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Boron nitride nanotubes (BNNT) are produced by many different methods leading to variances in 
physicochemical characteristics and impurities in the final product. These differences can alter the 
toxicity profile. The importance of understanding the potential pathological implications of this high 
aspect ratio nanomaterial is increasing as new approaches to synthesize and purify in large scale are 
being developed. In this review, we discuss the various factors of BNNT production that can influence 
its toxicity followed by summarizing the toxicity findings from in vitro and in vivo studies conducted to 
date, including a review of particle clearance observed with various exposure routes. To understand the 
risk to workers and interpret relevance of toxicological findings, exposure assessment at manufacturing 
facilities was discussed. Workplace exposure assessment of BNNT from two manufacturing facilities 
measured boron concentrations in personal breathing zones from non-detectable to 0.95 µg/m3 and 
TEM structure counts of 0.0123 ± 0.0094 structures/cm3, concentrations well below what was found 
with other engineered high aspect ratio nanomaterials like carbon nanotubes and nanofibers. Finally, 
using a purified BNNT, a “read-across” toxicity assessment was performed to demonstrate how known 
hazard data and physicochemical characteristics can be utilized to evaluate potential inhalation toxicity 
concerns.

Research into the potential toxicity of engineered nanomateri-
als has been an expansive endeavor for two decades. As mate-
rial size decreases from macro to micro to nano, the surface 
area increases leading to greater toxicity per unit mass. Cat-
egorically, engineered nanomaterials confer toxicity by solubil-
ity, biopersistence, physical shape, reactivity, etc [1, 2]. Much 
research has been devoted to understanding nanosized high 
aspect ratio materials, such as carbon nanotubes or nanofibers 
(CNT/F) given the known historical risk of fiber inhalation. 
The CNT/F research indicated mesothelioma, tumorigen-
esis, inflammation, translocation, and significant pulmonary 
pathology depending on the delivered dose and the specific 
type of CNT/F [3–7].

History would suggest that any high aspect ratio material 
with the possibility of inhalation exposure be carefully consid-
ered for potential toxicity. For reference, the National Institute 
for Occupational Safety and Health (NIOSH) recommended 
exposure limit (REL) for carbon black is 3.5 mg/m3 but CNT/F 
is 1 µg/m3, clearly indicating physical shape confers significant 
toxicity. Boron oxide, while causing skin, eye, and respiratory 
irritation, has an Occupational Safety and Health Administra-
tion (OSHA) permissible exposure limit (PEL) of 15 mg/m3 
(NIOSH REL is 10 mg/m3), indicating boron oxide is controlled 
at a total dust exposure level. It is conceivable, like carbon, con-
verting boron into a high aspect ratio nanomaterial (HARN) 
would affect its toxicity. Therefore, boron nitride nanotubes 
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(BNNT) warrant a closer inspection of its toxicity and potential 
for exposure.

BNNT production, which includes various synthesis meth-
ods, purification, dispersion, and its applications including in 
nanomedicine have been extensively reviewed [8–15]. The goal 
of the current review is to understand the occupational toxicity 
associated with BNNT. This was achieved by first listing the key 
characteristics of BNNT that can potentially influence its toxic-
ity, followed by performing a literature review to summarize 
the important findings from studies evaluating BNNT toxicity 
in vitro and in vivo. Results from exposure assessment from two 
BNNT manufacturing facilities were provided to guide dosim-
etry design for future toxicity studies and provide a meaningful 
interpretation of the toxicological findings. Finally, we evalu-
ated the potential toxicity of a purified BNNT utilizing physi-
cal dimension profiling and two-dimensional agglomeration 
in comparison to large comparative CNT/F studies as well as 
performing read-across using the high aspect ratio nanomaterial 
integrated approach to testing and assessment (HARN IATA) 
[16–19].

BNNT production
BNNTs can be manufactured by several approaches [8–10] and 
toxicity studies have reported using BNNT manufactured by 
arc discharge, ball milling and annealing, self-propagation high-
temperature synthesis (SHS) followed by annealing, chemical 
vapor deposition (CVD), high-temperature and high-pressure 
process (PVC/HTP), and hydrogen-assisted BNNT synthesis 
(HABS). Each approach is distinct and utilizes specific precur-
sors, conditions, and equipment to promote the growth, leading 
to production of BNNT at various scales with unique physico-
chemical features including length, number of walls (diameter), 
defects, and process specific impurities/residuals. BNNT, similar 
to other HARN, are hydrophobic and can agglomerate easily due 
to van der Waals interactions. Aqueous dispersions are usually 
achieved for biocompatibility and long-term biostability by coat-
ing the BNNT. These coatings can influence the agglomeration 
state of BNNT and their interaction with cells and organs. All 
these factors can potentially affect toxicity.

As-produced BNNT manufactured by some processes can 
contain ~ 50 weight (wt) % high aspect ratio BNNT and ~ 50 wt% 
non-BNNT materials. The non-BNNT material consists of cata-
lyst, boron, and hBN (hexagonal boron nitride) in various forms 
that was not consumed or partially modified in the synthesis of 
BNNT. The physicochemical characteristics of the impurities/
residuals in the as-produced BNNT is dependent on the manu-
facturing processes. The as-produced BNNT by HTP and HABS 
predominantly contain elemental boron, amorphous boron par-
ticles encapsulated with hBN shells, as well as any of various 
hBN derivatives including nontubular BN phases, turbostratic 

