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The effects of functionalization of
carbon nanotubes on toxicological
parameters in mice
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Abstract
Carbon nanotubes (CNTs) have emerged as a new class of multifunctional nanoparticles in biomedicine, but
their multiple in vivo effects remain unclear. Also, the impact of various functionalization types and duration of
exposures are still unidentified. Herein, we report a complete toxicological study to evaluate the effects of
single- and multiwalled carbon nanotubes (SWCNTs and MWCNTs) with either amine or carboxylic acid
(COOH) surface functional groups. The results showed that significant oxidative stress and the subsequent cell
apoptosis could be resulted in both acute and, mainly, in chronic intravenous administrations. Also, male
reproductive parameters were altered during these exposures. The amino-functionalized CNTs had more
toxic properties compared with the COOH functionalized group, and also, in some groups, the multiwalled
nanotubes were more active in eliciting cytotoxicity than the single-walled nanotubes. Interestingly, the
SWCNTs-COOH had the least alterations in most of the parameters. Evidently, it is concluded that the
toxicity of CNTs in specific organs can be minimized through particular surface functionalizations.

Keywords
Carbon nanotubes, functionalization, oxidative stress, male reproductive toxicity, sperm, TUNEL, apoptosis

Introduction

In the last few decades, nanotechnology has opened

new insights into the medical sciences, and currently,

nanomedicine is introducing many practical proce-

dures to overcome the human disease. The develop-

ment of safe, multifunctional nanomaterials has been

the hub of great achievements in nanomedicine.1–8

Diverse micro- and nanosystems ranging from well-

known liposomes, niosomes, and micelles to the

newly discovered carbon nanomaterials and inorganic

particles such as quantum dots, gold, iron, and silica

nanoparticles have been proposed in numerous stud-

ies to deliver various biomolecules.9–12 The extraor-

dinary features of carbon nanotubes (CNTs) have

brought them to the attention of numerous industries,

which explain the several hundred tons of CTNs pro-

duced every year. This huge market for CNTs is

growing annually (with a rate of 20%) and is esti-

mated to be valued at US$5.64 billion by 2020.13

On the other hand, CNTs have shown promising
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potentials in most aspects of nanomedicine and nano-

biotechnology such as drug and gene delivery, cardi-

ovascular research, use as antibacterials, Alzheimer’s

disease, imaging probes, and nanoremediation to

name a few as reviewed recently, in part, by our

group.14–20 The widespread application of CNTs,

while an indicator of their value and versatility, has

raised much concern about the probable consequences

of their introduction into the environment and the

body. Furthermore, many of the promising biomedi-

cal applications of CNTs, such as imaging, drug deliv-

ery, and cancer therapy, need direct intravenous (iv)

injections of the nanotubes into the body.21–23 There-

fore, great effort is currently being made to under-

stand the probable adverse effects of CNTs in

biologic systems while considering procedures to

lower their undesirable effects.24

CNTs are structurally tiny tubes of graphene layers

which can be synthesized as single-walled CNTs

(SWCNTs) or multiwalled CNTs (MWCNTs).25,26

CNTs and graphenes have shown high potential to

transfer a wide range of molecules like chemothera-

peutics,27–29 antibiotics,30,31 and nucleic acids32,33

into the cells. Pristine (the original form of CNTs after

production without any surface modifications) CNTs

are completely insoluble in biological solutions; there-

fore, numerous successful functionalization techniques

have been proposed to overcome this problem.34,35

Among the diverse primary functionalization routes

taken to prepare CNTs for attachment to other func-

tional routs, surface oxidation, and further amination

have proved more effective and popular,36,37 render-

ing the assessment of their toxicological pattern a

necessity.

In addition to the surface functional groups, as pre-

viously reported by Stern and McNeil, some other

major factors like number of layers, length, concen-

tration, solvent, exposure route, and period and also

synthesis method and residual catalysts could greatly

influence the toxicity profile of CNTs, as seen in

many other nanoparticles.38 Despite the large body

of data collected on the toxicology of CTNs, contro-

versy continues to shroud much of the findings, neces-

sitating the conduction of further studies aimed at

clarifying the ultimate effects of various types of

CNT.39,40 Proper functionalization seems to be an

important step in reducing toxicity, since pristine

CNTs tend to accumulate and agglomerate in

organs.41 Overall, it can be concluded from the liter-

ature that current data suggest that CNTs accumulate

and clear from animal organs very slowly,42,43

inducing oxidative stress44,45 and apoptosis in

cells46,47 and organs48,49 as well as inducing inflam-

mation and epithelial granuloma formation in the

lungs.50,51

Although the reproductive toxicity of several nano-

particles, including carbon nanoparticles, has been

studied,52–55 few studies were related to the male

reproductive system.56,57 The male reproductive sys-

tem is vulnerable to many exogenous compounds and

environmental pollutants.58 Therefore, the application

of any nanoparticle, especially CNTs, in clinical stud-

ies on the male reproduction system calls for a robust

body of in vivo research examining its impact on

spermatogenesis.

Thus, in this study, we aim to evaluate the acute

and subchronic (5 weeks) toxic effects of SWCNTs

and MWCNTs functionalized with two core groups

(carboxyl and amine) in the most important organs of

mice, with special focus on spermatogenesis and the

male reproductive system. Due to the importance of

oxidative stress in causing the presumed toxicity, the

oxidative stress parameters will also be fully

investigated.

Materials and methods

Materials

Pristine MWCNTs and SWCNTs were obtained from

the Research Institute of Petroleum Industry (RIPI),

Tehran, Iran. Ketamine, xylazine, formalin solution

(neutral buffered, 10%), trichloroacetic acid (TCA),

triton X-100, n-butanol, 2-thiobarbituric acid (TBA),

acetic acid glacial, tris-buffered saline, and hydrogen

chloride were purchased from Merck Company

(Germany). Evans blue, malondialdehyde (MDA),

5,50-dithio bis-2-nitrobenzoic acid (DTNB), ethyle-

nediaminetetraacetic acid, hydrogen peroxide, and

formamide were obtained from Sigma-Aldrich (St

Louis, Missouri, USA). 2,4-Dinitrophenylhydrazine

(DNPH) was obtained from Scharlau Co (Barcelona,

Spain). Guanidine hydrochloride was purchased

from SAMCUN pure Chemical Co. (South Korea).

