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2 

 

Nano impact 26 

A genotoxicity mechanism of multi walled carbon nanotubes (MWCNTs) interacting with 27 

Humic Acids (HA) is revealed. The interfacial properties of MWCNT-HA formations were 28 

characterized with ATR-FTIR, Atomic Force Microscopy and Dynamic Light Scattering. 29 

Using natural and synthetic/metal-free Humic polymers the mechanisms of colloidal 30 

dispersion are correlated with the revealed genotoxicity. Moreover the geno- vs. cytotoxicity 31 

phenomena are quantitatively distinguished. These phenomena originate from the action of 32 

Humic Macromolecules as "chaperons" that shuttle MWCNTs into the cell compartments. 33 

 34 

Abstract 35 

Mixtures of multi walled carbon nanotubes (MWCNTs) with natural humic acids (Leonardite 36 

humic acid, LHA) or humic acid-like polycondesates (HALP) were evaluated, for the first 37 

time, about their potential genotoxic and cytotoxic effect in cultured human lymphocytes. 38 

The genotoxic evaluation of the tested materials, either separately or in combination, for the 39 

detection of micronuclei (MN) in the cytoplasm of interphase cells, was performed by the 40 

cytokinesis block micronucleus (CBMN) assay. A comparative analysis of the genotoxicity 41 

and cytotoxicity reveals that in the tested concentrations [MWCNTs+LHA] mixture is more 42 

genotoxic and slightly more cytotoxic than the [MWCNTs+HALP] mixture. MN induction 43 

observed in human lymphocytes, demonstrates that humic substances enhance the genotoxic 44 

effects of MWCNTs. In addition, the present data highlight a -so far unforeseen- potential 45 

genotoxic effect as the result of both clastogenic and aneugenic action of the particular 46 

mixtures on human lymphocytes. 47 

 48 

 49 

 50 
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3 

 

1 Introduction 51 

Carbon nanotubes (CNTs) are fiber-shaped particles consisting of graphite hexagonal-mesh 52 

planes present as a single-layer (single-walled CNTs, SWCNTs) or as multilayers with nest 53 

accumulation (multi-walled CNTs, MWCNTs). Their potential applications are broad, e.g. in 54 

CNT-enhanced plastics, electromagnetic shielding, antistatic materials, flexible fibers and 55 

advanced polymers, medical/health fields, and scanning probe microscopy 
1
. In 2005 the 56 

worldwide CNTs’ production was ~0.2 kilotons (ktn). In 2011, this production increased by 57 

more than a factor of 10 and soared to about 4.6 ktn/yr 
2
. 58 

Nonetheless, despite their already widespread use, there is increasing need for pertinent 59 

information on their implications in human health and the environment  
3,4

. 60 

The main reason of concern about CNTs is related to their fibrous structure, which is similar 61 

to that of asbestos, and a high-aspect-ratio nanoparticle theory has already been suggested for 62 

CNT toxicity 
5
. Accordingly, as in the case of asbestos, high-aspect-ratio MWCNTs are more 63 

toxic and potent to induce mesothelioma than low-aspect-ratio MWCNTs 
5
. The carcinogenic 64 

effect of biopersistent fibers, such as asbestos, has also been associated with the local 65 

generation of reactive oxygen species and inflammatory reactions while genotoxic effects 66 

related to these phenomena may also be implicated 
6
. 67 

The small size and high surface-to-volume ratio of CNTs could also affect interactions at the 68 

cellular level, leading to enhanced permeability through the cell membrane with a profound 69 

influence on cellular dynamics 
7
. Therefore, it is essential to investigate the potential hazards 70 

of CNTs to humans and other biological systems not only at cellular but also at subcellular 71 

level i.e. on the genetic material for example. While existing literature data primarily focus 72 

on the potential cytotoxicity of CNTs, with conflicting results, the study on genotoxicity of 73 

CNTs is beginning to emerge as an important research area 
8
. 74 
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4 

 

In the recent reviews by Toyokuni 
9
 and Saito et al. 