BN, hBN flakes, and in case of HABS, other B–N–H interme-
diates [8]. Other approaches like ball milling also reported to 
have BNNT in relative low weight percentage and comprise of 
amorphous boron and boron nitride in various forms as impu-
rity [20]. Apart from boron-based impurities, metal impurities 
from milling tool wear or residuals from catalysts have been 
reported to be present with BNNT produced by ball milling 
and CVD. Metal impurities have been shown to induce oxida-
tive stress and toxicity with CNT exposures [21]. These metal 
impurities can be removed by acid washing the as-produced 
material, although consideration should be given to the level of 
washing and acid used, as strong acids can oxidize the surfaces 
and cause defects that can alter the toxicity profile [22]. The sur-
face defects of BNNT produced by CVD were strongly depend-
ent on tube diameter [23]. Structural defects and shortening of 
length have also been found in CNT with increased milling time 
[24]. Chemically reactive unsaturated boron atoms on the defect 
sites and edges can potentially lead to increased toxicity [25]. 
Such reactive sites at edges were also reported with other engi-
neered and natural fiber-like materials, including SiC whiskers, 
asbestos, nemalite, glass, and rockwool fibers [26]. Finally, the 
manufacturing process dictates the length and diameter/number 
of walls [8], some of the primary factors affecting toxicity of high 
aspect ratio nanomaterials.

Given the desired material is BNNT, and impurities are 
known to affect the material performance, procedures to purify 
the final sample to create a greater ratio of BNNT to impuri-
ties have been explored [8, 20, 21, 27–35]. These approaches 
can remove some specific impurities and can generate unique 
BNNT with physicochemical characteristics dependent on the 
manufacturing and purification procedure employed. In terms 
of toxicity, one could hypothesize that an exposure to a material 
containing a greater number of high aspect ratio fiber-like mate-
rials compared to low aspect ratio impurity particulate would 
confer greater toxicity. Hence, studies of as-produced BNNT 
samples as well as different levels of purification with a thorough 
characterization of the material produced are needed to fully 
address any potential toxicity.

BNNT toxicity in vitro
The BNNT used and their characteristics, cell model, toxicity 
endpoints, dose and time course are provided in Table 1. Apart 
from BNNT, a selection of toxicity studies with other BN forms 
have been included for comparison.

Polyethyleneimine (PEI)-coated BNNT produced via the 
ball milling and annealing method with Fe and Cr catalysts 
(~ 1.5 wt%) were evaluated in neuroblastoma cells (SH-SY5Y). 
These BNNT induced a dose-dependent toxicity starting at 
concentrations > 5 µg/ml after 24 h of treatment [36]. A time-
response study at 5 µg/ml resulted in no toxicity for up to 72 h 
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[37]. Cellular uptake of BNNT was noted and treatment with the 
ATPase inhibitor (sodium azide) illustrated BNNT were inter-
nalized by energy dependent endocytosis. The same material 
coated with poly-l-lysine (PLL) and in a myoblasts (C2C12) cell 
model resulted in a similar mechanism of internalization with 
a significant increase in toxicity from 15 µg/ml after 72 h. At 
concentrations below 10 µg/ml these particulates did not induce 
apoptosis, necrosis, or membrane permeabilization. Exposure to 
5 and 10 µg/ml up to 72 h did not induce a significant change in 
myoblast differentiation or tube formation [38].

BNNT with “bamboo-like” morphology synthesized by 
self-propagation, high-temperature synthesis (SHS) followed by 
annealing had a diameter range of 50–100 nm and length rang-
ing between 200 and 600 nm [39–41]. Irrespective of coating on 
these BNNTs, toxicity only at the higher concentrations (> 50 or 
100 µg/ml) was observed when neuroblastoma, neuronal, fibro-
blast and endothelial cells were exposed.

BNNT can be grown by CVD using various precursors and 
catalysts leading to BNNT having various physicochemical 
properties. Initial in vitro toxicity work in kidney cells (HEK 
293) by Chen et al. [42] using BNNT manufactured by CVD 
using magnesium oxide as catalyst indicated no toxicity or apop-
tosis up to 4 days after administering the highest concentration. 
The BNNT had a reported diameter of 20–30 nm and length 
up to 10 mm. BNNT prepared via CVD using Fe2O3 as catalyst 
and purified by acid washing [43, 44] with a reported diameter 
of 70–100 nm induced dose-dependent toxicity in human lung 
fibroblast cells (MRC-5) with an inhibitory concentration (IC50) 
of 50 µg/ml after 48 h. Similar dose–response relationships were 
observed in tumor cell lines. Further studies evaluating the sta-
bility and cytocompatibility of the BNNT with various func-
tionalization found no toxicity or produced ROS up to 50 µg/ml 
in MRC-5 cells. At concentrations 100 µg/ml and above, poly-
ethylene glycol and chitosan functionalization induced greater 
toxicity compared to BNNT alone or BNNT with glucosamine 
functionalization [43]. Compared to other functionalization, 
although not cytotoxic, BNNT alone or BNNT with glucosa-
mine functionalization resulted in chromosomal alteration and 
modification in cell morphology. These differences may be due 
to alteration in uptake mechanism because of change in size and 
charge of the BNNT due to functionalization, leading to activa-
tion of distinct signaling pathways. Pectin coated BNNT with 
interpolated length of 1–4 µm showed no colocalization with 
lysosomes as well as no toxicity up to 50 µg/ml in RAW 264.7 
macrophages exposed for 24 h [45]. Although pectin coated 
BNNT were not cytotoxic, challenge with LPS after BNNT expo-
sure altered the transcriptional response of the macrophages. 
Horvath et al. [46] used BNNT produced by CVD using boron 
and magnesium oxide precursors, purified by acid washing, to 
evaluate toxicity in various cell types. The BNNT had a reported 
diameter of 50 nm and length of 10 µm. The BNNT in this study 

were found to be more potent at inducing toxicity compared 
to a high aspect ratio comparison CNT particle. Toxicity was 
induced in all cells starting at 2 µg/ml after 48 h treatment. The 
relative level of toxicity induced by BNNT was cell- dependent 
with the most toxicity in macrophages and least in renal cells. 
The difference in toxicity between cell types can be attributed 
to their function and difference in their ability to internalize 
the particulate. Such cell-dependent toxicity was also observed 
with other HARN material like CNT [47]. A follow up study [48] 
using similar BNNT, but shortened in length to 1.5 µm, reported 
reduced toxicity in neuroblastoma and endothelial cells. This 
decrease in toxicity with decreased length suggests, like other 
high aspect ratio materials, that toxicity induced by BNNT has 
length-dependency.

