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Abstract

Multiwalled carbon nanotubes (MWCNTSs) are important nanomaterials having great industrial and commercial
value. Their industrial production has grown up tremendously in recent years. Several studies have documented
adverse effects of MWCNTSs on living systems. The present study examined the toxiceffects of MWCNTs on hematology
and histopathology of various organs in Wistar rats. The results have demonstrated that these nanotubes alter some
parameters of blood like total number of RBC and mean corpuscular volume at higher doses. Histopathological
analysis has shown that 2.0 and 10.0 mg/kg bw doses of MWCNTs led to histological changes both in kidney and

spleen. However, the exposure did not affect histological features of lungs.
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Introduction

Multiwalled carbon nanotubes are two-dimensional
cylindrical tubes having a diameter less than 100 nm.
Owing to unique physical and chemical properties, their
commercial applications have expanded fueling bulk level
production in many industries. According to a report, the
carbon nanotubes market is expected to grow from USD
4.55 billion in 2018 to USD 9.84 billion by 2023, with a
CAGR 16.7% (Markets and Markets report, 2018). Most
important commercial applications of MWCNTs are for
the development of integrated circuits, field emission
displays, hydrogen storage, lithium batteries, fuel cells
and drug delivery. New research is being done to find
applications infood, agriculture and cosmetics industries.
Therefore, it will not be an exaggeration to argue that in
near future we are going to be exposed to these materials
in a big way (Pertersen et al., 2011).

Ecotoxicological studies have shown that MWCNTs
bioaccumulate and reach up to higher trophic levels
(Cheng et al., 2009; Jackson et al., 2013). Many studies
demonstrated potential toxic effects on mammalian
models. Awasthi etal. (2013) reported that MWCNTs lead
to hepatic tissue inflammation, necrosis and blood
coagulation. Our previous reports demonstrated testicular
toxicity of MWCNTs in adult Wistar rats (Nirmal et al.,
2017). Arecentin vitroreportsuggests that small diameter
MWCNTs generated cellular stress and autophagy
dysfunction in endothelial cells (Zhao et al., 2019).

The current study was done with the objective to
demonstrate sub-acute toxicity of hydroxyl functionalized
MWCNTs (OH-fMWCNTs) to various mammalian tissues
following intraperitoneal (IP) administration. Three
incremental doses were selected to test the influence of
various dose levels on toxicity outcomes. The average
diameter of the tubes was 10-20 nm.

Materials and Methods
OH-fMWCNTs

OH-fMWCNTs were commercially purchased from Sisco
Research Laboratories (SRL) Pvt. Ltd. (Andheri (E), India).
The carbon nanotubes were 10 to 20 nm thick and average
length was 10-30 pm. Physical characterization details
have already been published elsewhere (Nirmal et al.,
2017).

Animal Maintenance and Exposure

Adult male Wistar rats (body weight 175£10 g) were
assorted in four groups (6 animals each) according to the
doselevel. There were three doselevels and a control group.
Doses were kept 04 (low dose), 2.0 (mid dose) and 10.0
(high dose) mg/Kg body weight. The control group
received vehicle (sterilized normal saline containing 0.1%
Tween-80) only. A total of 15 IP injections were given to
each test animal. The work was approved by the
Institutional Animal Ethical Committee (1678/GO/a/
12CPCSEA).
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Hematology

Fresh blood samples were collected and stored in fresh
EDTA coated vials at 4°C. Hematological measurements
were taken by automated blood analyzer (Accurex; CBC
360 Plus). Blood parameters studied were: total red blood
cells (RBC), white blood cells (WBC), mean corpuscular
hemoglobin (MCH), mean corpuscular hemoglobin
concentration (MCHC), mean corpuscular volume (MCV),
hemoglobin (Hb), platelets and hematocrit (HCT).

Histopathology

Histological sections were prepared using standard
double staining procedures (Nirmal et al., 2017).
Microscopic observations and microphotography were
carried out (DM 1000, Leica Microsystems, Germany).

Statistical Analysis

Values were calculated and presented as mean + standard
deviation (SD). Data was subjected to statistical analysis
using GraphPad Prism (version 8.0.2). One-way ANOVA
was used to test the statistical significance and multiple
comparisons were performed by Dunnetts multiple
comparison test (p<0.05).

