials should be assessed using most up-

to-date test methods to assess safety

Nanomaterials in e Substances in nanoform shall only be used if explicitly authorized
food contact e Authorization of conventional substance does not cover the same substance in
materials Aanoform

8 R-Nano. (n.d.). The French national registry for nanomaterials. https://www.r-nano.fr/?locale=en. (Accessed April 11, 2025)

6 Soltani, A. M., & Pouypouy, H. (2019). Standardization and regulations of nanotechnology and recent government policies across the
world on nanomaterials. In M. Ghorbanpour & S. H. Wani (Eds.), Advances in phytonanotechnology (pp. 419-446). Academic Press.
https://doi.org/10.1016/B978-0-12-815322-2.00020-1
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Area Description

Nanomaterials in ¢ Definition of nanomaterial: insoluble or biopersistent and intentionally
Cosmetic Products manufactured materials with one or more external dimensions from 1to 100 nm

e Labeling obligation of nanomaterial.

¢ Nanomaterials used as colorants, preservatives and UV-filters must be explicitly

authorized.
Biocidal Products o A separate dossier with all data requirements must usually be prepared for
Legislation nanoforms of active substances.

State/Local
California

In 2006, Berkeley, California, adopted the first local regulation specifically for nanomaterials, requiring all
facilities manufacturing or using manufactured nanomaterials to disclose current toxicology information. In
2010 and 2011, the California Department of Toxic Substances Control (CADTSC) issued formal request letters
to the manufacturers of certain CNTs, nanometal oxides, nanometals and quantum dots requesting
information related to their use, their chemicaland physical properties, and risk management measures.”

Cambridge

In 2007, the city council of Cambridge in MA requested an examination of the Berkeley nanotechnology
ordinance (see above) and to recommend an appropriate ordinance for Cambridge. A committee was
convened to develop recommendations. Some of the recommendations identified included (i) the
establishment of an inventory of facilities which use nanomaterials; (i) Offer technical assistance to help
nanomaterial users evaluate health and safety plans for limiting risks to workers; (iii) Offer up-to-date health
information to residents on products containing nanomaterials?2.

Occupational Regulations and Guidance
US NIOSH

The Occupational Safety and Health Act of 1970 (Public Law 91-596) charges the National Institute for
Occupational Safety and Health (NIOSH) with recommending occupational safety and health standards and
describing exposures that are safe for various periods of employment, including (but not limited to) the
exposures at which no worker will suffer diminished health, functional capacity, or life expectancy because of
his or her work experience.

NIOSH reviewed 54 animal laboratory studies on CNT and CNF exposure as part of their current intelligence
bulletin 65. Many of these studies indicated that CNT/CNF exposure could cause adverse pulmonary effects
including inflammation (44 of 54 studies), granulomas (27 of 54 studies), and pulmonary fibrosis (25 of 5z

70 European Chemicals Agency. (n.d.). Nanomaterials under Biocidal Products Regulation.
https://echa.europa.eu/regulations/nanomaterials-under-bpr. (Accessed March 18, 2025).

1 Environmental Protection Agency. Fact Sheet: Nanoscale Materials (2024). EPA. https://www.epa.gov/reviewing-new-chemicals-
under-toxic-substances-control-act-tsca/fact-sheet-nanoscale-materials. (Accessed April 11, 2025)

2 Lipson, S (2008). Recommendations for a Municipal Health & Safety Policy for Nanomaterials. Cambridge Nanomaterials Advisory
Committee https://www.loe.org/images/content/080801/NanoRecommendations.pdf
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studies).Based on these results the bulletin recommends that exposures to CNT and CNF be kept below a
recommended exposure limit (REL) of 1.0 pg/m3 of respirable elemental carbon as an 8-hr TWA.7

NIOSH also hosts a Nanotechnology Research Center (NTRC). The center maintains a carbon nanotube
registry and a roster of U.S. workers employed in relevant industries. The registry helps researchers
understand exposures and track potential chronic health impacts. NIOSH is currently recruiting companies
that handle or produce CNTSs to participate in the registry?.

US OSHA

There is no Permissible Exposure Limit (PEL) for CNTs or CNFs. However, there are PELs for similar substances
for which CNT exposure may fall under. For example, Respirable Carbon Black’s PEL of 3.5 mg/m3 and
Graphite’s PEL of 15 mg/m37.

Inthe absence of a specific PEL, OSHA recommends that worker exposure to respirable carbon nanotubes and
carbon nanofibers not exceed 1.0 micrograms per cubic meter (pg/m3) as an 8-hour time-weighted average,
based on the National Institute for Occupational Safety and Health (NIOSH) Recommended Exposure Limit
(REL).7s

Standards
International Organization for Standardization

Through its nanotechnology technical committee, The International Organization for Standardization (ISO)
has developed a series of standards for the characterization and measurement of carbon nanotubes. These
standards help ensure consistency in the characterization of CNTs across different laboratories and facilitate
comparisons between studies?.

IMPLICATIONS FOR THE TURA PROGRAM

Implications of Category Designation

Chemical categories are used in certain cases when listing substances under TURA. The TURA program’s
approach-to categories has generally been based on the approach used under the U.S. Emergency Planning
and Community Right-to-Know Act (EPCRA). Defining a chemical category is appropriate in a number of
circumstances, and can provide several advantages compared with listing chemicals individually. Advantages
to the use of chemical categories include avoiding adverse substitutions; and addressing a set of chemicals
with similar health orenvironmental effects together. It is also appropriate when members of the category are
often present as mixtures in commercial products.

3 Occupational Exposure to Carbon Nanotubes and Nanofibers (2013). Center for Disease Control — National Institute for Occupational
Safety and Health. https://www.cdc.gov/niosh/docs/2013-145/pdfs/2013-145.pdf?id=10.26616/NIOSHPUB2013145

74 Kelly-Reif, K., & Dahm, M. (2024, May 2). The Nanotechnology Research Center Carbon Nanotube Registry. NIOSH Science Blog.
https://blogs.cdc.gov/niosh-science-blog/2024/05/02/nano-20-registry/. (Accessed April 8, 2025).

s Occupational Safety and Health Administration (2024). Occupational Chemical Database. Carbon Black.
https://www.osha.gov/chemicaldata/236. (Accessed March 18, 2025).

76 Occupational Safety and Health Administration (2013). Working Safely with Nanomaterials Factsheet.
https://www.osha.gov/sites/default/files/publications/OSHA FS-3634.pdf. (Accessed April 11, 2025)

77 International Organization for Standardization. (n.d.). ISO/TC 229 - Nanotechnologies. https://www.iso.org/committee/381983.html
(Accessed April 8, 2025)
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e Adverse substitutions: One important reason to list a chemical category is to address concerns related to
adverse, or “regrettable,” substitutions. If structurally similar substances within a large group of chemicals
may potentially be used as substitutes for one another, listing substances one at a time can create
unintended consequences, in which the listed substance(s) may be replaced by an equally hazardous,
unlisted substances. Creating a category provides clear guidance to chemical users, and helps to avoid
such adverse substitutions.

e Similar hazards across a group: Listing a chemical category is also useful when a number of structurally
similar chemicals have, or are reasonably anticipated to have, similar human health and/or environmental
impacts. This makes it possible to address these hazards proactively by addressing the group of chemicals
together. A category is also helpful when members within a group of chemicals are manufactured or used
as mixtures.

The proposed multi-walled carbon nanotubes, single-walled.carbon nanotubes, and carbon nanofibers
categories are appropriate, as a number of the nanotubes and fibers may be reasonably anticipated to be used
as substitutes for one another, they are commonly in mixtures, are structurally similarand specific health and
environmental impacts (e.g., pulmonary toxicity and persistence) appear frequently.

By defining and listing multi-walled carbon nanotubes, single<walled carbon nanotubes, and carbon
nanofibers categories, the TURA program.can efficiently address these groups of chemicals. The TURA
program can provide clear, proactive guidance to businesses to assist them in addressing all chemicals in the
categories.

TURA Program Services

Both the Office of Technical'/Assistance (OTA) and TURI are available as a resource for new filers entering the
program, as well as other users of CNTs and CNFs.

If a specific application of the use of chemicals presents an ongoing challenge for companies with respect to
shifting to safer alternatives, OTA and TURI could support R&D to find feasible solutions. OTA provides free,
confidential; onsite technical assistance to Massachusetts manufacturers, businesses, and institutions. TURI's
researchcapacity and capabilities can help businesses identify and adopt safer alternatives to toxic chemicals
for specific applications. When specific industry needs are identified, ideally with companies willing to share
performance criteria, materials and/or other forms of expertise, TURI can identify researchers interested in
focusing their R&D efforts to develop safer solutions. TURI can also provide limited financial support to
businesses and academic experts to advance research, development and deployment of safer alternatives.

