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Abstract: Carbon nanotubes (CNTs) have been a focus of attention due to their possible 

applications in medicine, by serving as scaffolds for cell growth and proliferation and improving 

mesenchymal cell transplantation and engraftment. The emphasis on the benefits of CNTs has 

been offset by the ample debate on the safety of nanotechnologies. In this study, we determine 

whether functionalized multiwalled CNTs (fMWCNTs) and functionalized oxygen-doped 

multiwalled CNTs (fCOxs) have toxic effects on rat mesenchymal stem cells (MSCs) in vitro 

by analyzing morphology and cell proliferation and, using in vivo models, whether they are 

able to transform MSCs in cancer cells or induce embryotoxicity. Our results demonstrate 

that there are statistically significant differences in cell proliferation and the cell cycle of 

MSCs in culture. We identified dramatic changes in cells that were treated with fMWCNTs. 

Our evaluation of the transformation to cancer cells and cytotoxicity process showed little 

effect. However, we found a severe embryotoxicity in chicken embryos that were treated with 

fMWCNTs, while fCOxs seem to exert cardioembryotoxicity and a discrete teratogenicity. 

Furthermore, it seems that the time of contact plays an important role during cell transforma-

tion and embryotoxicity. A single contact with fMWCNTs is not sufficient to transform cells 

in a short time; an exposure of fMWCNTs for 2 weeks led to cell transformation risk and 

cardioembryotoxicity effects.

Keywords: nanostructure, biocompatibility, scaffold, cell proliferation, cell cycle, carcinogenic

Introduction
Nowadays, nanoparticles play an important role as biomaterials for tissue regeneration.1 

Particularly, due to their physicochemical and structural characteristics, carbon nano-

tubes (CNTs)2–4 have been highlighted as possible supports for cell growth. In fact, 

CNTs have already been used as scaffolds for cellular or tissue growth.2,5–7 However, 

the essential impediments to their use in medicine continue to be uncertain about their 

biological safety and their influence on the human health. Although its cytotoxicity 

has been extensively studied, both in vivo and in vitro, as reviewed by Kayat et al,8 

there are some contradictory results that can be attributed to the use of materials with 

different degrees of purity and structural features,9 as well as to the conditions adopted 

for the in vitro studies10 and the types of cells tested in the assays.11

Several reports indicate that toxicity of CNTs seems to be similar to that of asbestos, 

as both materials share a fibrillar structure,12 inducing mesotheliomas, ie, malignant 

tumors located in the pleural or abdominal cavities.13,14 In addition, the preparation of 
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multiwalled CNTs (MWCNTs) has been recently classified 

as possibly carcinogenic to humans.15

In contrast, aspects of embryonic development have also 

been evaluated in other organisms. CNTs microinjected in the 

zebra fish model do not interfere with the embryonic develop-

ment at 1-cell stage;16–18 whereas, other studies suggest that 

at low concentrations CNTs induce fetal malformations in 

mice at 5.5 days postimplantation19 but not in rats.20 And in 

the chicken model, CNTs could have a very toxic effect on 

the normal development of the embryo.21

In spite of the widespread use of CNTs in biomedical 

applications, it is important to continue evaluating the innocu-

ousness of these elements as toxic, carcinogenic, or embryo-

toxic agents among others for humans or other species. 

Today, these studies using MWCNTs must be designed 

according to their specific features, since postsynthetic treat-

ments modify various properties that may have an impact on 

the safety and increase the risk for their use.22 For example, 

in order to obtain biocompatible features from CNTs and 

because of their hydrophobic behavior, CNTs are commonly 

subjected to different functionalization processes. The most 

common of these involves an acid treatment, shortening the 

nanotube length and generating carboxylic groups at the walls 

of the CNTs, producing functionalized CNTs.23–25

The number of opportunities for cytological studies with 

CNTs is enormous; therefore, here, we narrow the object of 

study to mesenchymal stem cells (MSCs) and, in particular, 

stem cells derived from bone marrow (BM).

MSCs represent an attractive option in cellular therapy, 

for example, in the regeneration of endothelial and cardiac 

cells of damaged tissue as in myocardial ischemia.26 However, 

the proliferative capacity of MSCs is highly dependent on 

their application methodology. For example, due to the lack 

of anchorage between damaged cardiac tissue and supplied 

cells, if the MSC suspensions are directly applied into the 

damaged area, the improvement of the surrounding damaged 

tissue produces little to null improvements.27 Therefore, the 

production of adequate scaffolds for the proliferation and 

anchorage of MSCs is fundamental to engineer functional 

cardiac tissue constructs in vitro.28,29 Some studies have gone 

further and focused on the development of CNTs in nanofiber 

scaffolds that simulate the architecture of the myocardium 

tissue repairing the affected cardiac areas.30,31

A significant advantage derived from working with pri-

mary cultures of MSCs is to ensure a clean and clear genetic 

background without the presence of genetic disorders such 

as those accumulated in traditional cell lines previously pre-

established and characterized.32 In addition, MSCs present a 

high sensitivity toward inducing changes in their multipotent 

differentiation patterns33–35 and proliferation.36 Therefore, 

MSCs are an excellent model to evaluate several biological 

parameters such as proliferation, apoptosis, anchorage, and 

cytotoxicity.29 Although the safety of MSCs application has 

been emphasized in several reports,37 their exposure to 

different carcinogens in functionalization process could initi-

ate some types of cancer, but until now, the role of fCNTs as 

possible carcinogen in MSCs remains unknown.