BNNT prepared using a high-temperature, and high-pres-
sure process having diameter 2–5 nm and length less than 1 µm 
induced toxicity at a concentration of ≥ 1 µg/ml after 3 d of 
exposure in osteoblast cells [49]. When these tubes were coated 
with polydopamine (PD) there was no toxicity observed up to a 
concentration of 30 µg/ml BNNT. Change in size/charge of PD-
BNNT, altered cellular recognition, or aggregation of non-func-
tionalized BNNT (4 µm agglomerates observed in TEM) in cell 
culture media could be the reason for the observed difference. 
Kodali et al. [50] dispersed BNNT in dispersion media (DM), a 
biocompatible dispersant that mimics lung lining fluid [51] and 
used for evaluating toxicity of various fibers and 2D materials 
[52–55]. The dispersed BNNT had a length of 0.6–1.6 µm and 
a diameter of 13–23 nm. Using differentiated THP-1 wild-type 
and NLRP3 inflammasome-deficient macrophages, BNNT-
induced toxicity, oxidative stress, and inflammation were shown 
to be acting in part through NLRP3 inflammasome-dependent 
manner. The dispersed BNNT induced lysosomal membrane 
damage and activated pyroptosis, a caspase-dependent pro-
inflammatory form of programmed necrosis. Toxicity was 
significantly altered at a concentration ≥ 6.25 µg/ml and was 
reduced in cells deficient of NLRP3. Like the study mentioned 
earlier [45], macrophages pre-exposed to BNNT had an altered 
response when challenged with LPS. Further, a decrease in 
phagocyte function was observed which was dependent on 
NLRP3 inflammasome activation. The mechanisms of toxicity 
induced by BNNT was found to be similar to what has been 
described previously with CNT.

Augustine et al. [56] used BNNT produced by hydrogen 
catalyzed induction thermal plasma (HABS) having a length 
of 458 ± 345  nm and a shortened sample by sonication to 
224 ± 129 nm. Decreasing the length eliminated the toxicity in 
liver, epithelial, blood, and neural cells. A study evaluating the 
cytotoxicity and drug encapsulating capacity of BNNT found 
purification of BNNTs improves several of their properties 
with a reduced toxicity at the higher doses [30]. The suppres-
sion in toxicity may be attributed to impurities present in the 
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as-produced BNNT or better dispersion of the purified BNNT 
potentially due to higher density of PEG coating present on the 
purified BNNT particles (as evident from the higher drug encap-
sulation and dispersion). The higher density of PEG can lead 
to alterations in dispersion, agglomeration, uptake mechanism, 
and induced cytotoxicity. Kodali et al. [28] used BNNT pro-
duced by HABS, which does not use metal catalysts, and using 
a sequence of purification steps, generated BNNT with differ-
ent purity grades. These BNNT include, BNNT as-produced, 
BNNT with boron removed by gas purification, and various 
other non-fibrous components removed by sequential water and 
solvent washing. Acellular reactivity, cytotoxicity, inflammation, 
function, and mechanism of toxicity screening in macrophages 
indicated BNNT was not overtly toxic. Toxicity clustered with 
the purity grade of BNNT and was greatest for the samples con-
taining a greater percent of BNNT per unit mass. The bench-
mark dose with 10% effect size was 17.3 µg/ml for the highest 
purity BNNT which had a geometric mean (geometric standard 
deviation) length and diameter of 1.68 (1.9) µm and 17 (1.3) nm 
respectively. There was a dose- and purity-dependent change in 
the level of inflammasome activation. Nuclear factor-κB (NF-
κB) was only activated by the highest purity BNNTs at the higher 
concentrations and no suppression in macrophage phagocytic 
function was observed after challenge with bacteria.

Imbalance in oxidative stress cycle induces excessive pro-
duction of reactive oxygen species (ROS) and has been impli-
cated in pathogenesis of various disease conditions. Enhanced 
production of ROS has been shown to be predictive of toxicity 
induced by nanomaterials [57]. Nanomaterials can induce oxi-
dative stress by intrinsic properties or indirectly as a biological 
response. Like cytotoxicity, reports of BNNT induced reactive 
oxygen species (ROS) are disparate probably due to diverse 
physicochemical characteristics and impurities inherent to the 
manufacturing process. BNNT are chemically stable and are not 
easily subject to oxidation; this may be altered by the presence 
of impurities like metal catalysts or other more reactive forms 
of residuals. Acellular reactivity studies by electron paramag-
netic resonance (EPR) of BNNT produced by high-temperature 
and high-pressure [58] or HABS [28] found that the BNNT do 
not have active reactive sites to reach the threshold needed to 
induce toxicity by direct interaction. Furthermore, acellular 
reactivity was reduced as purity increased for BNNT samples 
which was inversely related to toxicity [28]. BNNT produced by 
high-temperature and high-pressure process induced oxidative 
stress in vitro [50], suggesting BNNT induced oxidative stress is 
part of a biological response and not from reactivity.