TURIand OTA collaborate to provide targeted information to MA businesses on opportunities to reduce toxics.
The TURA program draws on knowledge from the Commonwealth and beyond to help businesses adopt safer
solutions. TURI’s incentive grants support businesses as they test and implement innovative safer
technologies. TURI's demonstration events and case studies help businesses showcase their innovations to
other businesses in related sectors, amplifying the positive impact of success stories in Toxics Use Reduction.
In addition to the TURA program'’s ongoing trainings for businesses, Toxics Use Reduction planners are
regularly trained, certified and educated by implementing agencies through bi-annual continuing education
conferences, courses and workshops.
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TURA implementing agencies are funded via fees paid by facilities which file under TURA. The fee structure
has not been updated since the adoption of the legislation in 1989. This has led to diminished capacity of TURA
implementing agencies to provide the services described in this section, even with the potential additional
funds which would accompany the inclusion of CNTs and CNFs on the TURA list of Toxic Substances.

Fees and Planning-Related Costs

There would be some additional cost to companies that would begin reporting the multi-walled carbon
nanotubes, single-walled carbon nanotubes and/or carbon nanofibers categories, including preparing annual
toxics use reports and biennial toxics use reduction plans, and paying toxics use fees.

If there are new filers that only need to report the multi-walled carbon nanotubes, single-walled carbon
nanotubes or carbon nanofibers categories, the cost of hiring a consulting planner will likely be in the range of
$1,000 - $3,500. Companies that want to have their own in-house TUR planner can qualify either by relying on
past work experience in toxics use reduction or by having a staff member take the TUR Planners certification
course. Those facilities with experienced staff can become certified by MassDEP for as little as $100. For those
that want staff to take a course, the cost will be between $630 - $2000, depending on whether the employee
will be planning only for the company or will be able to do planning for other companies as well. Companies
with in-house toxics use reduction planners are likely to reap ancillary benefits from having an employee on
staff who is knowledgeable about methods for reducing the costs and liabilities of toxics use. Additionally,
through the process of planning and reducing or eliminating use of chemicals in the category, facilities may be
able to expand their markets, better comply with other chemical restrictions or regulations and reduce their
overall requlatory burden.

The total additional cost in fees to filers (and revenue to the program) can be calculated using the fee structure
outlined in the table below.

TURA Program Fee Structure

Full Time Employees | Base Fee | Per Chemical Fee | Maximum Fee
210 and <50 $1,850 $1,100 $5,550
>50 and <100 $2,775 $1,100 $7,400
>100 and <500 $4,625 $1,100 $14,800
>500 $9,250 $1,100 $31,450

TURI estimates between fiveand thirty-six filers of MWCNT, SWCNT and CNF combined, with the lower end
most likely. The majority of filers for these materials are expected to be small companies (10-50 employees)
and new to the program (so they would incur a base fee as well as the per chemical fee). Thus, the program
estimates an increase in revenue of $14,750 (5 small filers, all new to the program) to 106,200 (36 small filers,
all new to the program).

TURI Carbon Nanotube and Fiber Policy Analysis April 2025 DRAFT 21



APPENDIX A: SCIENCE REVIEWED BY THE SAB
Multi-Walled Carbon Nanotubes

1.

10.

11.

12.

13.

14.

Arnoldussen, Y. J., Skaug, V., Aleksandersen, M., Ropstad, E., Anmarkrud, K. H., Einarsdottir, E., Chin-Lin, F.,
Granum Bjgrklund, C., Kasem, M., Eilertsen, E., Apte, R. N., & Zienolddiny, S. (2018). Inflammation in the
pleural cavity following injection of multi-walled carbon nanotubes is dependent on their characteristics
and the presence of IL-1 genes. Nanotoxicology, 12(6), 522-538.
https://doi.org/10.1080/17435390.2018.1465139

Asakura M, Sasaki T, Sugiyama T, Takaya M, Koda S, Nagano K, Arito H, Fukushima S [2010]. Genotoxicity
and cytotoxicity of multi-wall carbon nanotubes in cultured Chinese hamster lung cells in comparison with
chrysotile A fibers. J Occup Health 52(3):155-166.

Carvalho, S., Ferrini, M., Herritt, L., Holian, A., Jaffar, Z., & Roberts, K. (2018). Multi-Walled Carbon
Nanotubes Augment Allergic Airway Eosinophilic Inflammation by Promoting Cysteinyl Leukotriene
Production. Frontiers in Pharmacology, 9, 585. https://doi.org/10.3389/fphar.2018.00585

Catalan, J., Siivola, K. M., Nymark, P., Lindberg, H., Suhonen, S., Jarventaus, H., Koivisto, A. J., Moreno, C.,
Vanhala, E., Wolff, H., Kling, K. I., Jensen, K. A., Savolainen, K., & Norppa, H. (2016). In.vitro and in vivo
genotoxic effects of straight versus tangled multi-walled carbon nanotubes. Nanotoxicology, 10(6), 794-806.
https://doi.org/10.3109/17435390.2015.1132345

Davis, G., Lucero, J., Fellers, C., McDonald, J. D., & Lund, A. K. (2018). The effects of subacute inhaled multi-
walled carbon nanotube exposure on signaling pathways associated with cholesterol transport and
inflammatory markers in the vasculature of wild-type mice. Toxicology Letters, 296, 48-62.
https://doi.org/10.1016/j.toxlet.2018.08.004

Desai, I. C., Miller, W., Kodali, V. K., Syamlal, G., Roberts, J. R., Erdely, A., & Yanamaala, N. (2018).
Classification of Carbonaceous Nanomaterials based on Patterns of Inflammatory Markers in BAL Fluid and
Pathological Outcomes in Lungs.

Dong, J., & Ma, Q. (2015). Advances in mechanismsand signaling pathways of carbon nanotube toxicity.
Nanotoxicology, 9(5), 658-676. https://doi.org/10.3109/17435390.2015.1009187

Duke, K. S., & Bonner, J. C. (2018). Mechanisms of carbon nanotube-induced pulmonary fibrosis: a
physicochemical characteristic'perspective. Wiley Interdisciplinary Reviews. Nanomedicine and
Nanobiotechnology, 10(3), e1498. https://doi.org/10.1002/wnan.1498

Esposito, E«X., Hopfinger, A. J., Shao, C.-Y.,; Su, B:=H., Chen, S.-Z., & Tseng, Y. J. (2015). Exploring possible
mechanisms of action for the nanotoxicity and protein binding of decorated nanotubes: interpretation of
physicochemical properties from optimal QSAR models. Toxicology & Applied Pharmacology, 288(1), 52-62.
https://doi.org/10.1016/j.taap.2015.07.008

Fatkhutdinova, L. M., Khaliullin, T. O., Vasil’yeva, O. L., Zalyalov, R. R., Mustafin, . G., Kisin, E. R., Birch, M. E.,
Yanamala, N., & Shvedova, A. A. (2016). Fibrosis biomarkers in workers exposed to MWCNTSs. Toxicology &
Applied Pharmacology, 299, 125-131. https://doi.org/10.1016/j.taap.2016.02.016

Fukushima et al. (2018). Carcinogenicity of multi-walled carbon nanotubes: challenging issue on hazard
assessment, Journal of Occupational Health, v 60 (1),, pp 10-30 at
https://www.nebi.nlm.nih.gov/pmc/articles/PMC5799097/

Gernand, J. M., & Casman, E. A. (2014). A Meta-Analysis of Carbon Nanotube Pulmonary Toxicity Studies-
How Physical Dimensions and Impurities Affect the Toxicity of Carbon Nanotubes. Risk Analysis: An
International Journal, 34(3), 583-597. https://doi.org/10.1111/risa.12109

Ghosh, M., Oner, D., Poels, K., Tabish, A. M., Vlaanderen, J., Pronk, A., Kuijpers, E., Lan, Q., Vermeulen, R.,
Bekaert, B., Hoet, P. H., & Godderis, L. (2017). Changes in DNA methylation induced by multi-walled carbon
nanotube exposure in the workplace. Nanotoxicology, 11(9/10), 1195-1210.
https://doi.org/10.1080/17435390.2017.1406169F

Gorrochategui, E., Li, J., Fullwood, N. J., Ying, G.-G., Tian, M., Cui, L., Shen, H., Lacorte, S., Tauler, R., &
Martin, F. L. (2017). Diet-sourced carbon-based nanoparticles induce lipid alterations in tissues of zebrafish

TURI Carbon Nanotube and Fiber Policy Analysis April 2025 DRAFT 22


https://doi.org/10.1080/17435390.2018.1465139
https://doi.org/10.3389/fphar.2018.00585
https://doi.org/10.3109/17435390.2015.1132345
https://doi.org/10.1016/j.toxlet.2018.08.004
https://doi.org/10.3109/17435390.2015.1009187
https://doi.org/10.1002/wnan.1498
https://doi.org/10.1016/j.taap.2015.07.008
https://doi.org/10.1016/j.taap.2016.02.016
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5799097/
https://doi.org/10.1111/risa.12109
https://doi.org/10.1080/17435390.2017.1406169F

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25,

26.

27.

28.

29.