Several applications of CNTs require different ways of 

chemical alterations in order to tune their physicochemical 

characteristics and their biological compatibility. Doping 

and functionalizing CNTs are the two most used ways to 

modify CNTs.38 Doping consists of the substitution of one 

or more carbon atoms for an atom of a different element, 

involving covalent bonding. It is usually performed while the 

nanotube is being synthesized. Functionalization is another 

process where the as-grown CNTs are subjected to a series 

of chemical processes.38

In previous biological reports, oxygen-doped MWCNTs 

(COxs)39,40 have been used due to the presence of carbonyl, 

hydroxyl, and oxygenated functional groups enhancing 

their chemical reactivity, in addition to their higher water 

solubility25

Prior to considering MWCNTs as biological scaffolding 

for grown MSCs in future cardiac protocols, in this study, 

we aim to evaluate the possible adverse effects on cells 

and cardiac tissues, using two kinds of CNTs, such as acid 

functionalized MWCNTs (fMWCNTs) and functionalized 

oxygen-doped multiwalled CNTs (fCOxs). The objective 

is to study the effect of fMWCNTs and fCOxs at different 

concentrations in two biological models with the following 

purposes: first, on rat MSCs focusing on their growth, prolif-

eration, cell cycle, and possible cell transformation processes 

to cancer cell and, second, using an in vivo chicken model 

to study the cardioembryotoxicity.

Methods
Preparation of CNTs
Both types of nanotubes (MWCNTs and COxs) used in 

this study were synthesized by chemical vapor deposition 

(CVD) following procedures similar to those reported by 

other authors.41,42 Mainly, a tubular furnace with a quartz 

tube reactor is heated under a 0.2 L/minute Ar flow. After 

reaching 850°C, microdroplets of two different solutions are 

supplied by a sprayer (Pyrosol; RBI, Meylan, France) by an 

Ar flow of 1.5 L/minute in order to obtain each kind of nano-

tube. For MWCNTs and COxs, the following solutions were 

prepared and used: ferrocene/toluene and ferrocene/toluene/

ethanol at 3.5/96.5 and 3.5/94.5/2.0 wt% respectively, from 
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Sigma-Aldrich (St Louis, MO, USA). After 40 minutes of 

CVD reaction, the sprayer is turned off and, after extracting 

the quartz tube from the furnace, the as-obtained CNTs 

were carefully scratched from the central part of the 

quartz reactor, obtaining a black powder consisting of 

small flakes of CNT “forests”, as shown in Figure 1A. 

After the synthesis, both types of nanotubes are chemically 

functionalized by an acid treatment.43 A total of 10 mg of 

Figure 1 SEM and TEM micrographs of CNTs.
Notes: (A) Representative image of the startup material, ie, the as-grown “forest” of CNTs. The white arrow indicates the growth direction of the intertwined CNTs and their 
preferential vertical alignment, better appreciated in the top inset. (B) High-resolution TEM micrograph showing the crystallographic planes of both the nanotube and the Fe 
catalytic particle. The arrow indicates the formation of a bamboo-like structure. The estimated interplanar distances measured using ImageJ53 are very close to the graphene–
graphene interlayer for the MWCNTs and the interplanar distances for bcc Fe in the 110 crystallographic direction. SEM/TEM micrographs of functionalized fMWCNTs (C/D) and 
functionalized fCOxs (E/F). The overall morphologies and structure of the tubes are shown, indicating with arrows the typical bamboo-like formations. The main difference 
between MWCNTs and COxs appreciated by SEM and TEM is the higher diameter of MWCNTs and the slightly more disordered (more bamboo-like) formations in fCOxs.
Abbreviations: CNTs, carbon nanotubes; COxs, oxygen-doped MWCNTs; fCOxs, functionalized oxygen-doped multiwalled CNTs; fMWCNTs, functionalized MWCNTs; 
MWCNTs, multiwalled CNTs; SEM, scanning electron microscopy; TEM, transmission electron microscopy.
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CNTs are ultrasonicated (Ultrasonic Processor CP750 at 

750 W and 20 kHz; Cole-Palmer; Vernon Hills, IL, USA) 

for 4 hours in 500 mL of an acid solution of bidistilled water/

H
2
SO

4
/HNO

3
 at 92.5/5.5/2 vol% pure acids (Sigma-Aldrich). 

Then, the solution is filtered and washed with bidistilled water 

several times, obtaining usable fMWCNTs and fCOxs.

Finally, solutions of each kind of CNTs at 10 mg/mL are 

prepared using bidistilled water during 2 hours of ultrasoni-

cation (750 W and 20 kHz). Samples are set for scanning 

electron microscopy (SEM) and transmission electron 

microscopy (TEM) by dispersing in acetone for 15 minutes 

in a Branson 1510 Ultrasonic Cleaner (70 W and 42 KHz) 

(Danbury, CT, USA) and drop casting in the corresponding 

SEM holders and TEM grids.

Characterization of CNTs
Observation and analysis of the samples were performed 

using two SEM; a FEI Dual-Beam Nova-200 Nanolab, 

coupled with an X-ray Si (Li) ultrathin window energy 

dispersive spectrometer for low atomic number detection, 

and a Hitachi model SU3500. TEM micrographs were 

obtained in a Tecnai G2 F30 S-TWIN TEM microscope. 