Boron nitride nanoparticles in various forms (e.g., hBN) 
are the primary residual impurity in the as-produced BNNT. 
Review of the toxicity of various forms of BN nanoparticles and 
sheets [25, 28, 59–61] indicates BN nanoparticles exposed in 
various cell models have reports of nontoxic, toxic at the highest 

concentrations, or toxicity at longer exposure duration. It is fair 
to assume that the toxicity of non-purified forms of BNNT con-
sisting of these impurities will influence the toxicity conclusions 
induced specifically by BNNT.

BNNT toxicity in vivo
In vivo studies evaluating the toxicity of BNNT in animal mod-
els are limited and some of the key characteristics of these stud-
ies have been captured in Table 2. The first studies evaluating 
in vivo toxicity of BNNT were conducted following intravenous 
(i.v.) injection to evaluate toxicity and biodistribution for drug 
delivery applications. The BNNT synthesized by SHS-annealing 
had a bamboo-like morphology with 0.5–2 µm length and a 
diameter of 30–100 nm [73, 74]. In vitro, this material induced 
toxicity only at the higher concentrations (> 50 µg/ml) and no 
ROS production or genotoxicity (≥ 100 µg/ml). Injection of 
1 mg/kg of BNNT into New Zealand rabbits did not alter the 
blood cell differentials, hematological and biochemical param-
eters up to 72 h afterward except for small but significant change 
in blood platelet levels. A follow up study with 5 and 10 mg/kg 
single dose and 15 mg/kg repeated-dose injections found no sig-
nificant alteration in hematological parameters up to 7 days after 
administration. In a study by Soares et al. [75], BNNT prepared 
by CVD having a dispersed length of 300 nm and diameter of 
90 nm were radiolabeled with 99mTc to study biodistribution in 
Swiss mice. The BNNT 24 h after i.v. injection accumulated in 
liver, spleen, and intestine and was eliminated by renal excretion. 
Intravenous injection of hexagonal boron nitride nanoparticles 
in Wistar rats and evaluation after 24 h showed dose-dependent 
effects in biochemical, hematological parameters and oxidative 
stress markers in various organs only at doses ≥ 1600 µg/kg. 
Histopathological evaluation of the liver, kidney, heart, spleen, 
and pancreas indicated no alteration at doses < 400 µg/kg. The 
damage to the tissues was dose-dependent, and at higher doses 
(≥ 1600 µg/kg) significant pathology was observed in all the 
organs evaluated [76].

Based on dustiness data of fine and nanoscale powder mate-
rial [77], inhalation is expected to be a primary route of occu-
pational exposure in workers handling BNNT. Kodali et al. [50] 
and Xin et al. [58] exposed high-temperature high-pressure syn-
thesized BNNT via oropharyngeal aspiration and evaluated the 
pulmonary toxicity in C57BL/6 mice. At 24 h post-exposure of 
40 µg BNNT, lung injury, inflammation, and induction of oxida-
tive stress was evident from increased bronchoalveolar lavage 
levels of lactate dehydrogenase activity, pulmonary polymor-
phonuclear cell influx, loss in mitochondrial membrane poten-
tial, and augmented levels of 4-hydroxynonenal. BNNT uptake 
caused lysosomal destabilization, pyroptosis and NLRP3 inflam-
masome activation, corroborated by an increase in cathepsin 
B, caspase 1, and increased protein levels of IL-1β and IL-18. 
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BNNT exposure altered the cytokine response and caused a sup-
pression in innate immune function. These finding were con-
firmed in vitro using THP-1 macrophages [50]. The potency of 
BNNT was compared to MWCNT-7, a well-studied, high aspect 
ratio nanomaterial that is classified as a group 2B carcinogen 
by the International Agency for Research on Cancer (IARC). 
Acute (24 h) exposure to BNNT revealed similar mechanisms 
of toxicity like the high aspect ratio counterpart MWCNT-7, but 
was less potent in inducing toxicity, inflammation, and innate 
immune responses.

The acute exposure BNNT study and mechanistic similar-
ity to MWCNT-7 warranted a more detailed investigation and 
a longer post-exposure evaluation. Xin et al. [58] exposed the 
lungs to 4 and 40 µg/mouse by a single oropharyngeal aspiration. 
Pulmonary and systemic toxicity were investigated at 4 h, 1 day, 
7 days, 1 month, and 2 months post-exposure. Extrapolating the 
mouse deposited dose to human equivalence, the doses of 4 and 
40 µg were reported to represent, adjusting the number of days 
for a work year of 260 day/year, 2.4–7.3 years for the 4-µg low 
dose and 24.0–73.3 years for the 40-µg high dose. Lung injury 
and inflammation were observed with the high dose exposure 
and were resolved by 7 days. The lower dose did not cause any 
change in injury, inflammation, or cytokine secretion. Histo-
pathological analysis confirmed that no alveolar septal thicken-
ing, hypertrophy, or hyperplasia was present in any groups. The 
only finding of significance was a minimal level of inflamma-
tory cell infiltration with the high dose of exposure, which was 
greatest at 7 days and diminished at 2 months post-exposure. 
Following pulmonary exposure, systemic toxicity observed was 
minimal and transient. The greatest responses observed was in 
liver and blood cell profiles at 4 h and 1 day post-exposure in the 
high dose BNNT group, in part due to the bolus exposure study 
design. Overall, the BNNT investigated did not cause persistent 
in vivo toxicity in the lung or systemically up to a dose of 40 µg.