(Danio rerio) with genomic hypermethylation changes in brain. Mutagenesis, 32(1), 91-103.
https://doi.org/10.1093/mutage/gew050

Hartono, M. R., Kushmaro, A., Chen, X., & Marks, R. S. (2018). Probing the toxicity mechanism of multiwalled
carbon nanotubes on bacteria. Environmental Science and Pollution Research, 25(5), 5003-5012.
https://doi.org/10.1007/s11356-017-0782-8

Hedmer, M., Ludvigsson, L., Isaxon, C., Nilsson, P. T., Skaug, V., Bohgard, M., Pagels, J. H., Messing, M. E., &
Tinnerberg, H. (2015). Detection of Multi-walled Carbon Nanotubes and Carbon Nanodiscs on Workplace
Surfaces at a Small-Scale Producer. Annals of Occupational Hygiene, 59(7), 836-852.
https://doi.org/10.1093/annhyg/mev036

Heitbrink, W. A., & Lo, L.-M. (2015). Effect of carbon nanotubes upon emissions from cutting and sanding
carbon fiber-epoxy composites. Journal of Nanoparticle Research: An Interdisciplinary Forum for Nanoscale
Science and Technology, 17(8), 1-17. https://doi.org/10.1007/s11051-015-3140-0

Holian, A., Hamilton, R. F., Wu, Z., Deb, S., Trout, K. L., Wang, Z., Bhargava, R., & Mitra, S. (2019). Lung
deposition patterns of MWCNT vary with degree of carboxylation. Nanotoxicology, 13(2), 143-159.
https://doi.org/10.1080/17435390.2018.1530392

Huang, X., Tian, Y., Shi, W., Chen, J., Yan, L., Ren, L., Zhang, X., & Zhu, J. (2020). Role of inflammation in the
malignant transformation of pleural mesothelial cells induced by multi-walled carbon nanotubes.
Nanotoxicology, 14(7), 947-967. https://doi.org/10.1080/17435390.2020.1777477

lavicoli, I., Leso, V., & Schulte, P. A. (2016). Biomarkers of susceptibility: State of the art and implications for
occupational exposure to engineered nanomaterials. Toxicology and Applied Pharmacology, 299, 112-124.
https://doi.org/10.1016/j.taap.2015.12.018

Jang MH, Hwang YS. Effects of functionalized multi-walled carbon nanotubes on toxicity and
bioaccumulation of lead in Daphnia magna. PLoS One. 2018 Mar 29;13(3):e0194935. doi:
10.1371/journal.pone.0194935. PMID: 29596457; PMCID: PMC5875790.

Kasai, T., Umeda, Y., Ohnishi, M., Kondo, H., Takeuchi, T., Aiso; S., Nishizawa, T., Matsumoto, M., &
Fukushima, S. (2015). Thirteen-week study of toxicity of fiber-like multi-walled carbon nanotubes with
whole-body inhalation exposure in rats. Nanotoxicology, 9(4), 413-422.
https://doi.org/10.3109/17435390.2014.933903

Kasai et al, (2016), Lung carcinogenicity of inhaled multi-walled carbon nanotube in rats. Particle and Fiber
Toxicology, 13:53, doi: 10-1186/512989-016-0164-2.

Kasai et al. (2019).Thinking on occupational exposure assessment of multi-walled carbon nanotube
carcinogenicity; Journal of Occupational Health, 61:208-210 at
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6499350/

Kermanizadeh, A., Balharry, D., Wallin, H., Loft, S., & Mgller, P. (2015). Nanomaterial translocation-the
biokinetics, tissue accumulation, toxicity and fate of materials in secondary organs-a review. Critical
Reviews in Toxicology, 45(10), 837-872. https://doi.org/10.3109/10408444.2015.1058747

Khaliullin, T. 0., Fatkhutdinova, L. M., Zalyalov, R. R., Kisin, E. R., Murray, A. R., & Shvedova, A. A. (2015). In
vitro toxic effects of different types of carbon nanotubes. /OP Conference Series: Materials Science and
Engineering, 98(1), 012021.

Kim, K. H., Kim, J. B., Ji, J. H., Lee, S. B, & Bae, G. N. (2015). Nanoparticle formation in a chemical storage
room as a new incidental nanoaerosol source at a nanomaterial workplace. Journal of Hazardous Materials,
298, 36-45. https://doi.org/10.1016/j.jhazmat.2015.05.002

Kim, J. K., Jo, M. S., Kim, Y., Kim, T. G., Shin, J. H., Kim, B. W., Kim, H. P., Lee, H. K., Kim, H. S., Ahn, K., Oh, S.
M., Cho, W.-S., & Yu, I. J. (2020). 28-Day inhalation toxicity study with evaluation of lung deposition and
retention of tangled multi-walled carbon nanotubes. Nanotoxicology, 14(2), 250-262.
https://doi.org/10.1080/17435390.2019.1700568

Knudsen, K. B., Berthing, T., Jackson, P., Poulsen, S. S., Mortensen, A., Jacobsen, N. R, Skaug, V., Szarek, J.,
Hougaard, K. S., Wolff, H., Wallin, H., & Vogel, U. (2019). Physicochemical predictors of Multi-Walled Carbon
Nanotube-induced pulmonary histopathology and toxicity one year after pulmonary deposition of 11

TURI Carbon Nanotube and Fiber Policy Analysis April 2025 DRAFT 23


https://doi.org/10.1093/mutage/gew050
https://doi.org/10.1007/s11356-017-0782-8
https://doi.org/10.1093/annhyg/mev036
https://doi.org/10.1007/s11051-015-3140-0
https://doi.org/10.1080/17435390.2018.1530392
https://doi.org/10.1080/17435390.2020.1777477
https://doi.org/10.1016/j.taap.2015.12.018
https://doi.org/10.3109/17435390.2014.933903
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6499350/
https://doi.org/10.3109/10408444.2015.1058747
https://doi.org/10.1016/j.jhazmat.2015.05.002
https://doi.org/10.1080/17435390.2019.1700568

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

different Multi-Walled Carbon Nanotubes in mice. Basic & Clinical Pharmacology & Toxicology, 124(2), 211-
227. https://doi.org/10.1111/bcpt.13119

Labib, S., Williams, A., Yauk, C. L., Nikota, J. K., Wallin, H., Vogel, U., & Halappanavar, S. (2016). Nano-risk
Science: application of toxicogenomics in an adverse outcome pathway framework for risk assessment of
multi-walled carbon nanotubes. Particle and Fibre Toxicology, 13, 15. https://doi.org/10.1186/s12989-016-
0125-9

Lee, J. S., Choi, Y. C., Shin, J. H., Lee, J. H,, Lee, Y., Park, S. Y., Baek, J. E., Park, J. D., Ahn, K., & Yu, I. J. (2015).
Health surveillance study of workers who manufacture multi-walled carbon nanotubes. Nanotoxicology,
9(6), 802-811. https://doi.org/10.3109/17435390.2014.978404

Lu, X., Zhu, Y., Bai, R., Wu, Z., Qian, W., Yang, L., Cai, R., Yan, H., Li, T., Pandey, V., Liu, Y., Lobie, P. E., Chen,
C., & Zhu, T. (2019). Long-term pulmonary exposure to multi-walled carbon nanotubes promotes breast
cancer metastatic cascades. Nature Nanotechnology, 14(7), 719-727.https://doi.org/10.1038/s41565-019-
0472-4

Luanpitpong, S., Wang, L., Castranova, V., Dinu, C. Z., Issaragrisil, S., Chen, Y. C., & Rojanasakul, Y. (2016).
Induction of cancer-associated fibroblast-like cells by carbon nanotubes dictates its tumorigenicity.
Scientific Reports, 6,39558. https://doi.org/10.1038/srep39558

Ma-Hock L, Treumann S, Strauss V, Brill S, Luizi F, Mertler M, Wiench K, Gamer AO, Ravenzwaay B,
Landsiedel R [2009]. Inhalation toxicity of multi-wall carbon nanotubes in rats exposed for 3 months.
Toxicol Sci 112(2):468-481.

Mandler WK, Nurkiewicz TR, Porter DW, Kelley EE, Olfert IM: Microvascular Dysfunction Following
Multiwalled Carbon Nanotube Exposure Is Mediated by Thrombospondin-1 Receptor CD47. Toxicol Sci.
2018 Sep 1;165(1):90-99. doi: 10.1093/toxsci/kfy120. PMID: 29788500; PMCID: PMC6111784.

Mercer RR, Hubbs AF, Scabilloni JF, Wang L, Battelli LA, Schwegler-Berry D, Castranova V, Porter DW [2010].
Distribution and persistence of pleural penetrations by multi-walled carbon nanotubes. Particle Fibre
Toxicol 7(28):1-11.

Mercer RR, Hubbs AF, Scabilloni JF, Wang L, BattelliLA, Friend S, Castranova V, Porter DW [2011].
Pulmonary fibrotic response toaspiration of multiwalled carbon nanotubes. Part Fibre Toxicol 8(1):21.
Mercer, R. R., Scabilloni, J. F., Hubbs, A. F., Battelli, L. A., McKinney, W., Friend, S., Wolfarth, M. G., Andrew,
M., Castranova, V., & Porter, D. W. (2013). Distribution and fibrotic response following inhalation exposure
to multi-walled carbon nanotubes: Particle and Fibre Technology, 10. https://doi.org/10.1186/1743-8977-
10-33

Migliaccio, C. T., Hamilton, J. R. F., Shaw, P. K., Rhoderick, J. F., Deb, S., Bhargava, R., Harkema, J. R., &
Holian, A. (2021). Respiratory and systemic impacts following MWCNT inhalation in B6C3F1/N mice. Particle
and Fibre Toxicology, 18(1). https://doi.org/10.1186/s12989-021-00408-z

Muller J, Huaux F, Moreau N, Misson P, Heilier JF, Delos M, Arras M, Fonseca A, Nagy JB, Lison D [2005].
Respiratory toxicity of multiwall carbon nanotubes. Toxicol Appl Pharmacol 207(3):221-231.