Raman spectra were collected using a LabRAM HR 

800 model (HORIBA Jobin Yvon ; Kyoto, Japan), using a 

laser line of 532 nm at a power of 43.4 mW and the exposure 

times of ~20 seconds. Thermogravimetric analysis (TGA) 

was performed using a Perkin Elmer TGA-7 (Waltham, MA, 

USA) with a temperature interval of 25°C–800°C heating at 

5°C/minute under a dry air flux of 20 mL/minute.

Cell culture and analysis of cell viability
After three passes, 5×104 MSCs from rat’s BM, previously 

isolated and cloned from a heterogeneous primary culture,44 

were grown in 24-well plates with α-minimum essential 

medium (Merck Millipore, Billerica, MA, USA) supple-

mented with 10% fetal bovine serum, 10,000 U penicillin, 

10 mg of streptomycin, and 25 mg of amphotericin B per 

milliliter (Thermo Fisher Scientific, Waltham, MA, USA) 

at different CNT concentrations (10, 100, and 1,000 ng/mL) 

with their respective controls. Cytotoxicity and viability of 

MSCs were assessed with 0.2% Trypan blue staining T-6146 

(Sigma-Aldrich). Briefly, media were discarded and cells 

were washed with 1× phosphate buffered saline (PBS) three 

times after adding precooled Trypsin I with 0.25% (w/v) 

diluted Gibco in 1× PBS and adding 0.2 mL in each well 

followed by incubation at 37°C for 5 minutes. Cells were 

pelleted gently at 1,600 rpm for 5 minutes, resuspended in 

complete DMEM with 10% FBS, and counted with 0.2% 

Trypan blue in a 1:1 ratio. The stained cells were excluded 

using an accomplished hemocytometer. Three independent 

trials each in triplicate at 0, 24, 48, and 72 hours and 7 days. 

The percentage of live cells was determined, and an analysis 

of variance was performed using Tukey’s test using Prism 4.0 

(GraphPad Software, Inc., La Jolla, CA, USA) to establish 

differences between populations.

Cell cycle analysis
Cells from each experimental condition were collected by 

centrifugation and were fixed and stained with propidium 

iodide staining solution (50  µg/mL) in the presence of 

0.5 µg/mL of RNase A in the dark for 30 minutes follow-

ing the methodology described elsewhere.45 The stained 

cells were subsequently analyzed on a FACSCalibur flow 

cytometer (BD, Franklin Lakes, NJ, USA) using CellQuest 

acquisition software (Version 3.3; BD Immunocytometry 

Systems; Franklin Lakes, NJ, USA). Automated DNA con-

tent quantification was carried out with ModFit LT software 

(Verity Software House Inc., Topsham, ME, USA). The %G1 

was defined as the area of the G1 model peak divided by the 

combined areas of the G1 and G2/M peaks. In each sample, 

20,000 cells were sorted. The population doubling time was 

calculated accordingly,46 for each condition of fCNTs’ treat-

ment and their respective control.

Spatial determination of nanotubes 
by light field and confocal microscopy
To reveal the presence of fCNTs, control and treated cells 

were grown on coverslips during 7 days, washed with PBS, 

and fixed with paraformaldehyde (PFA) at 4% for 24 hours 

at 4°C. The cells were stained for 2 minutes with toluidine 

blue (1%) and dissolved in aqueous solution of borax 1%. 

The dye was removed and washed with PBS and observed 

under a microscope Axioplant 2 Zeiss (Carl Zeiss Meditec 

AG, Jena, Germany).

In contrast, the fCNTs in suspension and their presence 

inside the cells were revealed by photoluminescence spectra 

using a laser beam at 488 nm and an emission filter LB 505–

530 nm;47 a nuclear staining was performed using DRAQ7 

(BioStatus, Leicestershire, UK) and seen at filter LP 633 nm. 

Images were captured using a confocal microscope (Carl Zeiss 

Meditec AG; Oberkochen, Germany) and Zen 2009 software. 

This research was approved by Bioethics Committee of 

Faculty of Health Sciences of the Panamerican University.

Anchorage-independent cell growth 
in agar and tumorigenicity assays
To determine anchorage-independent cell growth, 1×102 

MSCs treated and not treated with fCNTs at different 
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concentrations (10, 100, and 1,000  ng/mL) were seeded 

in 60 mm culture dishes that were previously treated with 

different CNT concentrations in complete medium containing 

1.3% methyl cellulose (Sigma-Aldrich) over a layer of 1.2% 

of semisoft agar (Difco, Detroit, MI, USA) as previously 

described.48 The resulting colonies were counted and pho-

tographed 2 weeks later; the murine tumorigenic B16F-10 

(purchased from ATCC CRL-6475) cell line was used as a 

positive control. The results show the mean and SD of three 

independent experiments.

Nude mice assay
Nude mice BALB/C-nu/nu is a well-known model that 

allows evaluating the tumorigenic potential of transformed 

cells inoculated in them. As a result from a mutation in the 

Foxn1, the mice strain is immunodeficient and completely 

lacks a thymus;49 this condition leads to many defects in the 

immune system and, therefore, must be maintained isolated 

under special conditions.

The tumorigenicity was determined in 8-week-old BALB/

C-nu/nu male specific pathogen-free mice by subcutaneous 

injection of 1×106 MSCs treated and not treated with fCNTs 

at the same concentrations mentioned earlier or B16F-10 

cells as positive control, both suspended in 0.2 mL of PBS. 