Results and Discussion
General Health, Organ Indices and Abdominal Cavity

Exposure to OH-f MWCNTs did not produce significant
change in behavior such as aggression, body movements,
salivation, lacrimation, piling etc. Water and food
consumption patterns were found similar in both control
and treated groups (data not shown). Relative organ
weights of lung, kidney and heart did notshow significant
changes. Relative spleen weight in high dose treated rats
declined significantly as shown in table 1.

Table 1. Relative organ weights or indices of lung, kidney,
spleen and heart in control and OH-f MWCNTs-treated Wistar
rats.

Relative organ | Control LD group |MD  group | HD group

weight (ROW) 04 mgkg|(20 mgkg| (10 mgkg bw)
bw) bw)

Lung 0.915+0.05 |0.920+0.05 0.938+0.11 0.987+0.06

Kidney 0.517+0.04 |0.543+0.04 0.527+0.04 | 0.565+0.05

Spleen 0.628+0.05 |0.583+0.06 0.555+0.03 0.530+0.05%*

Heart 0.540+0.02 | 0.555+0.03 0.54240.02  |0.537+0.03

Values are presented as the mean + SD (n = 06; adult male rats);
Relative organ weight was calculated as (organ weight/body
weight) x 100; p < 0.05 using one-way ANOVA followed by
Dunnetts multiple comparison test; ™ significant.

Visible observation of abdominal cavities in mid and high
dose treated rats clearly revealed presence of entangled
mass of MWCNTs in visceral membranes. External

appearance of most of the organs was found normal
except that of liver which showed darkening of external
surface (Fig. 1)
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Fig. 1. Abdominal cavity exposed on the day of autopsy.

a Control, showing clean organs and visceral membranes. b
LD group abdominal cavity. c MD group shows black mass of
agglomerated MWCNTs (arrow). d HD group also showing
black mass of agglomerated MWCNTSs (arrow) near liver.

Hematological Parameters

OH-fMWCNTs exposure was associated with changes
in few hematological indicators. High dose resulted in
significantreduction of RBC and MCV. Remaining other
indicators including WBC, hematocrit, platelets, MCH,
MCHC and hemoglobin content did not show any
significant change compared to control. Low dose and
mid dose did not affect the parameters in any of the test
groups (Fig. 2).

Histopathological Observations

Lung histology exhibited normalfeaturesin all the treated
group as in the control group (Fig. 3).

Lung tissue in control group contained normal
histoarchitecture with thin interalveolar septa, normal
fibrous tissue and clearly seen alveolar sacs. There were
no major lesions, inflammation or evidence of fibrosis in
lung tissue of treated rats. Spleen and kidney histology
revealed mild damage in mid and high dose treatment
groups (Fig. 4 and 5).

In the histology of spleen, control group exhibited normal
architecture with normal periarterial lymphoid sheath,
red pulp, white pulp and lymphoid follicles. In case of
treated rats, mid- and high-dose group showed mild
increase in white pulp area with the increase of
compartments in white pulp (Fig. 4). Any major lesions
were not observed in splenic sections. In case of kidney,
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mild damage was observed in mid and high dose treated
rats. Glomerular damage was clearly seen (Fig. 5¢c & d,
arrowhead). Few instances of mild inflammatory cell
aggregation were also found (Fig. 5d, arrow).
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Fig. 2. Hematologicalindicators of rats after the intraperitoneal
exposure of OH-f MWCNTs.

Each value represents mean * standard deviation for each
treatment group (n=6). Bars with asterisk (*) show statistically
significant difference as compared to control, p<0.05. a RBC,
red blood cells. b WBC, white blood cells. ¢ hematocrit. d
MCH, mean corpuscular hemoglobin. e MCHC, mean
corpuscular hemoglobin concentration. f MCV, mean
corpuscular volume. g platelets. h Hb, hemoglobin. i legends

Fig. 5. Representative photographs showing histopathology
of kidney. a Control. b LD group. ¢ MD group. d HD group.
Magnification is 200%. Arrow and arrowheads point towards
the abnormal aspects of histology.