The varying purity BNNT described above in vitro [28] were 
evaluated in vivo. Effects were studied in male C57BL/6 mice 
following a single oropharyngeal exposure of 4 or 40 µg. These 
results have only been published in abstract form [78]. Similar 
to the findings in Kodali et al. [28] and Xin et al. [78], pulmo-
nary cytotoxicity and inflammation was increased acutely and 
resolved over 1-month post-exposure with the greatest effect 
found following the administration of the high dose (40 µg) of 
the highest purity material. Histopathologic examination found 
minimal focal inflammation with microgranulomas remaining 
at 3 months post-exposure. Fibrosis and hyperplasia were found 
unremarkable.

Studies have also been conducted in several alternative ani-
mal models including Xenopus laevis tadpoles, Drosophila mela‑
nogaster and Dugesia japonica planarians showed BNNT to be 
biocompatible and not overtly toxic. In these models BNNT did 
not cause oxidative stress, apoptosis, DNA damage, genotoxicity 

and, interestingly, even positive effects like antigenotoxic poten-
tial were reported [79–81]. Studies conducted in Caenorhabditis 
elegans found soluble forms of BN nanoparticles were ten-fold 
more toxic compared to non-soluble forms and the toxicity 
threshold was 100 µg/ml and 10 µg/ml for the non-soluble and 
soluble forms of BN [82]. The nanosheet form of BN of vary-
ing sizes was not found to be toxic in Bombyx mori and other 
silkworm models [83, 84].

Biopersistence and clearance of BNNT
Biopersistence of nanomaterials, which is dependent on several 
physicochemical properties, can be a critical factor in material-
associated toxicity [85–87]. Only three studies have examined 
various aspects of biopersistence and clearance of BNNT fol-
lowing exposure in  vivo, two following i.v. administration 
in rabbits [74] and mice [75], and one following pulmonary 
administration in mice [58]. As reviewed earlier, Ciofani et al. 
[73, 74] used rabbits to study pharmacokinetics. Animals were 
injected intravenously with 10 mg/kg BNNT, and blood sam-
ples were collected at five different time intervals up to 10 h 
post-administration. Boron concentration was measured by 
ICP as an indicator of BNNT in the blood. Terminal half-life 
was calculated by a first-order elimination model and found to 
be ~ 90 min. Soares et al. [75] evaluated biodistribution of radi-
olabeled BNNT in mice. Mice were injected i.v. with 40 mg/
kg 99mTc-BNNT and scintigraphic imaging was performed to 
quantify the radio-labeled BNNT in vivo after 19 min, 30 min, 
1-, 4-, and 14-h post-injection. The labeled BNNT could be 
detected in liver, spleen, and gut as well as kidney and bladder 
within 30 min. Except for bladder, clearance was observed from 
all organs at 24 h, suggesting elimination through excretion. In 
a separate study, the authors measured biodistribution in blood, 
lungs, bladder, intestines, spleen, liver, and kidneys removed 
from animals at 10 and 30 min, and 24 h post-injection through 
automatic scintillation. Radioactivity was detected in all systems 
collected. The greatest increases 30 min post-injection were in 
the bladder, liver, gut, and spleen. Values decreased in most sys-
tems in a time-dependent manner and were slightly higher in 
bladder and liver at 24 h as compared to the other organs. The 
authors noted that clearance can be occurring through the kid-
neys by excretion, but that chitosan can be degraded by enzymes 
over time and, therefore, it is possible for some detachment of 
the radiolabel as a confounder in the results. The i.v. injection 
in rabbits and mice note low to no toxicity following exposure, 
which may be partly due to a high rate of elimination.

Toxicity associated with pulmonary exposure was examined 
by Xin et al. [58] In this study, mice that were exposed to 40 µg 
of a BNNT sample by oropharyngeal aspiration were examined 
for pulmonary clearance of BNNT at 1 day, 7 days, 1 m, and 
2 m post-exposure. Lungs were digested and lung burden was 
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measured as boron by ICP-AES. Approximately 50% of the 
delivered dose measured as boron was cleared by 2 m. In this 
study, lung inflammation and injury that was noted in the lav-
age fluid and histopathology had begun to resolve over time, 
which correlated with clearance of the BNNT from the lung in 
this study. It is important to note that the BNNT sample used in 
this study contained ~ 50% BNNT with other boron by-products 
of synthesis in the sample, and that the ICP-AES analysis only 
examined boron as an indicator of exposure. Although tox-
icity was resolving to a large degree, clearance had begun to 
slow rapidly after 7 days. It is not clear which fraction of the 
BNNT sample used in this study remained in the lung up to 
2 m. The fiber pathogenicity paradigm as it relates to HARN 
and the development of lung disease over time states that dis-
ease is dependent on dimension (fiber length and aspect ratio), 
durability (ability to persistent in the biological system due to 
lack of dissolution or breakage), and dose [88, 89], the second 
of which is highly dependent on the physicochemical properties 
of the nanomaterial. It is possible that the tube portion of the 
sample in this study may have differed in durability or solubil-
ity, which, in turn, may lead to fractional clearance following an 
exposure whereby different structures within the sample may 
persist longer than others. Similar to CNT [53, 90], high reso-
lution histopathology and morphometric analysis using dark 
field and electron microscopy are required to shed light on the 
fractional clearance of different BNNT forms.