A total of 30 mice were tested for each group of fCNTs. 

The mice were provided by National Institute of Medical 

Sciences (INCMNSZ Ciudad de Mexico, Mexico), kept in 

microisolation boxes, fed, filtered, and sterilized water ad 

libitum. The injection sites were observed regularly for the 

development and progression of tumors. Size tumor volume 

was determined using the formula L × W 2/2, as reported by 

Bullard et al.50 All animals used in this study were maintained 

under standards established by the guidelines for animal 

care and use of NOM-039 NORMA Official Mexicana 

NOM-062-ZOO-1999 and previously approved by the Insti-

tutional Animal Care and Use Committee of the Faculty of 

Health Sciences at the Panamerican University.

Embryotoxicity assays
To detect the toxicity of fCNTs in vivo, 85 fertilized chicken 

embryos were incubated per group at 37.5°C and 86%–87% 

humidity in a forced-draft incubator. The embryos were 

injected directly in pericardio with a G1 capillary micropi-

pette (Narishige Co., Tokyo, Japan) at developmental stage 22 

as defined by Hamburger and Hamilton (HH).51 To access 

the embryo, a small window was opened in the shell and 

the membranes surrounding the embryo were removed. The 

embryo was injected with 1.5 µL of fMWCNTs and fCOxs at 

100 and 1,000 ng/mL in PBS and 1.5 µL PBS in controls; a 

sham group was also evaluated. The window was sealed, and 

embryonic development was allowed to continue for a week, 

at the end of which the embryos were sacrificed and analyzed 

for morphological alterations. For confocal assay studies, 

hearts were fixed in 10% neutral buffered formalin, frozen, 

and sectioned in sagittal plan. Tissue slices of 5 µm thick-

ness were washed with 1× PBS and fixed with 4% (w/v) PFA 

(Sigma-Aldrich) to be later permeabilized with 0.1% Triton 

X-100 and finally blocked with 1% horse serum and 1% 

BSA in TBS. Samples were incubated at 4°C overnight with 

anti-SMA (1:200). In the following day, slices were washed 

three times with 1× PBS and incubated at room temperature 

during 1 hour using Rhodamine (Jackson ImmunoResearch 

Laboratories, Inc., West Grove, PA, USA) secondary anti-

bodies (1-600). After three additional washes with 1× PBS, 

a nuclear staining was performed using DRAQ7 and the 

samples were visualized and photographed under a laser scan-

ning confocal microscope (LSM 410; Axiovert 100, Zeiss 

40× plan-Neofluor WD 13.5 mm; Carl Zeiss Meditec AG).

Statistics
Three independent experiments were performed with three 

replicates per group for each biological experimental treatment 

to be done. Data are expressed as a mean ± standard deviation 

of the experiments. Statistical analysis was performed by 

analysis of variance with Tukey’s test to determine significant 

differences. Values are shown as mean ± standard deviation; 

significance was inferred at **P,0.01 and *P,0.05.

Results
Properties of CNTs
The as-grown MWNTs and COxs present a preferential 

alignment perpendicular to the substrate area, forming what is 

commonly known as “nanotube forests”. Figure 1A presents 

low magnification SEM images of representative grown 

CNTs with an inset at higher magnification. The preferential 

growth direction is shown by the white arrow. Pristine CNTs 

present lengths of up to hundreds of micrometers, with huge 

length-to-diameter aspect ratios.

As mentioned earlier, both types of nanotubes used 

here are of the multiwall form, meaning that they are 

conformed by several coaxial layers of tubular graphene 

sheets, as shown in the representative TEM micrograph 

in Figure 1B. This high-resolution micrograph shows a 

close up of a MCWNT with 20 graphene layers in con-

tact with the Fe catalytic (darker region). The interlayer 

distance between graphitic layers is close to the typical 

interlayer distance in graphite (ie, 0.36 nm), whereas the 

interlayer distance of ~0.203 nm in the catalytic particle 
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corresponds to the (110) planes of iron bcc. It is very 

common that catalytic particles remain encapsulated inside 

the nanotubes during growth. Note that, in the upper part of 

the Fe particle, a thin layer of carbon is formed, which is also 

usually found in MWCNTs and COxs, called bamboo-like 

structures (indicated by the small arrow and by the arrows 

in Figure 1D and F). Among CNTs, the purity and crystal-

linity of the graphene layer is decreasing from single-walled 

CNTs43 to MWCNTs. Defects in nanotubes are any alteration 

of the graphitic lattice, including exohedral, endohedral, and 

in-plane doping; they are common in the CNTs synthetized 

by the present method38 and have been well characterized 

elsewhere.39–41,52 An atomistic difference between MWNTs 

and COxs is difficult to appreciate by SEM and TEM, since, 

as discussed by Botello-Méndez et al,39 Shabestari et al,40 

and González et al,52 the meaning of oxygen doping is the 

formation of different atomic alterations in the graphene 

layers as carbon–oxygen bonds (eg, by the use of X-ray 

photoelectron spectroscopy)52 present the percentage of 

carbon atoms in graphitic or aliphatic bonds or as part of 

functional groups such as alcohol, lactones, and carboxyl. 

This functional group makes COx slightly more reactive 

than nondoped or MWCNTs. However, pristine nanotubes, 

both MWCNTs and COx, are highly hydrophobic without 

a further chemical functionalization.