L-Glutathione (GSH) was obtained from Solarbio

Co. (Beijing, China).

Preparation of CNTs formulations

In this study, carboxylic acid-functionalized carbon

nanotubes (CNTs-COOH) were obtained from our

recent study and all the analyses including Fourier-

transform infrared (FTIR) and transmission electron
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microscopy (TEM) were stated in that report.59

Briefly, CNTs were suspended in a concentrated sul-

furic acid–nitric acid mixture (3:1 v/v) and sonicated

in a bath sonicator (SONOREX, BANDELIN DT52,

Berlin, Germany, with the ultrasonic frequency of 35

kHz and a nominal power of 60 W) for 4 h. The CNTs

were collected as a paste on the filter and were washed

with distilled water for several times. The final prod-

ucts, that is, SWCNTs-COOH and MWCNTs-

COOH were dried at 60�C under vacuum and stored

at room temperature. Amino-functionalized CNTs

(CNTs-NH2) were obtained through direct coupling

of 1,6-diamino hexane with the carboxylic group of

CNTs-COOH after activation with thionyl chloride

(SOCl2) Similarly, final CNTs-NH2 (nominated as

SWCNTs-NH2 and MWCNTs-NH2) were collected

and stored as above.

Animals

Male albino mice (6 weeks old, 22 + 2 g) were

obtained from the Kerman Neuroscience Research

Center, Kerman, Iran. The animals were housed in

individual cages and allowed to acclimate to the envi-

ronment for 4–5 days prior to the study, with a 12-h

light/12-h dark cycle and free access to standard

rodent laboratory diet and water ad libitum. The tem-

perature was maintained between 21�C and 24�C,

with the relative humidity of 50 + 5%. Animal cages

were kept clean and all ethical guidelines for the use

of laboratory animals were followed carefully based on

the national guidelines from the Ministry of Health and

Medical Education of Iran. The research proposal and

animal studies were all approved by the ethical commit-

tee of the Kerman University of Medical Sciences with

the approval code of IR.KMU.REC.1397.273.

Study design and animal treatments

Previous report by our group60 dealt with a single

dose of 70 or 150 mg/injection of functionalized CNTs

(�3.75 or 7.5 mg/kg) and also other reports used the

same range of CNTs concentrations for various pur-

poses (�50 mg to more than 300 mg/injection).51,61–63

Herein, we tried to increase the tolerable dosages and

given that doses of 4 mg/kg body weight/twice a week

for five consecutive weeks (i.e. 12 doses and overall

48 mg/kg at the end of study) were toxic and caused

pronounced weight loss and mortality, thus the dose

was decreased to once a week in this study. Therefore,

one acute treatment protocol was planned in which

mice were injected with the dose of 4 mg/kg on days

1, 7, and 14 (overall 12 mg/kg) and toxicological

parameters were evaluated on day 15. Also, similarly,

one subchronic treatment protocol was planned and

injections were continued on days 21, 28, and 35

(overall 24 mg/kg) and mice were evaluated on day

36. After 1 week of acclimatization, the animals were

randomly divided into 10 groups. All the male mice

were roughly in the same range of weight (�20–24 g)

and they were equally and randomly to color and

other properties divided into 10 groups (n ¼ 8),

according to a random digit table. Groups 1 and 2:

vehicle control (phosphate-buffered saline (PBS));

groups 3 and 4: SWCNTs-COOH; groups 5 and 6:

MWCNTs-COOH; groups 7 and 8: SWCNTs-NH2;

and groups 9 and 10: MWCNTs-NH2 with eight mice

per group and all the groups were randomly selected

for the acute and subchronic protocol. CNTs were iv

injected with a dose of 4 mg/kg body weight at the

rate of 0.1 mL/min into the tail vein of each BALB/c

mice, once a week. Mortality, behavioral changes,

changes in body weights, and any signs of cholinergic

toxicity were recorded during the study and compared

with the control group. All animals were weighed at

the beginning and at the end of each treatment. After

24 h of the last treatment, the animals were anesthe-

tized by injecting 20% ketamine/xylazine (intraperi-

toneally, 1 mL/100 g body weight). Brain, Lung,

liver, heart, spleen, kidney, testis, epididymis, and

seminal vesicles were surgically removed, immedi-

ately washed with an ice-cold physiologic saline solu-

tion, blotted dry, weighed, and stored at �80�C for

further analyses.

The sections of kidney, liver, lung, spleen, testis,

and epididymis tissues were fixed in 10% formalin

and embedded in paraffin. Five-micron thick sections

were stained with hematoxylin and eosin (H&E) and

then examined in the pathology laboratory with a

Nikon light microscope (Nikon Eclipse Ti, Tokyo,

Japan) with an attached digital camera (NikonDS-

Ri2, Tokyo, Japan) at 400� magnification. All the

experiments were repeated at least three times as indi-

vidual studies.

Tissue homogenate preparation

The main organs of each mouse (liver, lung, spleen,

testis, and kidney) were homogenized by T-18 Ultra

Turrax Homogenizer (IKA, Germany) in a PBS buffer

(0.2 M, pH ¼ 7.4) on ice. The homogenates were

centrifuged at 3000 � g for 15 min at 4�C to collect

the supernatant. Supernatant fractions were preserved
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at �80�C until the assays of MDA, carbonyl, super-

oxide dismutase (SOD), and total thiol content lev-

els.64 The protein concentrations in the supernatant

were determined using the Bradford method65 regard-

ing bovine serum albumin as the standard.