10
 it is stated that certain types of 75 

MWCNTs are as carcinogenic to mesothelial cells as asbestos fibers, and the cytotoxicity, 76 

inflammatogenicity and carcinogenicity of a specific given type of MWCNT are modulated 77 

by factors such as its diameter, length, rigidity and surface modification. In addition, 78 

distinguishing the mutagenicity and genotoxicity of CNTs remains a challenging research 79 

task; some studies judged CNTs to be mutagenic or genotoxic and others did not. The so-far 80 

published results vary i.e. depending on the cell-type even within the same study. 81 

Nowadays, there is particular concern regarding possible genotoxic effect of nanomaterials, 82 

through their use and release into the environment, including soil, as well as their impact to 83 

the food chain and especially in humans 
11

. Engineered Nanoscale Materials (ENMs) are 84 

already being used in agriculture as "nano-fertilizers" 
12

. In addition, a recent study has 85 

shown that low doses of MWCNTs, in normal media, improving water absorption, plant 86 

biomass and the concentrations of the essential Ca, Fe nutrients, opening a potential for 87 

possible future commercial agricultural applications
 13

. On the other hand, such use of 88 

nanomaterials may be of concern to human health e.g. humans, especially farmers, may 89 

become exposed as a result of MWCNTs contamination in soil and/or through the potential 90 

interactions between MWCNTs and soil components, such as humic acid (HA). In this 91 

context, the present study aimed to investigate the potential genotoxic effects of the 92 

MWCNTs in combination with the main soil component, such as soil organic matter, on 93 

humans. 94 

More specifically, the potential of soil components i.e. humic acid (HA) macromolecules, in 95 

enhancing bioavailability of CNTs has to be carefully assessed. Due to their poor solubility 96 

and dispersability -in aqueous or polar solvents- MWCNTs are prone to aggregation and 97 

deposition in water due to strong inter-nanotube van der Waals forces 
14,15

. 98 
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5 

 

Humic acids (HA), represent the most abundant fraction of humic substances, which are the 99 

most relevant chemically and biochemically reactive components of soil organic matter 
16

. 100 

HA has been shown to be very efficient in enhancing water-dispersability of CNTs 
14,15

. HA 101 

can be associated with the CNTs surface e.g. either via hydrophobic π-π interactions or/and 102 

by a physical wrapping of the HA macromolecules around CNTs. The high charge content of 103 

HA i.e. typically up to 1-4 meq/100 mg 
17

, makes the so-formed [HA+CNT] composite 104 

highly anionic at pH>4, and this results in their high dispersability in water. On the other 105 

hand, HAs are natural polyelectrolytes that regulate biological membranes’ permeability 
18,19

. 106 

This renders HA as potent cofactors able to shuttle exogenous entities e.g. such as 107 

nanomaterials, to cells’ internal compartments. In this context herein the effect of 108 

contaminant presence  of HA and CNTs on  human cell-nucleus has been studied.  109 

Two types of  well characterized HAs were used: [i] a reference Leonardite HA (herein 110 

codenamed LHA) obtained from the International Humic Substances Society (IHSS), [ii] a 111 

well characterized, metal-free, synthetic Humic-Acid-Like-Polycondensate (HALP) produced 112 

from simple organic precursors with no use of co-catalsyst 
20

. As demonstrated by 113 

Giannakopoulos et al. 
20

 HALP replicates the essential physicochemical parameters e.g. 114 

charge, structural carboxy/phenolic content, radicals, that are pertinent in the present study, 115 

however HALP is free of any adventitious ions -in particularly Fe- that  might be involved in 116 

adverse oxidative-stress events.  117 

The aim of the present work was to study the potential genotoxic effects of MWCNTs in 118 

combination with LHA or HALP in human lymphocytes in vitro. In general, the genotoxicity 119 

is directly linked to the mutagenic and carcinogenic effects of chemicals. To cover the whole 120 

spectrum of the genetic damage that can occur, usually they are used a combination of assays 121 

both in vitro and in vivo conditions. For this purpose the widely used cytokinesis block 122 

micronucleus (CBMN) assay in human lymphocyte cultures, which is a sensitive indicator of 123 
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6 