Morphology differences between fMWCNTs and fCOx 

are minor. In cases, as mentioned earlier, the nanotubes are 

of multiwall type and TEM micrographs show bamboo-like 

structures (indicated by arrows in Figure 1D and F). High 

aspect ratio is presented prior to functionalization; however, 

one of the effects of the functionalization process is the break-

ing of nanotubes after which nanotubes are cut and lengths 

are difficult to estimate (Figure 1C and D).

Measurements of Raman spectra and TGA of function-

alized nanotubes are shown in Figure 2. The information 

obtained from both spectra is critical to characterize the purity 

and reactivity of the nanotubes. Typical D and G bands are 

present in spectra of both fMWCNTs and fCOx at ~1,344 

and 1,580/cm, respectively (Figure 2A).

The effect of functionalization is clear; there is a relatively 

low degree of graphitization (order), with a D/G Raman 

intensity ratio (disorder) with values 0.44 for fMWCNTs 

and 0.55 for fCOxs (very similar to the D/G value reported 

previously).52 In this study, the disorder is necessary to make 

the nanotubes hydrophilic and dissolve them in water solu-

tions. Furthermore, TGA was performed in both samples. The 

analyses show decomposition temperatures of fMWCNTs 

and fCOxs of 580 and 560°C, respectively (Figure 2B). 

Oxygen doping induces higher surface reactivity of CNTs. 

The oxidation reduction temperature is caused by the intro-

duction of additional carboxylic and other functional groups, 

prior to the functionalization, on the graphitic surfaces of 

CNTs. As a summary of the characteristics of functionalized 

CNTs, Table 1 includes the main structural and physico-

chemical characteristics of the fMWCNTs and fCOxs used 

throughout this study, which are in good agreement with 

the already mentioned literature. The estimated interplanar 

distances were measured using ImageJ.53

°

Figure 2 Raman spectra and TGA of fMWCNTs and fCOxs.
Notes: (A) Raman spectra show a high degree of disorder in both fMWCNTs and fCOxs (high D/G ratio). The functionalization through the acid treatment introduces 
functional groups and disorder in the nanotube walls, increasing the D/G ratio. (B) TGA of fMWCNTs and fCOxs in dry air; fCOxs decomposed at lower temperature, 
exhibiting a faster oxidation rate than fMWCNTs. The materials reveal a decomposition temperature of 580°C for fMWCNTs and 560°C for fCOxs.
Abbreviations: fCOxs, functionalized oxygen-doped multiwalled carbon nanotubes; fMWCNTs, functionalized multiwalled carbon nanotubes; TGA, thermogravimetric analysis.
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Effect of fMWCNTs and fCOxs 
on cell proliferation
The results of cell proliferation of MSCs isolated from 

rat’s BM under different concentrations of fMWCNTs and 

fCOxs (10, 100, and 1,000 ng/mL) are presented in Figure 3. 

In MSCs, no group differences were found at 24 hours; how-

ever, cell cultures with fMWCNTs present significant incre-

ment after 48 and 72 hours of culture, while fCOxs present 

significant increment only after 72 hours. The same increase 

trend is observed for the 1-week culture (Figure 4), where 

the three concentrations present an approximately twofold 

proliferation increase with respect to control, and almost no 

differences among different concentrations.

Effect of fMWCNTs and fCOxs 
on cell cycle
Cell cycle, evaluated by flow cytometry during exponential 

growth phase, evaluates alterations in treated cells as shown 

in Figure 5. The cells stimulated by fMWCNTs pass faster 

through the S and G2/M phases, shortening the time for each 

cycle in comparison with fCOx or control cells. To confirm 

cell cycle alterations, we used an important parameter for 

the description of dynamics of cellular growth, called the 

cell doubling time, indicating the proliferation decontrol in 

treated cells. Table 2 shows the data obtained for the different 

groups with and without fMWCNTs or fCOxs. The doubling 

times for treated cell are shorter by ~25% in both cases, impli-

cating a faster growth for fCNT-treated cultures with almost 

a 50% increment in the number of generations. Differences 

between fMWCNTs and fCOx cultures are ~5%–10%.

Cellular morphological alterations
Exposing cells to different concentrations of fCNTs during a 

week time generates evident morphological alterations only in 

the cells cultured with fMWCNTs at 100 and 1,000 ng/mL.

The observation of the negative controls and the fCOx-

treated group indicates an absence of morphological changes. 

Morphological analysis of cells treated with fMWCNTs 

showed diverse changes (Figure 6B) mainly in the formation 

of ovoid cell clusters with giant nuclei and the presence of 

multiple nucleoli, as well as the appearance of several cells in 

mitosis (arrows). No morphological changes were detected in 

cells treated with fCOx (Figure 6C) or in control (Figure 6A). 

The presence of fCNTs in culture was detected using a blue 

staining to contrast the cells, which shows the CNTs in black 

only in treated cells with fMWCNTs (Figure 6E) or fCOxs 

(Figure 6F) but not in controls (Figure 6A and D). Confocal 

microscopy was also revealed its presence as inductors 

responsible for morphological alterations. fMWCNTs were 

colocalized with nucleus inside cytoplasm (Figure 6H) but 

not in fCOx-treated cells (Figure 6I) or control (Figure 6G). 