Present study examined the sub-acute toxicity of
MWCNTs in Wistar rats post 15 repeated IP injections.
Overall health was not significantly altered due to the
exposure except a decrease in spleen relative weight at
higher dose level. A few studies have produced similar
findings. Bai et al. (2010) studied carboxylated (COOH)-
Fig. 3. Representative photographs showing histopathology and amino (NH,)-functionalized MWCNTs with
of lung. a Control. b LD group. ¢ MD group. d HD group. diameter 20-30nm (5 repeated dosesat5 mg/kgbw dose
Magnification is 200x. level) in male mice. The group found that lung and spleen
relative weights were declined significantly in treated
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mice. Inanother study, 10 and 60 mg/kg bw of MWCNTs
were associated with decrease in body weight gain of
treated animals compared to control group after a 60-day
intravenous exposure in Kunming mice (Ji et al., 2009).

Hemocompatibility is an important aspect in toxicology
studies. Blood is the tissue which becomes a vehicle for
the distribution of test material to rest of the body. In the
process, it itself is exposed to the material. In the current
study, RBC and MCV were affected due to the exposure of
MWCNTs as shown in the results section. Rest other
parameters showed insignificant changes in their mean
values as compared to the control groups. Kavosi et al.
(2018) have reported toxicities of single walled CNTs
(SWCNTs) and MWCNTs in BALB/ ¢ female mice. Both
the CNTs were injected in mice once at different doses (0.5
and 1.0 mg/kg bw). After 7 days, the hemoglobin, RBC,
WBC and hematocrit counts remained in normal range.
Animals exposed with 1mg/kg SWCNT showed a
significant elevation in MCH and MCHClevels (P<0.0001),
but MWCNTs did not affect these parameters at similar
dose level. All the exposed mice with SWCNT and
MWCNT demonstrated significant decrease inMCV count
(P=0.0025) and increase in platelet count (P’<0.0001)
compared to the control group. SWCNTs owing to their
sharp and needle shaped morphology may adversely
affect blood cells while MWCNTs which have multiple
layers inflict lesser damage.

MWCNTs owing to nano size is capable of entering into
various organs and tissues of the body. Distribution to
various organs not only depends upon route of
administration but the nature of the nanomaterial to be
administered. For instance, water-soluble functionalized
MWNTs were found to distribute in various body tissues
and compartments of mice after IP injections (Guo et al.,
2007). Therefore, MWCNTs have the potential to induce
adverse effects on tissues. In the current study, 2.0 and
10.0mg/ kg IP doses of hydroxyl functionalized MWCNTs
induced mild tissue damage in spleen and kidney as
revealed by histopathological analysis. The present
findings are consistent with the results obtained by Qi et
al. (2017). They injected 12.4 mg/kg MWCNTs
intravenously in model mice. Examination of various
biochemical parameters and histology revealed a
significant dose-dependent toxicity. In lung tissue, edema
and alveoli rupture were observed. Spleen showed fibrosis
and damage. Similarly, kidney tissue also showed
damages such as disordered kidney tubules, damage to
podocytes and parietal cells. Liver and heart tissues were
not affected in the study. In contrast to the above report,
Kovasi et al. (2018) show that 1.0 mg/kg dose of MWCNTs
did not affect most of the organs (lungs, kidney, spleen,
brain, heart) except evidence of cell shrinkage in liver. The
differencein findings clearly dependsupon the dose levels.

Direct instillation of MWCNTs in lungs is associated with
lung fibrosis, inflammation and DNA damage (Gate et al.
2019).

Conclusion

The present work examined the toxicity of OH-fMWCNTs
in adult Wistar rats in a sub-acute time frame and repeated
dosing schedule. Intraperitoneal injections led to exposure
related toxic changes in the parameters of study. Major
altered parameters included RBC number, MCV, spleen
histology and kidney histology. One point that is apparent
from results is that toxic changes were dose dependent.
Mid (2.0 mg/kg bw) or high (10.0 mg/kg bw) or both
resulted in toxicity while, low dose (0.4 mg/kg bw) did
not affect any parameter. The currentreport suggests that
MWCNTs havethe potential to produce toxicity to various
tissues and care should be exercised before these
materials enter our daily life in substantial manner.

Acknowledgement

We acknowledge Indian Council of Medical Research,
New Delhi for partial financial assistance as Junior
Research Fellowship (3/1/3/JRF-2011/HRD 107/81242)
to Naresh Kumar Nirmal.

Conflict(s) of interest

The author(s) declared no potential conflicts of interest
with respect to the research, authorship, and/or
publication of this article.