Assessment of oxidative stress parameters

Lipid peroxidation (TBARS) assay. MDA is a product

from oxidation of polyunsaturated fatty acids and can

react with TBA in hot acidic conditions to produce a

pink complex with maximum absorption of 532 nm.66

Lipid peroxidation was determined on the tissues

whole homogenates from control and treated animals,

by estimating MDA formed with TBA and expressed

as nmol/mg protein.67 TBA reactive substances

(TBARS) were measured with an ELISA, set at 532

nm and compared with standard MDA solution.

PCs contents. The oxidative damage to protein was

evaluated by the determination of carbonyl groups

based on the reaction with DNPH.68,69 The homoge-

nate sample and 20% TCA were centrifuged at 4�C
for 15 min. Pellet was incubated with 10 mM DNPH

in 2 M HCl for 1 h with regular stirring. The pellets

were washed with ethanol: ethyl acetate and dissolved

in 6 M guanidine hydrochloride and carbonyl contents

were determined from the absorbance at 366 nm using

a molar absorption coefficient of 22,000/M/cm.66

SOD activities. SOD assays were based on the ability to

inhibit oxidation of oxyamine by the xanthine–

xanthine oxidase system. SOD activity was deter-

mined at room temperature according to the method

of Marklund and Marklund70 with some modifica-

tions.71 SOD activity was measured at 480 nm for 4

min on an ELISA Reader ELX800 (BioTek, Vermont,

USA). The unit of activity is defined as the amount of

enzyme that inhibits the rate of autooxidation of pyr-

ogallol by 50% under standard conditions and was

expressed as U/mg protein.

Total GSH content. Total GSH content in tissues was

measured by the method of Hu72 with some modifi-

cations73 by using DTNB. Sample concentrations of

GSH were determined from the standard curve. The

chromophoric product resulting from the reaction of

the reagent with GSH, that is, 2-nitro-5-thiobenzoic

acid possesses a molar absorption at 412 nm. The

concentration of GSH in tissues was expressed as

mmol/mg protein.

TUNEL assay. For detection of apoptosis at the cellular

level and based on labeling of DNA strand breaks, the

terminal deoxynucleotidyl transferase dUTP nick end

labeling (TUNEL) kit (Roche, Germany) was used.

For TUNEL assay, mice were in the subchronic

group, that is, they received 4 mg/kg of CNTs with

the accumulative dose of 24 mg/kg. The paraffin sec-

tions were dewaxed and rehydrated by standard meth-

ods. Protease K was added and incubated for 30 min

at 37�C. Positive control sections were incubated for

10 min in DNase 1. The sections were incubated with

TUNEL reaction mixture. Antifluorescein-alkaline

phosphatase was added and incubated for 30 min at

37�C. Subsequently, the sections were washed in PBS

and incubated for 20 min with the substrate. They

were analyzed by light microscopy. The apoptotic

indexes of 100 randomly selected tubules were eval-

uated, and the mean apoptotic index of each case was

calculated.74

Assay for caspase-3 activation. To explore the potential

mechanism of CNTs-induced apoptosis, the relative

levels of key apoptosis-related protein (caspase 3)

were evaluated by western blot analysis. For

caspase-3 assay, mice were in the subchronic group,

that is, they received 4 mg/kg of CNTs with the accu-

mulative dose of 24 mg/kg. Tissues were homoge-

nized in an ice-cold PBS and protease inhibitor.

After determining protein concentration with Brad-

ford assay, 30–50 mg protein (30 mg for liver and lung

and 50 mg for testis) was loaded onto a 12–15%
sodium dodecyl sulfate-polyacrylamide gel and sepa-

rated by electrophoresis, and finally, proteins were

transferred to polyvinylidene difluoride membranes

(Roche, Germany). The membranes were blocked

with 5% nonfat dry milk and then probed with the

primary antibodies: anti-caspase-3 (9662s; Cell Sig-

naling Technology, Danvers, Massachusetts, USA)

and b-actin antibody (sc-47778; Santa Cruz Biotech-

nology, Dallas, Texas, USA) at 4�C overnight under

constant rotation. The membrane was then washed

three times with tris-phosphate buffer saline

(TPBS;PBS and 0.1% Tween 20), incubated further

with secondary antibody (anti-rabbit and anti-mouse)

at room temperature and then washed three times with

TPBS. The immunoblot was visualized by the use of

an enhanced chemiluminescence detection kit

(Roche, Germany).

Sperm extraction. The cauda epididymis part of mice

was chosen for sperm count and motility. Cauda
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epididymides were minced and incubated for 20 min at

37�C in an atmosphere of 5% CO2 in 2 mL of preincu-

bated Roswell Park Memorial Institute (RPMI) Medium

and allowed to extract the activated sperms.

Sperm motility. Well-mixed fresh sperm suspension (10

mL) was put in the center of the lower glass and imme-

diately was covered. First, the motile spermatozoas

within the area of the grid were counted and then the

immotile spermatozoas which did not show any

movement were counted under the microscope (BIO1

Microscopes, BEL Engineering, Italy).75 Data were

expressed as the percentage of motile sperms.76

Sperm count. The sperm suspensions were diluted 1:20

in a diluting solution (sodium bicarbonate and forma-

lin in distilled water) to be counted by Neubauer-type

hemocytometer under the microscope. Mature sper-

matids were counted in a Neubauer chamber (four

fields per each group was analyzed).