Table 1 Typical structural parameters of nanotubes

Structural parameter fMWCNTs fCOxs

Length prior to functionalization (µm) 600±100 500±100
Diameter (nm) 66±25 26±10
D/G intensity ratio 0.44 0.55
T decomposition (°C) 580 560
Atom% Ca 99.5 94.4
Atom% Fea 0.5 1.7
Atom% Oa – 3.9

Notes: aAtomic percentage of elements from EDS. Data presented as mean ± 
standard deviation of the parameter.
Abbreviations: EDS, energy dispersive spectrometer; fCOxs, functionalized 
oxygen-doped multiwalled carbon nanotubes; fMWCNTs, functionalized multiwalled 
carbon nanotubes.

Figure 3 Proliferation effects on MSCs versus incubation time at different fMWCNTs and fCOx concentrations.
Notes: The percentage of viable cells was determined after each treatment as is indicated and compared with their respective control. Analysis of variance determined significant 
differences between control and treated groups for the incubation times over 24 hours. Values are shown as mean ± standard deviation (**P,0.01 and *P,0.05).
Abbreviations: fCOxs, functionalized oxygen-doped multiwalled carbon nanotubes; fMWCNTs, functionalized multiwalled carbon nanotubes; MSCs, mesenchymal stem cells.
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Otherwise, the cytoplasm of the control cells is retracted, 

unlike the treated cells, which have a more extensive area 

such that their initial elongated morphology is lost.

The evident cellular changes in cell cycle and morphology, 

both induced clearly only by fMWCNTs, led us to consider the 

association of these nanotubes with a possible cell transforma-

tion potential. In order to evaluate the potential carcinogenic-

ity of fCNTs, their capacity to transform a normal cell (MSCs) 

to a tumor cell, we perform two assays, first by forming colony 

in agar growth and, second, by evaluating their tumorigenic 

capacity in nude mice cells, as explained later.

Cellular growth with anchorage 
independence and tumorigenicity assays
This assay is a technique widely used to evaluate cell trans-

formation in vitro by soft agar assays. Although there is 

evidence that CNTs can act as cocarcinogen, it is not clear 

whether they could generate malignant cells by themselves. 

Thus, we decided to evaluate the potential carcinogenic of 

fMWCNTs or fCOxs on MSCs seeded in soft agar. MSCs 

were treated and untreated during 2 weeks at different con-

centrations (10, 100, and 1,000 ng/mL) with fMWCNTs or 

fCOxs; B16F-10 cells were used as positive control. After 

3 weeks of growth, the colonies formed were counted. The 

percentage of colonies’ growth by treated cells and their 

respective controls is shown in Table 3. Any group of MSCs 

treated with fCNTs presents a significant difference when 

compared with nontreated group, with the highest difference 

of 8% corresponding to the 100  ng/mL concentration of 

fMWCNTs. The obtained growth of the colonies’ percent-

ages is the expected for positive control (B16F-10 cells).

Tumorigenicity in vivo
The tumorigenic potential of MSCs cultured with fCNTs 

during 2 weeks was evaluated in a strain of immunosup-

pressed nude mice. After cultured, cells were subcutane-

ously injected into the mice flanks. The injection sites were 

observed regularly for the development and progression of 

Figure 4 Chronic effect on proliferation of rat MSCs treated with fMWCNTs and fCOxs.
Notes: Cells were cultured and treated with each fCNTs solution for a 7-day time period at different concentrations; afterward, cell counts and the analysis of variance 
determined significant differences between control and treated groups, with higher than twofold increases for all concentrations. Values are shown as mean ± standard 
deviation (***P,0.001, **P,0.01, and *P,0.05).
Abbreviations: fCOxs, functionalized oxygen-doped multiwalled carbon nanotubes; fMWCNTs, functionalized multiwalled carbon nanotubes; MSCs, mesenchymal stem cells.

Figure 5 Cell cycle phase analysis.
Notes: Cell cycle of MSCs was altered by the presence of fCNTs. The cells were seeded with fMWCNTs or fCOxs to a final concentration of 100 ng/mL and were marked 
with propidium iodide, and the cell cycle assay by flow cytometry was performed. Control cells were treated with vehicle. Graphical summary of each point shows treated 
cells passing faster through the S and G2/M phases than control cells.
Abbreviations: fCOxs, functionalized oxygen-doped multiwalled carbon nanotubes; fMWCNTs, functionalized multiwalled carbon nanotubes; MSCs, mesenchymal stem cells.
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tumors. After 30 days, postinjection mice were sacrificed. 

Interestingly, any group of the injected mice produced 

tumors, the only tumors were found, as expected, in those 

mice injected with B16F-10 cells (Table 3).

Embryotoxicity tests
Finally, we evaluated whether the same concentrations of 

fCNTs that cause morphological changes in vitro (100 and 

1,000  ng/mL) can compromise embryonic development 

when the solutions are injected into the chick heart. Figure 7 

shows the mortality rate induced by fMWCNTs and fCOxs 

and their respective control, revealing that fMWCNTs 

produce a severe embryotoxicity in which both concentra-

tions prevented cardiac-embryonic development, with the 

majority dying at stage 28 HH. Cardiac alterations induced 

by fMWCNTs were mainly characterized by the lack of 

spatial rotation of the outflow tract, generating bilateralism 

with the inflow tract and interventricular communications; 

Table 2 Cell doubling time

Control fMWCNTs fCOxs

Doubling time (hours) 37.96 27.48 29.09
Number of generations 4.19 6.11 5.79

Notes: The effect of CNTs on MSCs shows a reduction in the cell doubling time 
calculated for each treated group. The number of generations was also included. 
The number of generations was evaluated after 7 days of treatment.
Abbreviations: CNTs, carbon nanotubes; fCOxs, functionalized oxygen-
doped multiwalled CNTs; fMWCNTs, functionalized multiwalled CNTs; MSCs, 
mesenchymal stem cells.