BNNT workplace exposure assessment
Two separate BNNT production facilities were assessed for 
potential inhalation exposure by the NIOSH field team. These 
assessments included the collection of personal breathing zone 
and area samples for gravimetric, chemical composition, and 
TEM analysis. The analyses allowed for respirable and total 
dust exposure measurements. Additionally, surface wipe sam-
ples for chemical analysis, and the use of data logging, direct-
reading instruments and workplace and work practice obser-
vations allowed for general conclusions regarding exposure. 
The personal air sampling was performed for the full shift 
range and was for ~ 7 h on average [the workers performed 
tasks for 48–50 min]. Personal breathing zone (PBZ) samples 
were collected as close as possible to the subjects breathing 
zone (e.g., the lapel of the lab coat). Sampling was performed 
in accordance with NIOSH method 9102. For wiping, pre-
moistened Palintest® Dust Wipes (Palintest Inc, Kentucky, 
USA) were used to wipe an estimated 100 square centimeter 
surface. Engineering controls including local exhaust ven-
tilation and custom-built hoods were in place during high 
potential exposure tasks. Based on air sampling results and 
other measurements and observations, the tasks most likely 
to have generated potential exposures included harvesting 

and post-harvest cleaning of the growth chambers. It is also 
important to note that engineering controls, work practices, 
and housekeeping were important factors in reducing poten-
tial worker exposures to BNNTs when workers performed 
various tasks.

There is no standard NIOSH or OSHA method to sample 
and analyze for airborne BNNT. From discussions with the 
NIOSH contract laboratory and NIOSH chemists, the crystal-
line structure of the BNNTs may not be defined during tradi-
tional chemical analysis for metal particulate using NMAM 
7303 or NMAM 7302 (digestion and boron detection by 
ICP). Therefore, the analytical method may only measure the 
amorphous boron component of the aerosol and, thus, could 
underestimate all the boron present in the air or on a surface. 
Both respirable and total dust boron concentrations ranged 
from non-detectable to 0.95 µg/m3. Currently the NIOSH 
recommended exposure limit (REL) for CNT/F is 1 µg/m3, 
indicating the measured boron level, if, in fact representative 
of BNNT, was low but there is uncertainty with this data.

To overcome the potential limitation of boron chemical 
analysis, sampling results were combined with TEM analy-
sis (modified NMAM 7402) as previously done with CNT/F 
[92] to identify BNNT-structures to complement the analytic 
method. The summary of the personal and area measurements 
of collected open face cassettes (meaning the values are rep-
resenting the inhalable fraction) are shown in Table 3. The 
arithmetic mean of personal TEM BNNT concentrations was 
0.0123 ± 0.0094 structure/cm3 with a geometric mean (geo-
metric standard deviation) of 0.0014 (7.4042). The area TEM 
BNNT measurements were about 2.5-fold less. It should be 
noted that of the combined measurements, in 62% of the sam-
ples BNNT structures were not detected. For perspective, we 
previously found systemic immune effects correlated to TEM 
structure counts of workers exposed to CNT/F [93]. Impor-
tantly, the average vales for inhalable BNNT were found to be 
an order of magnitude lower than CNT/F indicating signifi-
cantly lower exposures in this worker population evaluated. 
Also, the sizes of the TEM structures were consistent with 
CNT/F. Most structures were in the size range of 2–10 µm 
with none below 1 µm. No individual/singlet BNNT’s were 
identified during the TEM analysis, meaning, the observed 
structures were agglomerates (Fig. 1). For comparison with 
other HARN, at CNT/F facilities, 95% of the TEM structures 
observed were found to be agglomerates [92]. Toxicological 
studies evaluating potential occupational toxicity in in vitro 
or in vivo models should consider the agglomeration state of 
the test particulate.

Similar to CNT [94], based on the level of exposures meas-
ured in the BNNT manufacturing facilities, users can extrapo-
late their dose-dependent toxicity response to real word occu-
pational exposures.
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Read‑across toxicity assessment of BNNT 
using HARN characteristics
Read-across is a process of estimating toxicity, risk or hazard 
posed by a substance using data on a closely related data rich 
surrogate. Large scale comparative studies of high aspect ratio 
CNT/F are being used to evaluate the unique physicochemical 
properties that drive distinctive aspects of toxicity [53, 54, 88, 
95–98]. These outcomes are being used to allow for grouping 
of similar materials to facilitate read-across for predictions of 

toxicity [16–19, 53, 54, 99–101]. Our earlier work with CNT/F 
from U.S. facilities found the primary drivers of genotoxicity, 
inflammation, and regional pulmonary pathology were physical 
dimensions of length and width as well as the two-dimensional 
agglomeration patterns of the materials [53, 54]. In complement, 
an integrated approach to testing and assessment for identifying 
hazards posed due to inhalation of high aspect ratio nanomateri-
als (HARN) has been proposed by Murphy et al. [16, 19]. The 
HARN IATA proposes to use a tiered strategy that considers 

TABLE 3:   Aerosol structure count characteristics at BNNT manufacturing facilities.

ND not detectable, for ND, the limit of detection (1 fiber/mm2) was used for calculations. GM geometric mean, GSD geometric standard deviation.

Total Samples 
Analyzed

Samples with 
ND Levels Mean ± SE GM (GSD) NIOSH manual of analytical method (NMAM) [91]

Personal

 TEM BNNT 
concentra-
tion (struc-
ture/cm3)

13 7 0.0123 ± 0.0094 0.0014 (7.4042) Modified NMAM 7402 with Electron energy loss spectroscopy

Area

 TEM BNNT 
concentra-
tion (struc-
ture/cm3)

16 11 0.0050 ± 0.0031 0.0007 (5.7912) Modified NMAM 7402 with Electron energy loss spectroscopy

Figure 1:   Representative images of BNNT found in the aerosols of a manufacturing facility. Electron microscopy analysis of filters collected from 
personal breathing zone showed agglomerates of BNNT.
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key intrinsic material characteristics and well-defined toxicoki-
netic pathways or mechanisms of action elicited by a HARN to 
facilitate recognition of potential hazard at each tier. The tiered 
approach utilizes material characterization, acellular, in vitro, 
and in vivo models with key decision nodes identified from the 
fiber pathogenicity paradigm (structure–activity relationships 
from asbestos toxicity studies) that identify critical determinants 
of mesothelioma [88].