Sperm viability and morphology. A total of 10 mL from

each sample was mixed with 10 mL of 0.5% eosin Y

stain on a glass microscope slide and the suspension

was incubated for 30 s at room temperature (20�C)

where it was smeared by sliding a coverslip. Light

microscopy was used to determine the percentage of

viable sperm as the live sperms remained white while

dead sperms were stained red.77 The morphology was

regarded as normal when the acrosome was curved

like a hook, and the neck was straight with a free-end

single tail. Morphology was regarded as abnormal

when the head was smaller than the normal state or

without curvature, the neck was broken, and the tail

was isolated or rolled into a spiral form or was cut.78

Evaluation of BTB permeability. Blood–testis barrier

(BTB) was evaluated by the Evans blue extravasation

method.79,80 Evans blue (2% in saline, 3 mL/kg; Sigma-

Aldrich) was given iv at 3 h before sacrificing followed

by transcardial perfusion of NaCl 0.9% to remove the

intravascular dye from the vessels until the drainage was

colorless. Afterward, one testis was removed, weighed,

dried in a desiccator oven for 48 h at 60�C, and

reweighed. Dried tissue was incubated in N,N-dimethyl-

formamide (Sigma-Aldrich) in 60�C water bath for 24

h. Evans blue content was determined in the superna-

tants at 632 nm using a spectrophotometer (JENWAY

6505 UV-vis spectrophotometer, Staffordshire,

UK). Absorbance was compared with a standard

curve of 0.05–25 mg/mL Evans blue in N,N-

dimethylformamide. Extravasation is expressed as

nanogram of Evans blue per milligram of dry weight.

Another testis was sectioned into slices (10 mm in thick-

ness) by freezing for an examination of BTB integrity.

Evans blue entrapped in the sections of testis and

showed an emission light at 595 nm while being excited

at 540–580 nm in a fluorescence microscope (Nikon

Inverted Microscope Eclipse Ti-U, Nikon Instruments,

Tokyo, Japan). Positive controls were animals that

received cadmium chloride IP at a dose of 5 mg/kg body

weight 24 h before Evans Blue injection.

Histopathological evaluation. Histopathology of the

lung, liver, spleen, kidney, testis, and epididymis was

studied with the H&E staining with subsequent light

microscopy examination. Tissue samples were fixed

in 10% formalin solution, and after 24 h were passed

in a series of graded ethanol, and embedded in paraf-

fin blocks. Paraffin sections were cut into 5-mm thick

slices and placed onto glass slides.

Statistical methods

The presence of significant differences between

mean groups was determined using analysis of var-

iance with Scheffe’s S method as the post hoc test.

The experimental results were expressed as mean +
standard deviation (SD). Statistical differences

between groups were determined by the Student’s

t-test. p Values less than 0.05 were regarded as sta-

tistically significant. All statistical tests were per-

formed using the Statistical Package for Social

Sciences (SPSS, version 18).

Results

CNTs preparations

Our previous report showed that based on the men-

tioned synthesis protocol, the mean diameters for

most SWCNTs and MWCNTs were determined to

be 10 and 16 nm, respectively.59 The lengths of CNTs

preparations were about 1–10 mm. Zeta potentials for

pristine CNTs and CNTs-COOH and CNTs-NH2 pre-

parations were about�25,�39, and�16 mV, respec-

tively. A reduction in zeta potentials in CNTs-COOH

and an increase in zeta potentials in CNTs-NH2 could

be related to their surface charges. All formulations

were analyzed for any precipitation after 1 min, 30

min, 60 min, and 30 days of synthesis and dispersion

through bath sonication (Figure 1). CNTs-NH2 groups

started to sediment after 30 min while CNTs-COOH

Mohammadi et al. 5



groups showed this sedimentation near 60 min after

dispersion. Also, almost all of the nanotubes sedimen-

ted during 1 month of storage.

Mortality and behavioral changes

Primary injection of CNTs-NH2 was accompanied by

agitation in mice and showing aggressive behaviors.

The rate of mortality was 15% and 22% for SWCNTs-

NH2 and MWCNTs-NH2, respectively. Some

behavioral changes were also seen in the MWCNTs-

COOH group without mortality. Surprisingly, the

SWCNTs-COOH group (and of course the control

group) did not show any abnormal behavior changes,

and no mortality was seen in this group. Body weight

and relative weights of liver, lung, spleen, kidney,

testis, seminal vesicle, and right epididymis in control

and treatment groups are presented in Figure 2. Body-

weight significantly decreased (p < 0.05, 35-day post-

treatment) in the two CNTs-NH2 groups compared

with the control. On the other hand, CNTs-COOH

groups did not show any significant change in body

weight. Liver, lung, and spleen weights increased

insignificantly at 15- and 35-day posttreatment. There

were no differences in weights of the brain, heart,

kidneys, testes, epididymes, and seminal vesicles at

the end of the experiment among the treated groups.

Effect of CNTs on oxidative stress

Significant alterations in tissue levels of TBARS were

found in almost all of the CNTs-exposed cases in

comparison to control subjects (Figure 3(a)). Also,

during the subchronic phase, the increasing effects

of CNTs on TBARS were higher for CNTs-NH2

groups compared with the CNTs-COOH groups (p <

0.01). Protein carbonyl (PC) levels (Figure 3(b)) were

significantly (p < 0.05) elevated by MWCNTs-

COOH, SWCNTs-COOH, and also by SWCNTs-

NH2 and MWCNTs-NH2 (p < 0.001), in almost all

of tissues in comparison to the control. However, dur-

ing the acute phase, SWCNTs-COOH did not show

Figure 1. Nanoparticles stability in CNTs formulations over different time periods is presented. CNT: carbon nanotube.
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any significant alteration of PC levels except in the

lung. The SOD activity of all organs (Figure 4(a)) was

significantly reduced in CNTs-COOH (p < 0.01) and

CNTs-NH2 (p < 0.001) in relation to control. GSH

levels were measured (Figure 4(b)) and results stated

that similar to the above trend, GSH levels had also

decreased significantly in the treatment groups com-

pared with the control group treated with normal sal-

ine. Moreover, CNTs-NH2 significantly decreased the

GSH levels in all organs of the experimental mice

more than the CNTs-COOH group did.