Figure 6 Morphological and confocal analyses.
Notes: The cell morphology of MSCs was altered by fMWCNTs. (A) Typical control image of nontreated cells. (B) Cellular morphology after 7 days treatment with 
100 or 1,000 ng/mL of fMWCNTs; cells lost their polygonal shape, increased the cytoplasm area, and appeared with numerous nucleoli; furthermore, some cells in mitosis 
are observed (white arrows). (C) The morphology of cells with fCOx treatment is unaltered. For the detection of CNTs associated with morphological changes, a spatial 
determination of fCNTs by light visible and confocal microscopy was performed. The cells were stained with toluidine blue for a better contrast under visible light: 
(D) untreated cells, (E) presence of morphological changes induced by cytoplasmic incorporation of fMWCNTs into the MSCs, and unlike those (F) cells treated with fCOxs 
that do not present the incorporation of nanotubes into the cells; nanotubes remain outside of the cells. The presence of CNTs was also revealed using confocal microscopy 
for each group. (G) Control cells and (H) nuclear colocalization fCNTs with apparent damage induced by cytoplasmic incorporation of fMWCNTs. (I) fCOxs remain outside 
of the cells without cell morphological affectation.
Abbreviations: CNTs, carbon nanotubes; fCOxs, functionalized oxygen-doped multiwalled CNTs; fMWCNTs, functionalized multiwalled CNTs; MSCs, mesenchymal stem cells.
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this malformation prevents completely the development 

of interventricular septum and consequently the indi-

viduality of the ventricular chambers. Therefore, these 

cardiac alterations are incompatible with normal chicken 

development.

Interestingly, the embryos injected with fCOx did not 

produce morphological alterations and did not show any 

significant changes at 100  ng/mL; however, mortality 

increases by ~40% at the highest tested concentration 

(1,000 ng/mL).

Although also some types of morphological altera-

tions considered as teratogenic are induced by fCNTs, 

such as anophthalmia, microphthalmia, and alterations in 

foot development, these are not significant. Analysis by 

confocal microscopy on sagittal sections of affected hearts 

shows (Figure 8B–F) nuclear colocalization of fMWCNT 

fragments into cardiomyocyte cell detected by the pres-

ence of myosin protein (shown in red in Figure 8E) but 

not in hearts injected with fCOx. The presence of cellular 

fragments, areas of fibrosis, and loss of cell junctions are 

also evident.

Discussion
At the concentrations of 10, 100, and 1,000 ng/mL, both 

fMWCNTs and fCOxs used in this study have a simi-

lar behavior, inducing cell proliferation once added to 

the MSC cultures. Our results agree with those reports 

indicating that the proliferation of different cell types is 

dose dependent according to the CNT concentrations.3,54 

Mooney et al3 found that MSCs treated with CNTs for 

6 days proliferate more than the control, which could be 

interpreted as a result of better adhesion among the CNT, 

the cells, and the contact surface and perhaps a kind of 

proliferation stimulation by the nanotubes.55 This concern 

cannot be dismissed because it is known that CNT-treated 

cells are affected during the cell cycle and tend to increase 

the proliferation.55–58

We also found cell cycle alterations with shorter doubling 

times in fCNT-treated cells, which suggest a faster growth 

and consequently a greater proliferative process, instead a 

cell cycle blockage at followed by apoptosis, as is suggested 

by Rodriguez-Fernandez et al.59

These data could indicate that fCNTs would have a 

typical inductor factor behavior that could lead the MSCs 

toward a neoplastic state. In our own work, we have observed 

that the cells treated only with fMWCNTs can cause cell 

morphology alterations and probably nuclear damage, 

acquiring a shape that is notably similar to cells reported 

by Magrez et al60 for lung cancer but rather absent in cells 

treated with fCOx. Ponti et  al61 have shown that, within 

a colony-forming efficiency assay, MWCNTs are able to 

interact with different cellular lines not inducing strong 

cytotoxic effect at the concentrations of 1–100  mg/mL. 

Table 3 Effect of fMWCNTs and fCOxs on colony formation 
and tumorigenicity of MSCs

Treatment Colony 
formation (%)

Tumorigenicity Tumor 
size, cm³

Positive control 62±4.4* 10/10 2.19±0.61
MSC control 2.66±1.2 0/10 NT
MSC + fMWCNT 
10 ng/mL

3.44±1.2 0/10 NT

MSC + fMWCNT, 
100 ng/mL

8±2.2* 0/10 NT

MSC + fMWCNT 
1,000 ng/mL

5±1.8 0/10 NT

MSC + fCOx 
10 ng/mL

2±1 0/10 NT

MSC + fCOx 
100 ng/mL

2±1.1 0/10 NT

MSC + fCOx 
1,000 ng/mL

2±0.75 0/10 NT

Notes: MSCs were treated for 7  days with different fCNT concentrations and, 
then, seeded in soft agar. The cell growth independence of anchorage is evaluated 
estimating the percentages of colony formation for each cellular group. No significant 
difference was found among treated MSC groups; perhaps with the exception of 
cells treated with 100 ng/mL of fMWCNTs, which remains still but rather far from 
the positive control values. fCNT-treated MSCs do not produce tumors when were 
subcutaneously injected in mice by groups of 10 individuals. After 30 days of the 
injection, mice were sacrificed and only mice injected with positive control B16F-
10 cells produced tumors. Tumor size was calculated as volume (cm3). Values are 
shown as mean ± standard deviation. *P,0.05.
Abbreviations: fCOxs, functionalized oxygen-doped multiwalled carbon nanotubes; 
fMWCNTs, functionalized multiwalled carbon nanotubes; MSCs, mesenchymal 
stem cells; NT, no tumor.