For this read-across evaluation, we used W2 BNNT that 
were manufactured by HABS and purified by gas purification 
with sequential water and solvent washing. The in vitro and 
in vivo toxicity of W2 BNNT has been reported previously 
[28, 78]. BNNT manufactured by other manufacturing pro-
cesses have been reported to reach the distal lung [58]. Com-
paring the size and other physicochemical characteristics of 
W2 BNNT with previous CNT/F work [53, 102] as well as our 
unpublished in vivo studies of purified BNNT, the assumption 
would be W2 BNNT deposits in the distal lung (Fig. 2; initial 
decision node). As discussed in the earlier section, there was 
50% clearance of boron two months post-exposure. It was not 
a definitive percent clearance of boron impurities compared 
to BNNT meaning and it is possible that the remaining 50% 
could be persistent BNNT. Also, BNNT are not chemically 
reactive, and dissolution is not expected in biological systems. 
Therefore, for the second decision node (Fig. 2), as not enough 
information is known, we consider this node as “uncertain” to 

be conservative. As the primary drivers of toxicity severity for 
CNT/F were nominal tube physical dimensions and how the 
material agglomerates, these same measurements were made 
for BNNT (Table 4; Fig. 3) using approaches described earlier 
[53, 54]. The BNNT materials were on average approximately 
2 µm in length and 17–19 nm in diameter (Table 4). Our pre-
vious work with CNT/F indicated that binning of physical 
dimensions, as opposed to simply evaluating the mean values, 
was far superior at grouping CNT/F [54] and correlated well 
to toxicity outcomes evaluated [53, 54]. The HARN IATA does 
not consider a summary metric reporting median or mean 
fiber length sufficient to meet the criteria for this decision 
node and supports size distribution profiling with > 10% of 
HARN with size > 5 µm in length [19] for determining this 
node. Histograms representing the physical dimensions of 
BNNT were skewed to the left with few having larger length 
and diameter (Fig. 3). Only 4% of the BNNT had a length 
greater than 5 µm. When BNNT were dispersed using a lung 
lining mimetic, agglomerates were 80% spherical, meaning 
no one dimension was greater than 3 times another, and on 
average less than 1 µm in diameter (Table 4). Even the bun-
dled agglomerates were < 2 µm in length. The third decision 
node (Fig. 2) is, therefore, a definitive ‘no’. The fourth deci-
sion node is also a ‘no’ as only 3% of the measured BNNT 
have a diameter that exceeds 30 nm. There was no evidence 
or presumption of frustrated phagocytosis given the in vivo 

Figure 2:   Decision nodes from HARN integrated approach to testing and assessment framework to determine potential hazard from inhalation of fiber-
like material. Adapted from Murphy et al. [16]. The right side shows decision node responses to W2 BNNT.
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observations of collected lavage cells or the physical dimen-
sions for decision node five. The last node is conservatively 
uncertain as genotoxicity was not determined, and although 
BNNT causes inflammation including inflammasome induc-
tion, it was not persistent.

Comparing the physical dimensions and agglomeration 
of W2 BNNT with previous studies of CNT/F, the materials 
with less severe inflammation and pathology have histograms 
shifted almost entirely to the left, indicating shorter lengths and 
diameters. Conversely, materials which conferred greater and 
more persistent in vivo inflammation, increased genotoxicity, 
bronchiolar pathology, and more severe alveolar pathology had 
a population of nominal tubes of greater diameter length and 

diameter. In relationship to our CNT/F comparative studies, the 
BNNT physical dimension and agglomerate pattern would sug-
gest toxicity similarity to smaller diameter and length CNT/F 
and not consistent with the more toxic CNT/F [53, 54].

If we apply the HARN IATA [16–18], the BNNT sam-
ples we studied would not be consistent with the predicted 
development of mesothelioma. Several decision node evalu-
ations, primarily those dependent on physical dimensions 
and agglomeration pattern, were not consistent with a posi-
tive outcome in the HARN IATA framework. These determi-
nations are consistent with resolution of inflammation and 
minimal to no in vivo pathology by three months after BNNT 
exposure [58, 78].

TABLE 4:   Characterization of W2-BNNT (a purified BNNT manufactured by HABS) dimensions dispersed in isopropanol and when agglomerated in bio-
logical dispersion media (DM).

Nominal tube dimensions (N = 202)

Agglomerated dimensions (N = 75)

Spherical agglomerates (80%)
Bundled agglomerates/singlets 

(20%)

Geometric mean 
(GSD)

Arithme-
tic mean 
(nm ± SE) Median Range

Geometric mean 
(GSD)

Arithme-
tic mean 
(nm ± SE)

Geometric mean 
(GSD)

Arithmetic 
mean 

(nm ± SE)