Histopathology

Histopathology of the lung, liver, spleen, and kidney. The

results from the histopathological examination of

lungs, liver, spleen, and kidneys after treatment with

two doses of CNTs, the groups were scored using the

following criteria: minimal, mild, moderate, and

severe. There were no severe pathological findings

in any of the sections and most of the findings showed

mild and moderate changes mostly in the 35-day

treatment groups. Animal lungs exhibited moderate

fibrosis, congestion, perivascular, and peribronchial

inflammation in a dose-dependent manner in CNTs-

NH2 groups while these changes were also evident in

CNTs-COOH groups but to a mild degree (Figure 5(a)

to (g)). Liver results indicate a similar trend to the

lung findings as the CNTs-NH2 groups were more

prone to induce moderate changes in comparison to

the CNTs-COOH groups (Figure 5(h) to (n)). In both

Figure 2. Body and organ weight. (a) Relative organ’s weight at days 15 and 36. (b) Body weight changes (percent) at days
15 and 36. Data are reported as mean + SD (n ¼ 8 mice per group). *p < 0.05 versus control. SD: standard deviation.
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organs, the lesions were clearly fewer at lower admi-

nistrated doses. Moreover, the accumulation of nano-

tubes had taken place in Kupffer cells and alveolar

macrophages of liver and lung, respectively. Spleen

samples showed moderate congestion and mild tortu-

ous splenic sinusoids (TSS) in CNTs-NH2 groups and

mild congestion and TSS in the MWCNTs-COOH

group. SWCNTs-COOH showed minimal changes,

and no CNTs aggregates and necrosis were found in

the spleens of any treated groups. The kidney samples

did not show any specific morphological and patho-

logical changes, except moderate inflammation and

congestion in the CNTs-NH2 and mild congestion

without inflammation in CNTs-COOH groups, with-

out accumulation (data not shown). Simple photo-

graphs were also taken of organs after 5 months of

the final dose without carrying out pathological stud-

ies (Supporting information, Figures S1 and S2). Mor-

phological findings indicated that tissue color could

turn from black to an almost normal state in some

groups (mostly in SWCNTs-COOH) during this time,

and this might be a sign of gradual elimination of

nanotubes.

Histopathology of the testes and epididymes. Represen-

tative micrographs of seminiferous tubules in differ-

ent groups are shown in Figure 6(a) to (f).

Histological study of testes demonstrated consider-

able changes in CNTs-NH2-treated animals as com-

pared with the control in a dose-dependent manner

(Figure 6(b) to (d)). Findings include seminiferous

tubules with vacuolization, degeneration, edema, and

reduced thickness of the germinal epithelium. Sper-

matogenic cells decreased in some seminiferous

tubules of testes. The thickness of the germinal

epithelium was drastically reduced in some of the

tubules due to tubular degeneration. Moreover, many

seminiferous tubules in CNTs-NH2 groups showed

Figure 3. Effects of CNTs (4 mg/kg) for 15 days (accumulative dose: 12 mg/kg) and 36 days (accumulative dose 24 mg/kg)
on the oxidative stress parameters. (a) MDA concentration and (b) PC concentration in liver, lung, kidney, spleen, and
testis. Values are expressed as mean + SD, for n ¼ 8. *p < 0.05; **p < 0.01; ***p < 0.001 compared with control and
#p < 0.05; ##p < 0.01; ###p < 0.001 compared with other CNTs groups. CNT: carbon nanotube; MDA: malondialdehyde;
PC: protein carbonyl; SD: standard deviation.
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germ cell disorganization with necrotic cellular deb-

ris. Similar to other pathological results, MWCNTs-

COOH exposure led to mild testicular hypertrophy,

and no lesion was present in the SWCNTs-COOH

group (Figure 6(e) and (f)). The epididymes of

exposed mice were indicative of congestion and

edema in CNTs-NH2 groups while changes were

much fewer in the CNTs-COOH-treated animals

(Figure 6(g) to (k)). Also, a considerable reduction

in sperm count was seen in amino-functionalized

groups.

Sperm characteristics. Epididymal sperm count

(Figure 7(a)), motility (Figure 7(b)), and viability

(Figure 7(c)) are shown for control- and CNTs-

treated groups. Treatment of male mice with almost

all CNTs groups caused a significant decrease in

sperm concentration, motility, and viability 35-day

posttreatment. We observed that CNTs treatment

impaired sperm morphology (Figure 7(e) and (d)).

SWCNTs-COOH treatment did not cause significant

sperm abnormalities. While the MWCNTs-COOH,

SWCNTs-NH2, and MWCNTs-NH2 groups had sig-

nificantly higher abnormalities compared with the

control group.

BTB integrity. BTB integrity was determined by

Evans blue extravasation method by reading the

absorbance at 632 nm. All CNTs groups except the

SWCNTs-COOH caused a significant increase in

Evans blue extravasation in testis tissue only in the

36-day treatment protocol compared with the con-

trol (Figure 8).

Figure 4. Effects of CNT (4 mg/kg) for 15 days (accumulative dose: 12 mg/kg) and 36 days (accumulative dose 24 mg/kg)
on the oxidative stress parameters. (a) SOD and (b) GSH activity in liver, lung, kidney, spleen, and testis. Values are
expressed as mean + SD, for n ¼ 8. *p < 0.05; **p < 0.01; ***p < 0.001 compared with control and #p < 0.05; ##p < 0.01;
###p < 0.001 compared with other CNTs groups. CNT: carbon nanotube; SOD: superoxide dismutase; SD: standard
deviation; GSH: glutathione.
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Apoptosis. The involvement of apoptosis in testes

was examined as a function of time over 36 days

by using the TUNEL test. TUNEL cells (brown)

were visible in the positive control (Figure 9(a2)),

while in the negative control, no signal was

detected (Figure 9(a1)). Few TUNEL positive cells

(TUNEL þ) were detected in SWCNTs-COOH

(Figure 9(a3)), and apoptotic cells were mostly

germ cells and were observed in MWCNTs-

COOH, SWCNTs-NH2, and MWCNTs-NH2 groups

(Figure 9, (a4) to (a6)).

In vivo apoptosis evaluation was also determined

in other organs as depicted in Figure 10. The results

from Western blot analysis showed that the amount of

cleaved caspase-3, indicative of caspase-3 activation,

significantly increased in most of the treated groups

compared with the control group. These data show

that treatment with CNTs could elicit enhanced apop-

tosis although it was mainly in the SWCNTs-NH2 and

MWCNTs-NH2 groups.