Figure 7 Cardiotoxic effect on chick embryos by CNTs.
Notes: fMWCNT and fCOx solutions (1.5  µL) were directly administered into 
pericardial cavity of chick embryos at stage HH 22 with 100 or 1,000 ng/mL and 
monitored during 1  week of treatment. Mortality rates were analyzed for each 
group with a remarkable increase both in fMWCNT solution and in the 1,000 ng/mL 
fCOx one. Values are shown as mean ± standard deviation (*P0.05).
Abbreviations: CNTs, carbon nanotubes; fCOxs, functionalized oxygen-doped 
multiwalled CNTs; fMWCNTs, functionalized multiwalled CNTs; HH, Hamburger 
and Hamilton.
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We were able to determinate the ability of a single cell to 

form a colony in soft agar using a clonogenic assay. Despite 

the morphological changes that were evidently induced by 

fMWCNTs, the appearance of colonies was notably low, but 

we persisted, and these clones were subcutaneously injected 

into nude mice where not a single clone could generate any 

type of tumor. Therefore, we did not find the direct correla-

tion expected between colony forming and tumor growing 

in in vivo model. We know that in principle, MSCs have an 

unaltered genome. In an imperturbable genetic background, 

such as that of MSCs seems to have, all DNA repair systems 

are likely to be working well, which will result in an insuf-

ficient degree of aberrant morphology induced by contact 

with fCNTs, and an additional trigger may be required to 

induce a mutation that is essential for cell transformation 

in a neoplastic model. Another possible explanation is that 

the nanotubes interact with the actin skeleton, generating 

changes in the cell morphology and not necessarily cell 

transformation, but more studies are needed to explore this 

possibility. Longer period experiments would have to be 

done, during which all cells were always in contact with 

the fCNTs, to determine if this condition is sufficient for 

an eventual cell transformation.

Here, the chicken embryo model was used in an effort to 

understand if fCNTs could cause some risk or cell damage to 

the heart, thinking that in a near future, fCNTs could be used 

as essential elements for cardiac tissue scaffold designs. In 

addition to results previously reported in the chicken model, 

which suggest that CNTs can act as embryotoxic agent,19 

our results show evidence of causing a direct damage into 

cardiomyocytes by the uptake of fMWCNTs during cardiac 

tissue development. However, the heart or embryonic dam-

ages are not entirely evident when fCOxs were injected 

at concentrations below 1,000 ng/mL. Unlike fMWCNTs 

that can have severe biological effects both in treated cells 

in vitro or in cardiac cells directly injected into the hearts, 

fMWCNTs are highly cardioembryotoxic, raising the pos-

sibility of teratogenicity by the morphological anomalies 

found during embryological development.

Conclusion
Cell proliferation, cell cycle alteration, and drastic morpho-

logical changes increase when rat MSCs are treated with 

fMWCNTs.

However, these phenomena seem not to be enough 

because the MSCs seem not to modify their ability to 

Figure 8 Cell damage on cardiomyocytes of chicken embryos.
Notes: fMWCNTs induce severe cardiac alterations. (A) Representative confocal images at 20× from whole embryo heart injected with fMWCNTs; the image shows an 
abnormal lateral position of the outflow tract (arrow) due to the loss of rotation of the heart. This malformation prevents the formation of the four cavities of the heart. The 
white square in (A) is amplified in (B–F) at 40×. (B) Cells’ nucleus appears in blue. (C) fMWCNTs appear in green. (D) Transmission image appears in gray. (E) The myosin 
protein detected on cardiomyocytes is shown in red. (F) Nuclear colocalization of fMWCNTs inside cardiomyocytes. Scale bar =20 µm.
Abbreviation: CNTs, carbon nanotubes; fMWCNTs, functionalized multiwalled CNTs; LV, left ventricle; RV, right ventricle.
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grow with anchorage independence, nor can they gener-

ate tumors or conduce cells to a neoplastic transformation 

process.

Our in vivo cytotoxicity results suggest that the exposure 

to fMWCNTs is highly cardioembryotoxic in comparison 

with fCOxs at 100 ng/mL, but the findings do not confirm 

if exposure to fCOx could influence chicken embryonic 

development in a dose-dependent manner. In both mod-

els, further studies are needed to fully understand the 

mechanism by which fCNTs can induce embryotoxicity 

or alterations. Oxidative stress is one probable cause, as 

suggested.19 But also their uptake effect must be con-

sidered, which in last instance could depend on fCNTs’ 

structural modifications and chemical reactivity as our 

experiments suggest. While it is true that cytotoxic effects 

at the cellular level are important and generate consider-

able controversy, more research is clearly needed to gain 

insight into the mechanism of these adverse effects, as 

well as the best ways to use CNTs and other nanomaterials 

without threatening the health of those who are exposed 

to them.
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