 

chromosome structural and numerical changes, was selected and used herein i.e. as a 124 

validated method accepted for regulatory purposes 
21-23

. 125 

Micronuclei (MN) may originate from acentric chromosome fragments or whole 126 

chromosomes that are unable to migrate to the poles during the anaphase stage of cell 127 

division. The simplicity, rapidity and sensitivity of the CBMN assay make it a valuable tool 128 

for genotoxicity screening 
23

.  129 

Overall, the main objectives of the present study were: [a] to evaluate the genotoxic and 130 

cytotoxic effect of MWCNT interacting with LHA and HALP, in human lymphocytes in 131 

vitro, [b] to understand the physical mechanism of the observed genotoxicity and cytotoxicity 132 

in relation to the enhanced water solubility of the LHA+MWCNTs, HALP+MWCNTS. 133 

 134 

2 Method 135 

2.1 Synthesis of HALP 136 

HALP was produced by the oxidative polymerization of gallic acid and protocatechuic acid 137 

in molar ratio 1:1 according to Giannakopoulos et al. 
20

 with no use of a cocatalyst. The 138 

procedure is described in the Supplementary information (SI). The so obtained free-of-metals 139 

HALP was fully characterized as detailed by Giannakopoulos et al. 
20

. 140 

2.2 Materials 141 

MWCNTs (6-9 nm diameter, 5 µm length) with >95% purity were supplied by Sigma–142 

Aldrich (CAS No. 724769) and purified in a metal-free form according to Georgakilas et al. 143 

24
. Leonardite HumicAcid standard (LHAS04) was purchased from the IHSS and used with 144 

no further purification. 145 

2.3 HA Stock solutions 146 
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7 

 

Stock solutions (500 mg/L) of the LHA and HALP were prepared with Milli-Q water 147 

(Millipore-Acedemic system) and their desired pH was adjusted with small volumes of 148 

NaOH and HNO3. 149 

2.4 MWCNT-HA suspensions 150 

The stock suspensions MWCNTs and HAs [LHA or HALP] were prepared as follows: (a) 55 151 

mg of MWCNTs was dispersed in 100 ml deionized/ultrapure water (b) 220 mg of LHA was 152 

dispersed in 100 ml deionized/ultrapure water and (c) 88 mg of HALP was dissolved in 100 153 

ml deionized/ultrapure water. From the stock solutions, appropriate volumes -which 154 

correspond to the final concentrations of the tested mixtures- were added in our cultures. The 155 

solutions were sonicated using low-power sonication. More particularly based on the 156 

Dynamic Light Scattering data, detailed in the following, we have applied a total of 0.6 kJ 157 

power per ml of solution. Typically this is achieved by applying 50 Watt  sonication power 158 

for 20 minutes per 10 ml volume. This can be routinely performed using a commercial bath 159 

sonicator. Mild/low-power sonication protocol results in no physical damage of MWCNTs 160 

thus excluding any artificial generation of edge-related radical species that might generate 161 

reactive oxygen species. The dispersionwas then left under stirring overnight. Water was the 162 

only solvent employed, and no organic solvents were used.  163 

2.5 Materials’ Characterization 164 

2.5.1 Attenuated Total Reflection (ATR)-FTIR 165 

ATR-FTIR spectra was recorded on a Shimadzu FT-IR 8400 infrared spectrometer Perkin 166 

Elmer Spectrum-GX in the region of 800–3000 cm
−1

 using a (ZnSe)-attenuated total 167 

reflection accessory. Each spectrum was the average of 300 scans collected at 2 cm
−1

 168 

resolution. Zn-Se crystal permitted the study of aqueous samples at pH range 4-9. 169 

2.5.2 Atomic Force Microscopy (AFM) 170 
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8 

 

AFM images were obtained in tapping mode with a 3D Multimode Nanoscope, using Tap-171 

300G silicon cantilevels with a tip radius <10 nm and a force constant of ≈20–75 N m-1. 172 

Samples were deposited onto silicon wafers (P/Bor, single side polished) from aqueous 173 

dispersions by drop -casting. At least 40 AFM images were analyzed in each sample. In the 174 

case of the HA/CNT samples the occurrence of the single/unbundled CNTs was 85-90% of 175 

the studied images. 176 

2.5.3 Dynamic Light Scattering (DLS) preparation and measurement 177 

To determine the particle size of MWCNTs in suspension, we have investigated in detail the 178 

effect of sonication energy on the dispersion/size of the CNTs’. The total ultrasound energy 179 

delivered per ml of solution is calculated as:  180 

Total ultrasound Energy delivered per ml= [Ultrasound Power (Watts) x Sonication Time] / 181 