Muller J; Huaux F, Fonseca A, Nagy JB, Moreau N, Delos M [2008a]. Structural defects play a major role in
the acute lung toxicity of multiwall carbon nanotubes: toxicological aspects. Chem Res Toxicol 21(9):1698-
1705.

Nahle, S., Cassidy;, H., Leroux, M. M., Mercier, R., Ghanbaja, J., Doumandji, Z., Matallanas, D., Rihn, B. H.,
Joubert, 0., & Ferrari, L. (2020). Genes expression profiling of alveolar macrophages exposed to non-
functionalized, anionic and cationic multi-walled carbon nanotubes shows three different mechanisms of
toxicity. Journal of Nanobiotechnology, 18(1). https://doi.org/10.1186/s12951-020-0587-7

Numano, T., Higuchi, H., Alexander, D. B., Alexander, W. T., Abdelgied, M., El-Gazzar, A. M., Saleh, D., Takase,
H., Hirose, A., Naiki-Ito, A., Suzuki, S., Takahashi, S., & Tsuda, H. (2019). MWCNT-7 administered to the lung
by intratracheal instillation induces development of pleural mesothelioma in F344 rats. Cancer Science,
110(8), 2485-2492. https://doi.org/10.1111/cas.14121

Oyabu, T., Myojo, T., Morimoto, Y., Ogami, A., Hirohashi, M., Yamamoto, M., Todoroki, M., Mizuguchi, Y.,
Hashiba, M., Lee, B. W., Shimada, M., Wang, W.-N., Uchida, K., Endoh, S., Kobayashi, N., Yamamoto, K.,
Fujita, K., Mizuno, K., Inada, M., & Nakazato, T. (2011). Biopersistence of inhaled MWCNT in rat lungs in a 4-

TURI Carbon Nanotube and Fiber Policy Analysis April 2025 DRAFT 24


https://doi.org/10.1111/bcpt.13119
https://doi.org/10.1186/s12989-016-0125-9
https://doi.org/10.1186/s12989-016-0125-9
https://doi.org/10.3109/17435390.2014.978404
https://doi.org/10.1038/s41565-019-0472-4
https://doi.org/10.1038/s41565-019-0472-4
https://doi.org/10.1038/srep39558
https://doi.org/10.1186/1743-8977-10-33
https://doi.org/10.1186/1743-8977-10-33
https://doi.org/10.1186/s12989-021-00408-z
https://doi.org/10.1186/s12951-020-0587-7
https://doi.org/10.1111/cas.14121

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

week well-characterized exposure. Inhalation Toxicology, 23(13), 784-791.
https://doi.org/10.3109/08958378.2011.608096

Pauluhn J (2010). Subchronic 13-week inhalation exposure of rats to multiwalled carbon nanotubes: Toxic
effects are determined by density of agglomerate structures, not fibrillar structures. Toxicol Sci 113(1):226-
242.

Porter DW, Hubbs AF, Mercer RR, Wu N, Wolfarth MG, Sriram K, Leonard SS, Battelli L, SchweglerBerry D,
Friend S, Andrew M, Chen BT, Tsuruoka S, Endo M, Castranova V [2010]. Mouse pulmonary dose- and time
course-responses induced by exposure to multi-walled carbon nanotubes. Toxicology 269(2-3):136-147.
Porter, D. W., Orandle, M., Zheng, P., Wu, N., Hamilton, R. F., Holian, A., Chen, B. T., Andrew, M., Wolfarth, M.
G., Battelli, L., Tsuruoka, S., Terrones, M., & Castranova, V. (2020). Mouse pulmonary dose- and time course-
responses induced by exposure to nitrogen-doped multi-walled carbonmanotubes. Inhalation Toxicology,
32(1), 24-38. https://doi.org/10.1080/08958378.2020.1723746

Poulsen, S. S., Saber, A. T., Williams, A., Andersen, O., Kgbler, C., Atluri, R., Pozzebon, M. E., Mucelli, S. P.,
Simion, M., Rickerby, D., Mortensen, A., Jackson, P., Kyjovska,Z. O., Mglhave, K., Jacobsen, N. R., Jensen, K.
A.,Yauk, C. L., Wallin, H., Halappanavar, S., & Vogel, U. (2015). MWCNTs of different physicochemical
properties cause similar inflammatory responses, but differences in transcriptional and histological
markers of fibrosis in mouse lungs. Toxicology and Applied Pharmacology, 284(1), 16-32.
https://doi.org/10.1016/j.taap.2014.12.011

Poulsen, S. S., Knudsen, K. B., Jackson, P., Weydahl, I. E. K., Saber,A. T., Wallin, H., & Vogel, U. (2017). Multi-
walled carbon nanotube-physicochemical properties predict the systemic acute phase response following
pulmonary exposure in mice. PLoS ONE, 12(4), e0174167. https://doi.org/10.1371/journal.pone.0174167
Qiong Wang, Qiqi Wang, Ziyue Zhao; Alexander, D. B., Dahai Zhao, Jiegou Xu, & Hiroyuki Tsuda. (2020).
Pleural translocation and lesions by pulmonary exposed multi-walled carbon nanotubes. Journal of
Toxicologic Pathology, 33(3), 145-151. https://doi.org/10.1293/tox.2019-0075

Requardt, H., Braun, A., Steinberg, P., Hampel, S., & Hansen, T. (2019). Surface defects reduce Carbon
Nanotube toxicity in vitro..Toxicology in Vitro : An International Journal Published in Association with BIBRA,
60, 12-18. https://doi.org/10.1016/j.tiv.2019.03.028

Rezaei Tavabe, K., Yavar, M., Kabir, S., Akbary, P., & Aminikhoei, Z. (2020). Toxicity effects of multi-walled
carbon nanotubes (MWCNTs) nanomaterial on the common carp (Cyprinus carpio L. 1758) in laboratory
conditions. Comparative Biochemistry.and Physiology, Part C, 237.
https://doi.org/10.1016/j.cbpc.2020.108832

Rittinghausen;S., Hackbarth, A., Creutzenberg, O., Ernst, H., Heinrich, U., Leonhardt, A., & Schaudien, D.
(2014). The carcinogenic effect of various multi-walled carbon nanotubes (MWCNTSs) after intraperitoneal
injection in rats. Particle and Fibre Toxicology, 11, 59. https://doi.org/10.1186/s12989-014-0059-z

Saleh, D. M., Alexander, W. T., Numano, T., Ahmed, O. H. M., Gunasekaran, S., Alexander, D. B., Abdelgied,
M., El-Gazzar, A. M., Takase, H., Xu, J., Naiki-Ito, A., Takahashi, S., Hirose, A., Ohnishi, M., Kanno, J., & Tsuda,
H. (2020). Comparative carcinogenicity study of a thick, straight-type and a thin, tangled-type multi-walled
carbon nanotube administered by intra-tracheal instillation in the rat. Particle and Fibre Toxicology, 17(1).
https://doi.org/10.1186/s12989-020-00382-y

Samiei, F., Shirazi; F. H., Naserzadeh, P., Dousti, F., Seydi, E., & Pourahmad, J. (2020). Toxicity of multi-wall
carbon nanotubes inhalation on the brain of rats. ESPR - Environmental Science and Pollution Research.
Sargent, L. M., Shvedova, A. A., Hubbs, A. F., Salisbury, J. L., Benkovic, S. A., Kashon, M. L., Lowry, D. T.,
Murray, A. R., Kisin, E. R., Friend, S., McKinstry, K. T., Battelli, L., & Reynolds, S. H. (2009). Induction of
aneuploidy by single-walled carbon nanotubes. Environmental and Molecular Mutagenesis, 50(8), 708-717.
https://doi.org/10.1002/em.20529

Sargent, LM, Porter DW, Staska LM et al. (2014). Promotion of lung adenocarcinoma following inhalation
exposure to multi-walled carbon nanotubes. Particle Fibre Toxicology 11:3.