Discussion

The unique physicochemical properties of CNTs

make them attractive for diverse therapeutic applica-

tions.81–84 In spite of numerous interesting biomedical

applications of CNTs, their clinical studies in humans

are still limited by inadequate safety requirements and

toxicological data.85–87 Advanced functionalized

CNTs could improve the biological compatibility of

Figure 5. The lung and liver histology investigation after exposure to CNTs. Lung histology: (a) control. (b)–(d) CNTs-
NH2 groups: (b) congestion, (c) fibrosis, and (d) sedimentation of CNTs in lung. (e)–(g) CNTs-COOH groups: (e)
congestion, (f) fibrosis, and (g) sedimentation of CNTs in the lung (40� scale bar). Liver histology: (h) control. (i)–(k)
CNTs-NH2 groups: (i) congestion, (j) inflammation, and (k) sedimentation of CNTs in liver. (l)–(n) CNTs-COOH groups:
(l) and (m) congestion and (n) sedimentation of CNTs in the liver (40� scale bar). CNT: carbon nanotube; NH2: either
amine; COOH: carboxylic acid.
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nanotubes and pave the way to many medical appli-

cations.88,89 Recently, different aspects of CNTs toxi-

city have become extremely important; for example,

El-Gazzar et al. showed MWCNTs are more toxic

than double-walled carbon nanotubes.90 Chemical

functionalization of CNTs with COOH or NH2 groups

displays effective methods to enhance water solubility

and dispersibility.91,92 Therefore, functionalized

CNTs are generally more biocompatible than pristine

CNTs because of improved hydrophilicity and greater

dispersion in biological media.89,93 Numerous in vitro

and in vivo toxicity studies of functionalized CNTs

have supported this concept in addition to exploring

the in vivo fate of COOH, NH2, and pluronic-

functionalized CNTs.89,94

However, the effects of surface charges of CNTs

when they interact with tissue and cells are not

comprehensively understood. In the present study,

we first studied the effects of different surface

functionalizations and also the number of nanotube

walls in mice, in association with oxidative stress

and apoptosis in main target organs and also inves-

tigated the effect of CNTs on the male reproductive

system.

Conversely, some studies suggest that functionali-

zation allows for better dispersion of CNTs in biolo-

gical fluids, thus increasing their toxicity potential.

For example, Saxena et al. reported that aspiration

of well-dispersed SWCNTs-COOH caused greater

inflammation than pristine CNTs in mice.95

Figure 6. Histopathology of testis and epididymis of control- and CNTs-treated mice. Testis histology: (a) control.
(b)–(d) CNTs-NH2 groups: (b) testicular tubular atrophy (20� scale bar), (c) necrosis (40� scale bar), and (d) decreased
germinal epithelium and spermatogenesis. (e) and (f) CNTs-COOH groups: (e) normal seminiferous tubules and (f) mild
testicular tubular atrophy (20� scale bar). Epididymis histology: (g) control (40� scale bar). (h) and (i) CNTs-NH2 groups
and (j) and (k) CNTs-COOH groups (scale bar 40� and 200�). CNT: carbon nanotube; NH2: either amine; COOH:
carboxylic acid.
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In the present study, carboxyl- and amino-

functionalized SWCNTs and MWCNTs were synthe-

sized and characterized by FTIR and zeta potentials.

We obtained CNTs in this study similar to our former

reported data, and previous TEM imaging analysis

showed that obtained CNTs suspension achieved

through this method will consist of particles with a

size range of almost 1–10 mm.59 CNTs lengths

prepared for various applications could be as small

as 10–20 nm and extend to several hundreds of

microns and even more. Occupational and environ-

mental exposure to CNTs mainly occurs with long

CNTs while those prepared for biological applications

mostly are in the submicrometer range. However, this

classification is not absolutely definite, and therefore,

both long and short CNTs must be evaluated for their

Figure 7. Effect of CNTs on sperm characterization. (a) Sperm’s count, (b) motility, (c) viability, (d) the quantification of
abnormal sperms, and (e) types of sperm-shape abnormalities found in CNTs-treated mice. (e1) Normal sperm with a
definite head by a marked hook and tail and (e2) amorphous head, without hook, banana-shaped, without head and etc.
(�1000). In male mice (15- and 36-day treatment). Values are presented as mean + SD of eight mice. *p < 0.05; **p < 0.01;
***p < 0.001 versus control and #p < 0.05; ##p < 0.01; ###p < 0.001 versus other CNTs groups. CNT: carbon nanotube;
SD: standard deviation.
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effects. For example, most recently, El-Gazzar et al.

evaluated the toxic effects of inhaled CNTs almost

7 mm long and examined the effects of the number

of nanotube walls.90 Also, in another report,

MWCNTs-COOH in the size range of 1–12 mm were

administered IP to Wistar rats to evaluate the toxicity

Figure 8. Evans blue extravasation in the testis after CNTs administration. (a) The quantification of Evans blue dye
extravasation in the testis at 15- and 36-day treatment of CNTs groups (4 mg/kg, iv) shows an increase in BTB perme-
ability in all groups at 36 days except the SWCNTs-COOH group. (b) Fluorescence images (1 ¼ negative control, 2 ¼
positive control, 3 ¼ SWCNTs-COOH 36 days, 4 ¼ MWCNTs-COOH 36 days, 5 ¼ SWCNTs-NH2 36 days, and 6 ¼ MWCNTs-
NH2 36 days) showed the presence of Evans blue (red) in the seminiferous tubules demonstrating that MWCNTs-COOH,
SWCNTs-NH2, and MWCNTs-NH2 induces an increase in BTB permeability at 35 days and not in the SWCNTs-COOH
and control groups (�100). The results are expressed as mean + SD (n¼ 6). *p < 0.05; ***p < 0.001, significantly different
when compared with control (PBS) and ##p < 0.01; ###p < 0.001 compared with other CNTs groups. CNT: carbon
nanotube; SD: standard deviation; BTB: blood–testis barrier; MWCNT: multiwalled carbon nanotubes; SWCNT: single-
walled carbon nanotubes; NH2: either amine; COOH: carboxylic acid; iv: intravenous; PBS: phosphate-buffered saline.