References

Awasthi, K.K.,John, P.J., Awasthi A., Awasthi, K. (2013)
Multi walled carbon nanotubes induced
hepatotoxicity in Swiss albino mice. Micron 44:359-
364.

Bai, Y., Zhang, Y., Zhang, J., Mu, Q., Zhang, W., Butch,
E.R, Snyder, S.E., Yan, B. (2010) Repeated carbon
nanotube administrations in male mice cause
reversible testis damage without affecting fertility. Nat
Nanotechnol 5:683-689.

Cheng,J.,Chan,C. M., Veca, L. M., Poon, W.L, Chan, P.K.,
Qu, L., Sun, Y., Cheng, S.H. (2009) Acute and long-
term effects after single loading of functionalized
multi-walled carbon nanotubes into zebrafish (Danio
rerio). Toxicol Appl Pharmacol 235(2):216-25.

Gate, L., Knudsen, K. B., Seidel, C., Berthing, T., Chézeau,
L., Jacobsen, N.R., Valentino, S., Wallin, H., Bau, S.,
Wolff, H., Sébillaud, S., Lorcin, M., Grossmann, S.,
Viton, S., Nunge, H., Darne, C., Vogel, U., Cosnier, F.
(2019) Pulmonary toxicity of two different multi-
walled carbon nanotubes in rat: Comparison between
intratracheal instillation and inhalation exposure.
Toxic Appl Pharmac 375:17-31.

[1sU %?

36



Nirmal et al., 2020

Guo, J., Zhang, X., Li, Q., Li, W. (2007) Biodistribution of
functionalized multiwall carbon nanotubes in mice.
Nucl Med Biol 34(5):579-83.

Jackson, P., Jacobsen, N.R., Baun, A., Birkedal, R., Kiihnel,
D., Jensen, K.A., Vogel, U., Wallin, H. (2013).
Bioaccumulation and ecotoxicity of carbon nanotubes.
Chem Cent | 7(1):154.

Ji, Z., Zhang, D., Li, L., Shen, X. (2009) The hepattoxicity of
multi-walled carbon nanotubes in mice. Nanotechnol
20(44):445101.

Kavosi, A., Noei, S H.G., Madani, S., Khalighfard, S.,
Khodayari, S., Khodayari, H., Mirzaei, M., Kalhori,
M.R., Yavarian, M., Alizadeh, A.M., Falahati, M.
(2018) The toxicity and therapeutic effects of single-
and multi-wall carbon nanotubes on mice breast
cancer. Sci Rep 8:8375.

Markets and Markets, Carbon Nanotubes (CNT) Market
by Type (Single, Multi Walled), Method (Chemical
Vapour Deposition, Catalytic Chemical Vapour
Deposition, High Pressure Carbon Monoxide),
Application (Electronics, Chemical, Batteries, Energy,
Medical) - Global Forecast to 2023. 2018, https://
www.marketsandmarkets.com/Market-Reports/
carbon-nanotubes-139.html.

Nirmal, N.K., Awasthi, K.K. John, P.J. (2017) Effects of
hydroxyl-functionalized multi-walled carbon
nanotubes on sperm health and testes of Wistar rats.
Toxicol Ind Health 33(6):519-529.

Petersen, E.J., Zhang, L., Mattison, N.T., O Carrol, D.M.,
Whelton, AJ., Uddin, N., Nguyen, T., Huang, O.,
Henry, T.B., Holbrook, O.R.D., Chen, K.L. (2011)
Potential release pathways, environmental fate, and
ecological risks of carbon nanotubes. Environ Sci
Technol 45(23):9837-56.

Qi, W,, Tian, L., An, W, Wu, Q., Liu, ], Jiang, C., Yang, J.,
Tang, B., Zhang, Y., Xie, K., Wang, X., Li, Z., Wu, W.
(2017) Curing the Toxicity of Multi-Walled Carbon
Nanotubes throughNative Small-molecule Drugs. Sci
Rep 7:2815.

Zhao, X.,Chang, S., Long,J., Li,]., Li, X, Cao, Y. (2019) The
toxicity of multi-walled carbon nanotubes (MWCNTs)

to human endothelial cells: The influence of diameters
of MWCNTs. Food Chem Toxicol 126:169-177.

IISU%

37