Scala, G., Delaval, M. N., Mukherjee, S. P., Federico, A., Khaliullin, T. O., Yanamala, N., Fatkhutdinova, L. M.,
Kisin, E. R., Greco, D., Fadeel, B., & Shvedova, A. A. (2021). Multi-walled carbon nanotubes elicit concordant

TURI Carbon Nanotube and Fiber Policy Analysis April 2025 DRAFT 25


https://doi.org/10.3109/08958378.2011.608096
https://doi.org/10.1080/08958378.2020.1723746
https://doi.org/10.1016/j.taap.2014.12.011
https://doi.org/10.1371/journal.pone.0174167
https://doi.org/10.1293/tox.2019-0075
https://doi.org/10.1016/j.tiv.2019.03.028
https://doi.org/10.1016/j.cbpc.2020.108832
https://doi.org/10.1186/s12989-014-0059-z
https://doi.org/10.1186/s12989-020-00382-y
https://doi.org/10.1002/em.20529

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

T1.

changes in DNA methylation and gene expression following long-term pulmonary exposure in mice.
Carbon, 178, 563-572. https://doi.org/10.1016/j.carbon.2021.03.045

Seixas, A., Ferreira-Cravo, M., Kalb, A., Romano, L., Kaufmann, C., & Monserrat, J. (2018). Protein oxidation
in the fish Danio rerio(Cyprinidae) fed with single- and multi-walled carbon nanotubes. Energy, Ecology and
Environment, 3(2), 95-101. https://doi.org/10.1007/s40974-017-0080-9

Shinohara, N., Nakazato, T., Ohkawa, K., Tamura, M., Kobayashi, N., Morimoto, Y., Oyabu, T., Myojo, T.,
Shimada, M., Yamamoto, K., Tao, H., Ema, M., Naya, M., & Nakanishi, J. (2016). Long-term retention of
pristine multi-walled carbon nanotubes in rat lungs after intratracheal instillation. Journal of Applied
Toxicology : JAT, 36(4), 501-509. https://doi.org/10.1002/jat.3271

Snyder-Talkington, B. N., Dong, C., Castranova, V., Qian, Y., & Guo, N. L. (2019). Differential gene regulation
in human small airway epithelial cells grown in monoculture versus coculture with human microvascular
endothelial cells following multiwalled carbon nanotube exposure. Toxicology Reports, 6, 482-488.
https://doi.org/10.1016/j.toxrep.2019.05.010

Sobajima, A., Haniu, H., Nomura, H., Tanaka, M., Takizawa, T.,Kamanaka, T., Aoki, K., Okamoto, M.,
Yoshida, K., Sasaki, J., Ajima, K., Kuroda, C., Ishida, H., Okano, S., Ueda, K., Kato, H., & Saito, N. (2019).
Organ accumulation and carcinogenicity of highly dispersed multi-walled carbon nanotubes administered
intravenously in transgenic rasH2 mice. International Journal of Nanomedicine, 6465.
https://doi.org/10.2147/I1JN.S208129

Stanley, J. K., Laird, J. G., Kennedy, A. J., & Steevens, J. A. (2016). Sublethal Effects of Multiwalled Carbon
Nanotube Exposure in the Invertebrate Daphnia Magna. Environmental Toxicology & Chemistry, 35(1), 200~
204. https://doi.org/10.1002/etc.3184

Sturm, R. (2015). Nanotubes in the human respiratory tract - Deposition modeling. Zeitschrift Fuer
Medizinische Physik, 25(2), 135-145. https://doi.org/10.1016/j.zemedi.2014.08.002

Sun, T.Y., Gottschalk, F., Hungerbiihler, K., & Nowack, B. (2014). Comprehensive probabilistic modelling of
environmental emissions of engineered nanomaterials. Environmental Pollution, 185, 69-76.
https://doi.org/10.1016/j.envpol.2013.10.004

Sun, B., Wang, X., Ji;Z., Wang, M., Liao, Y.-P., Chang, C. H., Li, R., Zhang, H., Nel, A. E., & Xia, T. (2015). NADPH
Oxidase-Dependent NLRP3 Inflammasome Activation and its Important Role in Lung Fibrosis by
Multiwalled Carbon Nanotubes. Small (Weinheim an Der Bergstrasse, Germany), 11(17), 2087-2097.
https://doi.org/10.1002/smll.201402859

Suzui, M., Futakuchi, M., Fukamachi, K., Numano, T., Abdelgied, M., Takahashi, S., Ohnishi, M., Omori, T,
Tsuruoka, S:; Hirose, A., Kanno, J., Sakamoto, Y., Alexander, D. B., Alexander, W. T., Jiegou, X., & Tsuda, H.
(2016). Multiwalled carbon nanotubes intratracheally instilled into the rat lung induce development of
pleural malignant mesothelioma and lung tumors. Cancer Science, 107(7), 924-935.
https://doi.org/10.1111/cas.12954

T O Khaliullin, L M Fatkhutdinova, R R Zalyalov, E R Kisin, AR Murray, & A A Shvedova. (2015). In vitro toxic
effects of different types of carbon nanotubes. /OP Conference Series: Materials Science & Engineering, 98(1),
1. https://doi.org/10.1088/1757-899X/98/1/012021

Xu, J., Futakuchi, M., Shimizu, H., Alexander, D. B., Yanagihara, K., Fukamachi, K., Suzui, M., Kanno, J.,
Hirose, A., Ogata, A., Sakamoto, Y., Nakae, D., Omori, T., & Tsuda, H. (2012). Multi-walled carbon nanotubes
translocate into the pleural cavity and induce visceral mesothelial proliferation in rats. Cancer Science,
103(12), 2045-2050. https://doi.org/10.1111/cas.12005

Vitkina, T. I., Yankova, V. |., Gvozdenko, T. A., Kuznetsov, V. L., Krasnikov, D. V., Nazarenko, A. V., Chaika, V.
V., Smagin, S. V., Tsatsakis, A. M., Engin, A. B., Karakitsios, S. P., Sarigiannis, D. A., & Golokhvast, K. S. (2016).
The impact of multi-walled carbon nanotubes with different amount of metallic impurities on
immunometabolic parameters in healthy volunteers. Food and Chemical Toxicology, 87, 138-147.
https://doi.org/10.1016/j.fct.2015.11.023

Vlaanderen, Jelle et al. A Cross-Sectional Study of Changes in Markers of Immunological Effects and Lung
Health Due to Exposure to Multi-Walled Carbon Nano-tubes. Nanotoxicology, April 2017, 11(3):395-404 at
https://www.ncbi.nlm.nih.gov/pubmed/28301273

TURI Carbon Nanotube and Fiber Policy Analysis April 2025 DRAFT 26


https://doi.org/10.1016/j.carbon.2021.03.045
https://doi.org/10.1007/s40974-017-0080-9
https://doi.org/10.1002/jat.3271
https://doi.org/10.1016/j.toxrep.2019.05.010
https://doi.org/10.2147/IJN.S208129
https://doi.org/10.1002/etc.3184
https://doi.org/10.1016/j.zemedi.2014.08.002
https://doi.org/10.1016/j.envpol.2013.10.004
https://doi.org/10.1002/smll.201402859
https://doi.org/10.1111/cas.12954
https://doi.org/10.1088/1757-899X/98/1/012021
https://doi.org/10.1111/cas.12005
https://doi.org/10.1016/j.fct.2015.11.023
https://www.ncbi.nlm.nih.gov/pubmed/28301273

72.

73.

74.

75.

76.

Yan, Z., Liu, Y., Sun, H., & Lu, G. (2018). Influence of multiwall carbon nanotubes on the toxicity of 173-
estradiol in the early life stages of zebrafish. Environmental Science and Pollution Research, 25(8), 7566-
7574. https://doi.org/10.1007/s11356-017-1063-2

Yanamala, N., Desai, I. C., Miller, W., Kodali, V. K., Syamlal, G., Roberts, J. R., & Erdely, A. D. (2019). Grouping
of carbonaceous nanomaterials based on association of patterns of inflammatory markers in BAL fluid with
adverse outcomes in lungs. Nanotoxicology, 13(8), 1102-1116.
https://doi.org/10.1080/17435390.2019.1640911

Yi, X., Yu, M., Li, Z., Chi, T., Jing, S., Zhang, K., Li, W., & Wu, M. (2019). Effect of Multi-walled Carbon
Nanotubes on the Toxicity of Triphenyltin to the Marine Copepod Tigriopus japonicus. Bulletin of
Environmental Contamination and Toxicology, 102(6), 789-794. https://doi.org/10.1007/s00128-019-02608-y
Zhao, J., Luo, W., Xu, Y., Ling, J., & Deng, L. (2021). Potential reproductive toxicity of multi-walled carbon
nanotubes and their chronic exposure effects on the growth and development of Xenopus tropicalis. The
Science of the Total Environment, 766, 142652. https://doi.org/10.1016/j.scitotenv.2020.142652

Zhao, Y., Yang, J., & Wang, D. (2016). A MicroRNA-Mediated Insulin Signaling Pathway Regulates the Toxicity
of Multi-Walled Carbon Nanotubes in Nematode Caenorhabditis elegans. Scientific Reports, 6, 23234.
https://doi.org/10.1038/srep23234

Single-Walled Carbon Nanotubes

1.

10.

11.