Figure 9. Apoptosis results in mouse testis. (a) TUNEL analysis of testis after iv exposure of CNTs (4 mg/kg) for 36 days
(accumulative dose: 24 mg/kg). TUNEL-positive apoptotic cells are stained brown (scale bar 200�) and most of them are
shown by red arrows. (a1) control, (a2) positive control, (a3) SWCNTs-COOH, (a4) MWCNTs-COOH, (a5) SWCNTs-
NH2, and (a6) MWCNTs-NH2. (b) Apoptosis rate of the TUNEL assay. Results are expressed as mean + SD compared
with control groups of the same tissue. **p < 0.01; ***p < 0.001 versus negative control and #p < 0.05 versus other CNTs
groups. TUNEL: terminal deoxynucleotidyl transferase dUTP nick end labeling; CNT: carbon nanotube; SD: standard
deviation; MWCNT: multiwalled carbon nanotubes; SWCNT: single-walled carbon nanotubes; NH2: either amine;
COOH: carboxylic acid; iv: intravenous.
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in their reproductive systems.57 The other pioneer

study by Bai et al. also used 0.5–2.0 mm MWCNTs-

COOH and MWCNTs-NH2 through the IV route for

further toxicological assessment. Overall, it is evi-

dent that more toxicological studies on long and

short CNTs are still necessary because of diverse

possible routes of human exposure to these nanopar-

ticles and also the diverse types of nanotubes pre-

pared for numerous applications.

In this study, the administration of SWCNTs-

COOH and MWCNTs-COOH at different doses (12

and 24 mg/kg) did not affect the normal growth of the

treated animals nor did it exhibit any mortality. In

contrast, the administration of SWCNTs-NH2 and

MWCNTs-NH2 at high doses caused a low percent-

age of mortality, and treated mice showed agitated

behavior with an insignificant increase in the relative

weights of main target organs (lung, liver, and spleen)

in a dose-dependent manner and a significant

decrease in total body weight. The significant

decrease in total body weight of CNTs-NH2 can be

a simple sign of body toxicity but further investiga-

tions are necessary.

Pathological studies indicated dose-dependent

moderate and mild changes in CNTs-NH2- and

CNTs-COOH-treated animals in most of the organs

mainly after 35 days of treatment. Some organs like

kidney and spleen presented only minimal changes.

Interestingly, in some samples of the liver, cellular

regeneration was also seen. Moreover, simple

morphological data (supporting information) after

5 months after the administration of the final dose

showed the exterior color of organs could return to

normal state during this time. This might implicate the

gradual excretion of nanotubes from the body and

provide further evidence for the probable transient

effects of nanotubes; however, we did not perform

complete pathological studies, and this topic could

be examined in future studies for further evaluation.

Oxidative stress is often considered as the main

reason for CNTs toxicity.34,52 Oxidative stress, the

result of dysfunction in antioxidant systems, is

defined by overproduction of free oxygen radicals and

is one of the major reasons for many diseases and

cancers.96,97 Earlier reports in cells and mouse models

have shown that CNTs could induce oxidative stress

in the liver, lung, and spleen after iv injection.51 Our

results were parallel with others as the MDA and

carbonyl protein level was significantly higher in

CNTs-exposed groups as compared with the control.

We propose that CNTs could enhance lipid peroxida-

tion and consequently promote physical changes in

the cellular membrane. SOD and GSH were signifi-

cantly lower in exposed mice compared with the con-

trol group in all organs. Although several studies have

shown the toxicity of CNTs in vivo and in vitro,60,98,99

the mechanisms and the effects of functionalization

types remain unknown. Here, we attempted to evalu-

ate the effects of functionalization types on oxidative

parameters. Between the two groups of CNTs,

Figure 10. Western blot analysis of caspase-3 protein activation after iv exposure of CNTs (4 mg/kg) for 36 days
(accumulative dose: 24 mg/kg) in (a) lung, (b) liver, and (c) testis after treatment with CNTs groups. b-actin was used to
verify equal gel loading. CNT: carbon nanotube; iv: intravenous.
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injection of CNTs-NH2 led to more oxidative stress

than the CNTs-COOH group in most of the examined

organs. Except in the lung and liver tissue, SWCNTs-

COOH was almost nontoxic as oxidative parameters

changed nonsignificantly. Therefore, it could be plau-

sible to make more biocompatible CNTs preparations

in the future. Much similar to our report, Bai et al.

concluded that both carboxylated and aminated

MWCNTs could be led to increased oxidative stress

and changes in testes. However, the observed data

highlighted that there was a mild toxic effect on the

male reproductive systems.56 Also, Ahmadi et al.60

have reported a complete biochemical and proteomic

analysis to show that CNTs could alter the cell anti-

oxidant activity although the observed toxicity was

not significant. Their data could support our idea that

making safe nanotubes is possible, but the possible

oxidative stress actions must be considered.

We further examined CNT-induced apoptosis

using the caspase-3 assay. Both SWCNTs-NH2 and

MWCNTs-NH2 groups, after reaching a certain con-

centration, induced enhanced activation of caspase-3.

Also, caspase-3 activation induced by MWCNTs-

COOH was significantly milder than that of

CNTs-NH2, and interestingly, in SWCNTs-COOH,

no apoptosis or specific pathological effects were

observed. The absence of apoptosis and further histo-

pathological findings in the SWCNTs-COOH group

was also in parallel with oxidative stress results.