Length (µm) 1.68 (1.94) 2.10 ± 0.11 1.67 0.29–10.07 0.92 (1.89) 1.13 ± 0.24

Diameter (nm) 17.84 (1.33) 18.59 ± 0.41 17.90 9.90–55.10 0.59 (2.49) 0.95 ± 0.16 0.21 (1.94) 0.27 ± 0.07
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Figure 3:   Representative field emission scanning electron microscope (A) and transmission electron microscope (B) images of W2 BNNT in isopropanol 
suspension used in the read-across. Representative field emission scanning electron microscope image of the aqueous dispersions of agglomerated 
W2 BNNT in dispersion media (C) used for the toxicity assays. Distributions of W2 BNNT length, diameter, and aspect ratio. BNNT was binned according 
to size along the lower x-axis with frequency on the left y-axis. Additionally, percentage of accumulation is graphed on the right y-axis with the 
absolute dimensions along the upper x-axis.
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Summary and outlook
The in vitro studies offered some contradicting and disparate 
toxicity findings. These contradictions can be attributed to 
diverse BNNT physicochemical properties resulting from dif-
ferent manufacturing and purification processes. In addition, 
lack of a thorough physicochemical characterization, coatings, 
agglomeration state, study design aspects like cell type tested, 
exposure duration, and toxicity endpoints evaluated further 
make it difficult to generate a forthright conclusion and a defin-
itive quantitative estimate for potency. The studies, however, 
allow us to generate some generalized conclusions.

In most in vitro studies, BNNT toxicity was observed at 
higher concentrations or with longer exposure times. Toxicity 
of BNNT was dependent on particle length in the absence of 
other confounding factors like metal or oxidative stress causing 
contaminants. The biocompatible coating and dispersion pro-
cedure (sonication) had a major influence on the toxicity as it 
influenced dimension and agglomeration. The cell line model 
used for the biocompatibility testing influenced the toxicity 
manifestation. Studies comparing toxicity in various cell types 
showed the greatest toxicity in macrophages and the least in the 
kidney cell line. The alteration in toxicity potency with cell mod-
els may be due to differences in uptake capacity of these cells. 
BNNT induced ROS as a biological response and not by directly 
generating radicals. Like other HARN, BNNT induced toxicity 
through NF-κB and NLRP3 inflammasome activation. BNNT 
induced cell death was based on its physicochemical proper-
ties and studies so far show it utilizes apoptosis, necrosis, and 
caspase-dependent pyroptosis. Inflammation and alteration in 
cellular function was observed with some BNNT but not all of 
them. In general, the manufacturing processes and purification 
procedures followed can affect toxicity induced by BNNT, as 
they modify the physicochemical properties like length, amount 
of high aspect ratio material, and free radical-producing impuri-
ties like residual metal catalysts.

Pulmonary BNNT exposure by oropharyngeal aspiration in 
mice induced acute toxicity and the mechanism of toxicity was 
NLRP3-dependent as observed in vitro, and with other HARN, 
but resolved with time. Only the higher dose of BNNT caused 
inflammation and lung damage. Clearance of the exposure was 
observed with time, inflammation was acute, and only mini-
mal pathological alterations were observed at the highest purity 
and dose three months post-exposure. Intravenous injection 
of BNNT induced low or no toxicity in rabbits and mice. The 
BNNT did reach most of the systemic organs and had a high 
rate of clearance.

Exposure assessment at two BNNT facilities found boron 
concentration ranging from non-detectable to 0.95 µg/m3, 
which, if representative solely of BNNTs, is below 1 µg/m3, 

the NIOSH exposure limit set for CNT/F. BNNT structure 
count concentrations at the two manufacturing facilities 
were significantly lower than those measured previously at 
CNT/F facilities, meaning worker exposure can be adequately 
controlled through traditional methods such as engineering 
controls, work practices, and housekeeping. However, the 
exposure assessments indicated that harvesting of BNNT and 
post-harvest cleaning of growth chambers had the most likely 
potential for controlling exposures and should be targeted in 
assessment and control plans. The reduced toxicity of BNNT 
compared to CNT/F with an order of magnitude less struc-
ture count exposure suggests a reduced likelihood of human 
health effects.

Read-across of potential pulmonary hazard using previ-
ous CNT/F comparative studies and the HARN IATA predict 
purified BNNT (W2 BNNT manufactured by HABS) was not 
prone to induce remarkable pulmonary toxicity, severe long-
term pathological changes, or mesothelioma. This does not 
mean BNNT do not pose any risk. Genotoxicity of BNNT has 
not been fully evaluated. A CNT/F study that evaluated geno-
toxicity found all nine simultaneously-tested CNT/F from U.S. 
facilities, despite differences in pulmonary toxicity, induced 
genotoxicity [54]. Ingestion and dermal exposure should also 
not be dismissed, as CNT/F workers had 70% incidence of 
dermal exposure [103, 104]. Indeed, BNNT exposure led to 
alteration in host-associated gut microbiota in tadpoles [80], 
reinforcing the need for toxicity studies with routes of expo-
sure beyond inhalation.

In conclusion, BNNT toxicity is dependent on produc-
tion process, concentration, deposited dose, study design, 
and purity. In comparison to more toxic CNT/F as a reference 
HARN, BNNT conferred less toxicity both in experimental 
and predictive comparisons. Additionally, initial exposure 
assessment evaluations indicate exposures can be controlled to 
levels much less than average CNT/F exposures. Future studies 
should focus on the more purified BNNT, especially if purifi-
cation processes result in consistently extended nominal tube 
lengths. The comparative conclusions to other HARN may be 
misleading if 40% of the sample was not BNNT but impuri-
ties. Care should be taken to account for the fiber number and 
characteristics of the fibers when evaluating relative potency 
with other HARN. A robust physicochemical characterization 
and mechanism-based screening approach will help determine 
the toxicological component, the mechanism of toxicity, and 
offer a consensus on the potency as well as the toxicological 
profile of the various BNNT produced. Lastly, downstream 
high-volume applications like production of nanocomposites, 
which may use a greater % mass incorporation of BNNT com-
pared to other HARN such as CNT/F, should be evaluated to 
provide any toxicity potential to workers or consumers.
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