Ema, M., Gamo, M., & Honda, K. (2016). A review of toxicity studies of single-walled carbon nanotubes in
laboratory animals. Regulatory Toxicology and Pharmacology, 74, 42-63.
https://doi.org/10.1016/j.yrtph.20151.015

Galassi, T. V., Antman-Passig, M., Yaari, Z.; Jessurun; J., Schwartz, R. E.; & Heller, D. A. (2020). Long-term in
vivo biocompatibility of single-walled carbon nanotubes. PLoS ONE, 15(5); 1-22.
https://doi.org/10.1371/journal.pone.0226791

Honda, K., Naya, M., Takehara, H., Kataura, H., Fujita;, K., & Ema, M. (2017). A 104-week pulmonary toxicity
assessment of long.and short single-wall carbon nanotubes after a single intratracheal instillation in rats.
Inhalation Toxicology, 29(11), 471-482. https://doi.org/10.1080/08958378.2017.1394930

Kisin ER, Murray AR, Keane MJ, Shi ZC, Schwegler-Berry D, Gorelik O, Arepalli S, Castranova V, Wallace WE,
Kagan VE, Shvedova AA [2007]: Single-walled carbon nanotubes: geno- and cytotoxic effects in lung
fibroblast V79 cells J Toxicol Environ Health Part A 70(24):2071-2079

Kisin ER, Murray AR, Sargent L, Lowry D, Chirila M, Siegrist KJ, Schwegler-Berry D, Leonard S, Castranova V,
Fadeel B, Kagan VE, Shvedova AA [2011]. Genotoxicity of carbon nanofibers: are they potentially more or
less dangerous than carbon nanotubes or asbestos? Toxicol Appl Pharmacol 252(1):1-10.

Kobayashi N, Naya M, Mizuno K, Yamamoto K, Ema M, Nakanishi J [2011]. Pulmonary and systemic
responses of highly pure and well-dispersed single-wall carbon nanotubes after intratracheal instillation in
rats. Inhal Toxicol 23(13):814-828.

Lam CW, James JT, McCluskey R, Hunter RL [2004]. Pulmonary toxicity of single-wall carbon nanotubes in
mice 7 and 90 days after intratracheal instillation. Toxicol Sci 77(1):126-134.

Lindberg, H. K., Falck, G. C.-M., Suhonen, S., Vippola, M., Vanhala, E., Catalan, J., Savolainen, K., & Norppa, H.
(2009). Genotoxicity of nanomaterials: DNA damage and micronuclei induced by carbon nanotubes and
graphite nanofibres in human bronchial epithelial cells in vitro. Toxicology Letters, 186(3), 166-173.
https://doi.org/10.1016/j.toxlet.2008.11.019

Mercer R, Scabilloni J, Wang L, Kisin E, Murray AD, Shvedova AA, Castranova AV [2008]. Alteration of
deposition patterns and pulmonary response as a result of improved dispersion of aspirated single-walled
carbon nanotubes in a mouse model. Am J Physiol Lung Cell Mol Physiol 294(1):L87-L97.

Mercer RR, Scabilloni JF, Wang L, Battelli LA, Castranova V [2009]. Use of labeled single walled carbon
nanotubes to study translocation from the lungs. The Toxicologist 108:A2192

Pacurari M, Yin XJ, Zhao J, Ding M, Leonard SS, Schwegler-Berry D, Ducatman BS, Sbarra D, Hoover MD,
Castranova V, Vallyathan V [2008]. Raw Single-wall carbon nanotubes induce oxidative stress and activate

TURI Carbon Nanotube and Fiber Policy Analysis April 2025 DRAFT 27


https://doi.org/10.1007/s11356-017-1063-2
https://doi.org/10.1080/17435390.2019.1640911
https://doi.org/10.1007/s00128-019-02608-y
https://doi.org/10.1016/j.scitotenv.2020.142652
https://doi.org/10.1038/srep23234
https://doi.org/10.1016/j.yrtph.2015.11.015
https://doi.org/10.1371/journal.pone.0226791
https://doi.org/10.1080/08958378.2017.1394930
https://doi.org/10.1016/j.toxlet.2008.11.019

MAPKs, AP-1, NF-kappaB, and Akt in normal and malignant human mesothelial cells. Environ Health
Perspect 116(9):1211-1217

12.  Principi, E., Girardello, R., Bruno, A., Manni, |., Gini, E., Pagani, A., Grimaldi, A., Ivaldi, F., Congiu, T., De
Stefano, D., Piaggio, G., de Eguileor, M., Noonan, D. M., & Albini, A. (2016). Systemic distribution of single-

walled carbon nanotubes in a novel model: alteration of biochemical parameters, metabolic functions, liver

accumulation, and inflammation in vivo. International Journal of Nanomedicine, 11, 4299.
https://doi.org/10.2147/1JN.S109950

13.  Qin, VY., Li,S., Zhao, G, Fu, X., Xie, X., Huang, Y., Cheng, X., Wei, J., Liu, H., & Lai, Z. (2017). Long-term
intravenous administration of carboxylated single-walled carbon nanotubes induces persistent
accumulation in the lungs and pulmonary fibrosis via the nuclear factor-kappa B pathway. International
Journal of Nanomedicine, 12, 263. https://doi.org/10.2147/I1JN.S123839

14.  Sato, Y., Yokoyama, A., Nodasaka, Y., Kohgo, T., Motomiya, K., Matsumoto, H., Nakazawa, E., Numata, T.,
Zhang, M., Yudasaka, M., Hara, H., Araki, R., Tsukamoto, O., Saito, H., Kamino, T., Watari, F., & Tohji, K.

(2013). Long-term biopersistence of tangled oxidized carbon nanotubes inside and outside macrophages in

rat subcutaneous tissue. Scientific Reports, 3, 2516. https://doi.org/10.1038/srep02516

15. Sargent LM, Shvedova AA, Hubbs AF, Salisbury JL, Benkovic SA, Kashon ML, Lowry DT, Murray AR, Kisin ER
Friend S, McKinstry KT, Battelli L, Reynolds SH [2009]: Induction of aneuploidy by single-walled carbon
nanotubes. Environ Mol Mutagen 50(8):708-717.

t

16. Shinohara N, et al (2016). Long-term retention of pristine multi-walled carbon nanotubes in rat lungs after

intratracheal instillation. Journal of Applied Toxicology, 36, at
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4784168/
17. Shvedova AA, Kisin ER, Mercer R, Murray AR;Johnson VJ, Potapovich Al, Tyurina YY, Gorelik O, Arepalli S,

Schwegler-Berry D, Hubbs AF, Antonini J, Evans DE; Ku B-K, Ramsey D; Maynard A, Kagan VE, Castranova V,

Baron P [2005]. Unusual inflammatory and fibrogenic pulmonary responses to single-walled carbon
nanotubes in mice. Am J Physiol Lung Cell Mol Physiol 289(5):L.698-L708.

18.  Shvedova AA, Kisin E, Murray. AR, Johnson VJ, Gorelik O, Arepalli S, Hubbs AF, Mercer RR, Keohavong P,
Sussman N, Jin J, Stone S, Chen B, Deye G, Maynard A, Castranova V, Baron PA, Kagan V [2008]. Inhalation
versus aspiration of single walled carbon nanotubes in C57BL/6 mice: inflammation, fibrosis, oxidative
stress and mutagenesis. Am J Physiol Lung Cell Mol Physiol 295(4):L552-L565.

19. Shvedova, A. A,, Yanamala, N.,Kisin, E. R, Tkach, A. V.; Murray, A. R., Hubbs, A., Chirila, M. M., Keohavong, P.,

Sycheva, L. P., Kagan, V. E., & Castranova, V. (2014). Long-term effects of carbon containing engineered
nanomaterials and asbestos in.the lung: one year postexposure comparisons. American Journal of
Physiology (Consolidated), 306(1), L170. https://doi.org/10.1152/ajplung.00167.2013

20.< Wang, L., Stueckle, T. A.; Mishra, A., Derk, R., Meighan, T., Castranova, V., & Rojanasakul, Y. (2014).
Neoplastic-like transformation effect of single-walled and multi-walled carbon nanotubes compared to
asbestos on human lung small airway epithelial cells. Nanotoxicology, 8(5), 485-507.
https://dei.org/10.3109/17435390.2013.801089

Carbon Nanotubes and Fibers

1. Beard, J. D., Erdely, A., Dahm, M. M., de Perio, M. A,, Birch, M. E., Evans, D. E., Fernback, J. E., Eye, T., Kodali,
V., Mercer, R. R., Bertke, S. J., & Schubauer-Berigan, M. K. (2018). Carbon nanotube and nanofiber exposure
and sputum and blood biomarkers of early effect among U.S. workers. Environment International, 116,214~

228. https://doi.org/10.1016/j.envint.2018.04.004

2. Bhattacharya, K., Andon, F. T., El-Sayed, R., & Fadeel, B. (2013). Mechanisms of carbon nanotube-induced
toxicity: Focus on pulmonary inflammation. Advanced Drug Delivery Reviews, 65(15), 2087-2097.
https://doi.org/10.1016/j.addr.2013.05.012

3. Boyles, M. S. P., Young, L., Brown, D. M., MacCalman, L., Cowie, H., Moisala, A., Smail, F., Smith, P. J. W.,
Proudfoot, L., Windle, A. H., & Stone, V. (2015). Multi-walled carbon nanotube induced frustrated

TURI Carbon Nanotube and Fiber Policy Analysis April 2025 DRAFT

28


https://doi.org/10.2147/IJN.S109950
https://doi.org/10.2147/IJN.S123839
https://doi.org/10.1038/srep02516
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4784168/
https://doi.org/10.1152/ajplung.00167.2013
https://doi.org/10.3109/17435390.2013.801089
https://doi.org/10.1016/j.envint.2018.04.004
https://doi.org/10.1016/j.addr.2013.05.012