Overall, collecting the data from oxidative stress

and caspase-3, we can propose that the observed

apoptosis might be the reason of changes in the cel-

lular redox balance. This assumption is showed by

both the reduction in the power of antioxidant systems

and the increase in reactive oxygen species (ROS)

production, which in turn leads to lipid and protein

oxidation and, eventually, cell death. Oxidative stress

also interferes in cellular signaling pathways which

finally exert apoptosis. Also, several in vitro toxicity

studies of CNTs have shown a correlation between

oxidative stress, genotoxicity, and apoptosis in

cells.46,48,100 In fact, CNTs accumulation in the cell

or high CNT concentrations can lead to oxidative

stress induction or cell death. Considering lower sedi-

mentation rates in SWCNTs-COOH and better phys-

ical stability in comparison to other groups, it could

be concluded that the specific parameters of oxidative

stress and subsequent cytotoxicity of CNTs might be

linked to the physical properties of formulations.39 It

must be noted that inflammation, the other parameter

of toxicity, can be evaluated in the CNTs studies as it

has been done by many researchers. In this case, the

mechanism of CNTs internalization to the cells may

play an important role. Indeed when the CNTs with

different length sizes (ranging from few several hun-

dred of nanometers to the large several tens of micro-

meters) are going to have interactions with cell

surfaces (as an example typical HeLa cells have

40–70 mm length), various internalization process

such as endocytosis or needle-like penetrating process

can be suggested.101,102 Moreover, it is evident that

long and straight fibrous CNTs could elicit an

inflammatory response similar to the asbestos fibers

especially when they are administered IP or via the

pulmonary route. However, the inflammatory

response is negligible when the CNTs are small.103,104

Indeed morphology and size of CNTs have a determi-

native role in the immune response, as it was showed

by Brown et al.105 that the short CNTs will be

ingested by macrophages and caused a few increase

in ROS and tumor necrosis factor-alpha levels in con-

trast to the long fibrous like CNTs that were associ-

ated with a frustrated phagocytosis.

Furthermore, one important aim of the present

study was to investigate the influence of carbon nano-

materials on the male reproduction system. Formation

of competent spermatozoa is a complex process that is

carried out in the seminiferous tubule.106 Importantly,

the BTB constitutes a physical barrier and divides the

seminiferous tubules into two different environments,

which eventually protects and facilitates the develop-

ment and differentiation of germ cells into mature

spermatids.107 Germ cells have particular metabolic

requirements which make them dependent on Sertoli

cells, the structural compartments of the seminiferous

tubules.106 Sperm contain high concentrations of

unsaturated fatty acids, so they are very susceptible

to oxidative stress while having no capacity for mem-

brane repair and are prone to ROS production.108 The

ROS may affect sperm function via lipoperoxidation-

induced changes in membrane integrity and

fluidity.109 Previous to the present study, we have

evaluated the in vitro toxicity parameters of SWCNTs

and MWCNTs on sperm. We concluded that there

was no significant difference between SWCNTs and

MWCNTs, and both groups showed a decrease in

motility but not viability of sperm and also an increase

in ROS while not showing negative changes on nitric

oxide levels.59 Our results indicate an enhancement

in testicular ROS generation and lipid peroxidation in

CNTs-treated groups in a dose-dependent manner.

Relevantly, the increased percentage of immotile
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sperm, sperm with abnormal morphology, and also

decreased sperm count and viability were recorded fol-

lowing CNTs exposure in the present study. Also, iv

injected MWCNTs-COOH and CNTs-NH2 reduced the

integrity of the BTB and induced transient histopatho-

logical changes in the testes, but SWCNTs-COOH only

reduced motility and viability of sperm. The toxic

effects of CNTs are associated with disruption of anti-

oxidant enzyme activities and marked testicular and

epididymal dysfunction in the experimental mice. Far-

ombi et al. in a study on male Wistar rats showed that

MWCNTs-COOH could increase oxidative stress with-

out affecting sperm characteristics in short-term expo-

sures.57 In another study, Bai et al. reported that iv

injected MWCNTs-NH2 and MWCNTs-COOH

crossed the BTB and induced histopathological changes

in the testis but not in sperm parameters.56

Additionally, apoptosis, as identified by TUNEL

staining, increased within the seminiferous tubules

of mice exposed to CNTs, which was more prominent

in the mice treated with CNTs-NH2. This effect was

parallel with the histopathological changes and the

intensity of oxidative stress in the testes. The

caspase-3 survey also showed similar results. These

correlations suggest that CNTs-induced cellular apop-

tosis in testes might originate from an imbalance in

the antioxidant pathways and subsequent lipid and

protein oxidation. Again, in this study, a trend similar

to previous tests was observed for SWCNT-COOH, as

it did not increase the TUNEL positive cells signifi-

cantly and can be regarded as the safest group among

all CNTs-treated groups.

Conclusions

The present study examines the acute and chronic

toxicological effects of CNTs on important organs,

especially in the male reproductive system, in terms

of functionalization type and nanotube layers. CNTs

were able to increase the oxidative stress parameters

as well as deplete GSH and SOD. The effects were

more severe in the chronic phase as compared with

the acute phase. The observed toxicity was correlated

with apoptosis, as revealed by caspase 3 activation

and TUNEL test. We showed that the functionaliza-

tion of nanotubes with carboxylic derivatives could

lead to more biocompatible delivery cargos in com-

parison with the CNTs-NH2. Another observation in

this study was that although not significant in all tests,

single-walled nanotubes did show lower overall toxi-

city in comparison to multiwalled nanotubes. In this

study, SWCNTs-COOH showed the least toxicity,

and in many parameters, it did not cause any signifi-

cant change in toxicity parameters or the male repro-

ductive system. The higher biocompatibility of

SWCNTs-COOH might be related, in part, to its bet-

ter physical stability, but we did not perform complete

stability tests. Also, the utilized nanotubes in this

study had a size of almost 10 mm, and we did not

evaluate the effects of shorter CNTs. Interestingly,

our preliminary study showed that the color of the

animal’s organs could be turned back to a somewhat

normal state 5 months after the administration of the

final dose, and this might be a sign of CNTs excretion.

We believe that further studies shedding light on the

routs and mechanisms at work in CNT excretion may

pave the way to producing safer and more effective

nanotubes in the future.
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