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

phagocytosis, cytotoxicity and pro-inflammatory conditions in macrophages are length dependent and
greater than that of asbestos. Toxicology in Vitro, 29(7), 1513-1528. https://doi.org/10.1016/j.tiv.2015.06.012
Carbon Nanotubes: A Review of Their Properties in Relation to Pulmonary Toxicology and Workplace Safety
TOXICOLOGICAL SCIENCES 92(1), 5-22 (2006)

Chetyrkina MR, Fedorov FS, Nasibulin AG. In vitro toxicity of carbon nanotubes: a systematic review. RSC
Adv. 2022 May 31;12(25):16235-16256. doi: 10.1039/d2ra02519a. PMID: 35733671; PMCID: PMC9152879.
Chortarea, S., Barosova, H., Clift, M. J. D., Wick, P., Petri-Fink, A., & Rothen-Rutishauser, B. (2017). Human
Asthmatic Bronchial Cells Are More Susceptible to Subchronic Repeated Exposures of Aerosolized Carbon
Nanotubes At Occupationally Relevant Doses Than Healthy Cells. ACS Nano, 11(8), 7615-7625.
https://doi.org/10.1021/acsnano.7b01992

De Marchi, L., Oliva, M., Freitas, R., Neto, V., Figueira, E., Chiellini, F., Morelli, A., Soares, A. M. V. M., & Pretti,
C. (2019). Toxicity evaluation of carboxylated carbon nanotubes to the reef-forming tubeworm Ficopomatus
enigmaticus (Fauvel, 1923). Marine Environmental Research, 143, 1<9.
https://doi.org/10.1016/j.marenvres.2018.10.015

Dong, J., & Ma, Q. (2019). Integration of inflammation, fibrosis, and cancer induced by carbon nanotubes.
Nanotoxicology, 13(9), 1244-1274. https://doi.org/10.1080/17435390.2019.1651920

Donaldson, Ken, et. al. (2006).Carbon Nanotubes: A Review of their Properties in Relation to Pulmonary
Toxicity and Workplace Safety. Toxicological Sciences, vol 92(1), pp 5-22 at
https://pubmed.ncbi.nlm.nih.gov/16484287/

Ellenbecker, Michael et al. The Difficulties in Establishing an.Occupational Exposure Limit for Carbon
Nanotubes. J Nanoparticle Res. 2018; 20(5):131.

Falinski, M. M., Garland, M. A., Hashmi, S. My; Tanguay, R. L., & Zimmerman, J. B. (2019). Establishing
structure-property-hazard relationships for multi-walled carbon nanotubes: The role of aggregation,
surface charge, and oxidative stress on embryonic zebrafish mortality. Carbon, 155, 58 7-600.
https://doi.org/10.1016/j.carbon.2019.08.063

Fraser K, KodaliV, Yanamala N, Birch ME, Cena L, Casuccio G, Bunker K, Lersch TL, Evans DE, Stefaniak A,
Hammer MA, Kashon'ML, Boots T, Eye T, HubczakdJ, Friend SA, Dahm M, Schubauer-Berigan MK, Siegrist K,
Lowry D, Bauer AK, Sargent LM, Erdely A. Physicochemical characterization and genotoxicity of the broad
class of carbon nanotubes and nanofibers used or produced in U.S. facilities. Part Fibre Toxicol. 2020 Dec
7;17(1):62. doi: 10.1186/s12989-020-00392-w. PMID: 33287860; PMCID: PMC7720492.

Gerloff, K., Landesmann, B.,Worth, A., Munn, S., Palosaari, T., & Whelan, M. (2017). The Adverse Outcome
Pathway approach in nanotoxicology. Computational Toxicology, 1(1), 3-11.
https://doi.org/10.1016/j.comtox:2016.07.001

He, Hua et al. (2013). Carbon Nanotube Applications in Pharmacy and Medicine. Biomedical Research
International at https://pubmed.ncbi.nlm.nih.gov/24195076/

Jacobs, Molly, et al. (2014). Precarious Promise: A Case Study of Engineered Carbon Nanotubes, Lowell
Center for Sustainable Production, Massachusetts Toxics Use Reduction Institute at
http://www:sustainableproduction.org/downloads/CNT casestudy 0317.pdf

Kobayashi, N., Izumi, H., & Morimoto, Y. (2017). Review of toxicity studies of carbon nanotubes. Journal of
Occupational Health, 59(5), 394. https://doi.org/10.1539/joh.17-0089-RA

Li S, He P, Dong J, Guo Z, Dai L [2005]. DNA directed self-assembling of carbon nanotubes. J Am Chem Soc
127(1):14-15

Lindberg H, Falck GC, Suhonen S, Vippola M, Vanhala E, Catalan J, Savolainen K, Norppa H [2009].
Genotoxicity of Nanomaterials: DNA damage and micronuclei induced by carbon nanotubes and graphite
nanofibres in human bronchial epithelial cells in vitro. Toxicol Lett 186(3):166-173.

Madennajad, R et al (2019). Toxicity of carbon-based nanomaterials: Reviewing recent reports in medical
and biological systems, Chemico-biological interactions, 307, 206-222 at:
https://pubmed.ncbi.nlm.nih.gov/31054282/

Magrez A, Kasas S, Salicio V, Pasquier N, Seo JW, Celio M, Catsicas S, Schwaller B, Forrd L [2006]. Cellular
toxicity of carbon-based nanomaterials. Nano Lett 6(6):1121-1125

TURI Carbon Nanotube and Fiber Policy Analysis April 2025 DRAFT 29


https://doi.org/10.1016/j.tiv.2015.06.012
https://doi.org/10.1021/acsnano.7b01992
https://doi.org/10.1016/j.marenvres.2018.10.015
https://doi.org/10.1080/17435390.2019.1651920
https://pubmed.ncbi.nlm.nih.gov/16484287/
https://doi.org/10.1016/j.carbon.2019.08.063
https://doi.org/10.1016/j.comtox.2016.07.001
https://pubmed.ncbi.nlm.nih.gov/24195076/
http://www.sustainableproduction.org/downloads/CNT_casestudy_0317.pdf
https://doi.org/10.1539/joh.17-0089-RA
https://pubmed.ncbi.nlm.nih.gov/31054282/

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32,

Murphy FA, Poland CA, Duffin R, Al-Jamal KT, Ali-Boucetta H, Nunes A, Byrne F, Prina-Mello A, Volkov Y, Li S,
Mather SJ, Bianco A, Prato M, Macnee W, Wallace WA, Kostarelos K, Donaldson K [2011]. Length-dependent
retention of carbon nanotubes in the pleural space of mice initiates sustained inflammation and
progressive fibrosis on the parietal pleura. Am J Pathol 178(6):2587-2600.

Murray AR, Kisin ER, Tkach AV, Yanamala N, Mercer R, Young SH, Fadeel B, Kagan VE, Shvedova AA [2012].
Factoring in agglomeration of carbon nanotubes and nanofibers for better prediction of their toxicity versus
asbestos. Part Fibre Toxicol 9:10 [http://dx.doi.org/10.1186/1743-8977-9-10].

Palomaki, J., Valimaki, E., Sund, J., Vippola, M., Clausen, P. A., Jensen, K. A., Savolainen, K., Matikainen, S., &
Alenius, H. (2011). Long, needle-like carbon nanotubes and asbestos activate the NLRP3 inflammasome
through a similar mechanism. ACS Nano, 5(9), 6861-6870. https://doi.org/10.1021/nn200595¢

Paracelsus in nanotoxicology Dominique Lison*, Giulia Vietti and Sybille van den Brule Lison et al. Particle
and Fibre Toxicology 2014, 11:35

Petersen E, et al. Potential release pathways, environmental fate, and ecological risks of carbon nanotubes.
Env Sci Technol. 2011;45 (23):9837-9856.

Shvedova AA, Yanamala N, Kisin ER, Khailullin Birch ME, Fatkhutdinova LM (2016) Integrated Analysis of
Dysregulated ncRNA and mRNA Expression Profiles in Humans Exposed to Carbon Nanotubes. PLoS ONE
11(3) at https://doi.org/10.1371/journal.pone.0150628

United States Department of Health and Human Services, Centers for Disease Control, National Institute for
Occupational Safety and Health, Current Intelligence Bulletin 65: Occupational Exposure to Carbon
Nanotubes and Nanofibers, April 2013.

Vietti, G., Lison, D., & van den Brule, S. (2016). Mechanisms of lung fibrosis induced by carbon nanotubes:
towards an Adverse Outcome Pathway (AOP). Particle and Fibre Toxicology, 13, 11.
https://doi.org/10.1186/s12989-016-0123-y

World Health Organization, International Agency for Research on Cancer, Monograph 111: Some
Nanomaterials and Some Fibers: Carbon Nanotubes and Carbon Fibers, 2017 at:
https://publications.iarc.fr/Book-And-Report-Series/larc-Monographs-On-The-ldentification-Of-Carci
nogenic-Hazards-TosHumans/Some-Nanomaterials-And-Some-Fibres-2017.

World Health Organization, International Agency for Research on Cancer, IARC Monographs on the
Evaluation of Carcinogenic Risks to Humans: Some Nanomaterials and Some Fibers (vol 111), 2014.

World Health Organization, International Agency for Research on Cancer, IARC Monographs on the
Identification of Carcinogenic Hazards to Humans: Report of the Advisory Group to Recommend Priorities
for the IARC Monographs during 2020-2024 at https://monographs.iarc.fr/wp-
content/uploads/2019/10/IARCMonographs-AGReport-Priorities 20 20-2024.pdf

Zhang, C., Wu, L., de Perrot, M., & Zhao, X. (2021). Carbon Nanotubes: A Summary of Beneficial and
Dangerous Aspects of an Increasingly Popular Group of Nanomaterials. Frontiers in Oncology, 11, 693814.
https://doi.org/10.3389/fonc.2021.693814

TURI Carbon Nanotube and Fiber Policy Analysis April 2025 DRAFT 30


http://dx.doi.org/10.1186/1743-8977-9-10
https://doi.org/10.1021/nn200595c
https://doi.org/10.1371/journal.pone.0150628
https://doi.org/10.1186/s12989-016-0123-y
https://publications.iarc.fr/Book-And-Report-Series/Iarc-Monographs-On-The-Identification-Of-Carci%20nogenic-Hazards-To-Humans/Some-Nanomaterials-And-Some-Fibres-2017
https://publications.iarc.fr/Book-And-Report-Series/Iarc-Monographs-On-The-Identification-Of-Carci%20nogenic-Hazards-To-Humans/Some-Nanomaterials-And-Some-Fibres-2017
https://monographs.iarc.fr/wp-content/uploads/2019/10/IARCMonographs-AGReport-Priorities_20%2020-2024.pdf
https://monographs.iarc.fr/wp-content/uploads/2019/10/IARCMonographs-AGReport-Priorities_20%2020-2024.pdf
https://doi.org/10.3389/fonc.2021.693814

APPENDIX B: USERS IN MA - METHODOLOGY

- Several entities that manufacture, handle, or process nanoscale materials were identified through the
Cambridge Public Health Department Nanomaterials Survey in 2007. The Cambridge Public Health
Department also provided prior research done through the Woodrow Wilson Institute.

- A survey initiated by the Massachusetts Office of Technical Assistance launched in 2017 was able to
identify several industries within the state that likely manufacture, handle, or process nanomaterials.
These industries include manufacturing (specifically coatings and semiconductors), healthcare
(specifically pharmaceuticals, biomedical research and development), academic and higher education
institutions, chemicals research and development, biological research,and military defense.

- Section 8a of the Toxic Substances Control Act of 2017 required reporting by companies across the U.S to
provide certain information on chemical substances (as defined in section 3 of TSCA) which are
manufactured or processed at the nanoscale. No responses from Massachusetts were reported.

- Adatabase search using the S+P Capital IQ database available at Baker Library at Harvard Business School
was conducted. This database allows users to searchwithin business and industry descriptions. A keyword
search for "Nano” was conducted identifying additional industries within the state that nanomaterials are
likely manufactured, handled, or processed. These industries include technology, materials, and consumer
discretionaries. This database search also identified forty companies in Massachusetts that manufacture,
handle, or process nanomaterials. Through this database search, several nanomaterials used in
Massachusetts were identified including carbon nanotubes. Further work was done using Dun and
Bradstreet Hoovers database to identify industry codes, sales, and companies using ‘nano’ in the
description of their products.

- Adatabase search using the Nanowerk database was conducted under carbon nanotube usage.

- Several companies located.in Massachusetts or that are associated with work in Massachusetts were
identified by being members of MIT’s Nano Corporate Research Consortium.

- EPCRATier Il requires reporting of any chemical with a Safety Data Sheet if it is stored at 10,000 pounds
or more at a facility (orat 500 pounds or more if the chemical is designated as an Extremely Hazardous
Substance). A query of the EPCRA Tier Il data was carried out for carbon nanotubes and carbon fibers. Two
additional companies using carbon fibers were identified. They were added as potential users, due to lack
of data regarding the size of the carbon fibers being used.

- Asearch of the Nano Science and Technology Institute’s Nanotech Company Directory was performed for
Massachusetts.
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APPENDIX C: ADDITIONAL REGULATIONS RELEVANT TO CARBON
NANOMATERIAL

Strategic Approach to International Chemicals Management (SAICM) / Global
Chemicals Framework

“Nanotechnology and manufactured nanomaterials” was designated an emerging policy issue at the second
session of the International Conference on Chemicals Management (ICCM) in 2009. Stakeholders stressed the
need to close knowledge gaps; to understand, avoid, reduce and manage risks; and to review the methods
used for testing and assessing safety.

ChemSec

In 2019, CNTs became the first nanomaterial to be added to the SIN(Substitute it Now) list by the Swedish
non-profit, ChemSec (https://chemsec.org/sin-list/). The reason for inclusion on the SIN list is stated as

"Suspected of causing cancer, damaging fertility or the unborn child and shows limited degradation in the
environment. It is therefore considered to be of an "equivalent level of concern". The SIN List is a comprehensive
database of chemicals that ChemSec believe should be restricted or banned in the EU. Criteria for the SIN list
are the same as the REACH criteria for substances of very high concern.iInclusion on the SINlist has often been
a precursor for future regulation and restrictions by companies and governments.”

France and other individual EU members

A 2012 decree in France established a registry for any manufacturing, import or use of over 100 grams of
nanomaterials. Similar registries are now in place in Belgium, Denmark, Norway and under consideration in
Sweden and Italy. Much of the reporting under these registries falls below the REACH thresholde

Iran

In October 2017, Iran approved a second ten-year national nanotechnology plan. The new plan will continue
to develop standards and guidelines for health and safety issues of nanotechnology and provided advice on
corresponding legislation. The previous plan developed three guidelines on occupational safety for handling,
storage and transportation of nanomaterials. Guidelines were also developed to assess and approve of
nanotechnology products in food, cosmetics, pharmaceuticals and mores:.

Australia

Australia’s work health and safety legislation aims to protect the health and safety of researchers and other
workers developing, manufacturing or using carbon nanotubes.

The WHS Regulations for workplace chemicals include but are not limited to the following:

e The manufacturer or importer must determine whether the substance is a hazardous chemical. If it is,
they must prepare a safety data sheet (SDS) and correct label. Carbon nanotubes should be considered
to be hazardous unless data indicate otherwise and therefore an appropriate SDS and label should be

7 https://sinsearch.chemsec.org/chemical/308068-56-6

7 https://www.nature.com/articles/s41565-019-0613-9

© https://www.r-nano.fr/?locale=en

& Standardization and Regulations of Nanotechnology and Recent Government Policies Across the World on Nanomaterials
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provided. The supplier of a product containing carbon nanotubes must ensure a current safety data
sheet is provided to workplaces receiving the product.

e A person conducting a business or undertaking must ensure hazards in relation to using, handling or
storing carbon nanotubes or products containing carbon nanotubes at the workplace are identified.
The associated risks must be eliminated or minimized so far as is reasonably practicable.s

Germany

The Federal Institute for Occupational Safety and Health of Germany, through the CarboSafe project,

developed principles for workplace measurement and workplace exposure levels of carbon nanotubes.
United Kingdom (UK)

The UK Health and Safety Executive has published guidance on nanotechnology and has established a
nanosafety group to study and improve nanomaterial health-and safety systems. The publication “Using

Nanomaterials at Work” describes how to control occupational exposure to nanomaterials in the workplace,
with specific guidance on carbon nanotubes.

Canada

Canada developed a report titled “"Engineered nanoparticles: Health and safety considerations” This Guideline
is intended to help health and safety professionals, employers, and employees to evaluate exposures to
engineered nanoparticles in workplaces governed by federal jurisdiction and to apply control measures.
Specific guidance on CNTs and MWCNTs is included.

FDA

The FDA developed guidance intended for manufacturers, suppliers, importers, and other stakeholders on the
overarching framework forthe agency’s approach to the regulation of nanotechnology products. The guidance
document does not establish legally enforceable responsibilities but describes the FDA's current thinking on
determining whether FDA-regulated products involve the application of nanotechnologys:.

FIFRA/FFDCA=

NMs that are used as pesticides are subject to the requirements of the Federal Insecticide, Fungicide, and
Rodenticide Act (FIFRA section 2(u) and 3(a)). If their use as a pesticide will result in residues in food or animal
feed, a tolerance (maximum residue level) must be established under the Federal Food, Drug and Cosmetic
Act (FFDCA).

= https://www.safeworkaustralia.gov.au/system/files/documents/1702/safe_handling_of_nanotubes_info_sheet.pdf

= https://www.fda.gov/regulatory-information/search-fda-guidance-documents/considering-whether-fda-regulated-product-involves-
application-nanotechnology#intro

® https://www.epa.gov/sites/default/files/2014 03/documents/ffrrofactsheet_emergingcontaminant_nanomaterials_jan2014_final.pdf
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