Solution Volume (ml) 182 

We have screened sonication energies from low (0.2 kJ/ml) up to high (8 kJ/ml). Low 183 

sonication energies (0.2-0.6 kJ/ml) were produced using a common path sonicator (Pranson 184 

2000, 50 Watt) i.e. varying the sonication time. A full [energy per ml] scale (0.2 to 8 kJ/ml) 185 

was investigated using a probe sonicator Sonic V500 delivering a maximum of 500 Watts.  186 

DLS data show that for the same energy per ml the method of sonication e.g. bath or probe, 187 

gives the same DLS results. Thus controlling the total energy per ml allows a precise 188 

parametrisation of the sonication protocol i.e. instead of varying only the sonication time or 189 

only the power. 190 

In the present experiments we have studied suspensions of 10 mg/L i.e. 10 µg/ml MWCNTs 191 

in various media [1] only H2O, pH 6.5, [2] the culture medium, pH 6.5 [6.5 ml Ham’s F-10 192 

medium (Gibco), 1.5 ml foetal bovine serum (Gibco) and 0.3 ml phytohaemagglutinin 193 

(Gibco)]. The effect of HALP was studied by adding 10 mg/L of HALP in the suspension of 194 

the MWCNTs.  195 
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In all cases the agglomerate size in solution was determined by DLS at short incubation times 196 

[30 minutes] as well as after 72 hours i.e. conditions similar to the biological cultures. 197 

Dynamic Light Scattering (DLS), Malvern Zetasizer, model Nano ZS, measurements were 198 

performed in quartz cuvettes.  199 

2.6 CBMN assay in human lymphocytes in vitro 200 

Blood samples were obtained from two non-smokers, healthy individuals (21 and 25 years 201 

old) not undergoing any drug treatment, free of viral infection or X-ray exposure in the recent 202 

past. Blood samples were kept under sterile conditions in heparinized tubes. Whole blood 203 

(0.5 ml) was added to 6.5 ml Ham’s F-10 medium (Gibco), 1.5 ml foetal bovine serum 204 

(Gibco) and 0.3 ml phytohaemagglutinin (Gibco) to stimulate cell division. The effect of  205 

MWCNTs, LHA and their mixture were studied at three different concentrations (5, 15, 25 206 

µg/ml), (20, 60, 100 µg/ml) and (5+20, 15+60, 25+100 µg/ml) respectively. The reported 207 

results in Table 1 represent the pooled data from the two donors’ replicated cultures 
25

. 208 

Furthermore, the effect of  MWCNTs, HALP and their mixture were studied at four different 209 

concentrations (5, 15, 25, 30 µg/ml), (8, 25, 42, 50 µg/ml) and (5+8, 15+25, 25+42, 30+50 210 

µg/ml) respectively. The reported results in Table 2 represent the pooled data from two 211 

independent experiments. Mitomycin-C (MMC) (Sigma) at final concentration of 0.05 µg/ml 212 

served as positive control. 44 h after initiating cultures, 6 µg/ml Cytochalasin-B (Cyt-B) 213 

(Sigma) was added to the culture medium to block cell division. The use of cytochalasin-B, 214 

an inhibitor of actin polymerization, which prevents cytokinesis while permitting nuclear 215 

division leads to formation of binucleated (BN) cells which are scored for the presence of 216 

MN 
23

.  217 

Cultures were incubated at 37
o
C in a humidified atmosphere of 5% CO2 for 72 h. The 218 

procedure for slide preparation is described in the SI section.  Standard criteria were used for 219 

scoring MN 
26

. 220 
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10 

 

To determine possible cytotoxic effects, the Cytokinesis Block Proliferation Index (CBPI) 221 

was calculated by counting at least 2000 cells for each experimental point. CBPI is given by 222 

the equation:  223 

CBPI = [M1 + 2 M2 + 3(M3 + M4)]/N 224 

where M1, M2, M3 and M4 correspond to the numbers of cells with one, two, three and four 225 

nuclei and N is the total number of cells 
23

. 226 

The calculation of MN size was also used as an additional parameter to assess the activity of 227 

the tested substances as clastogenic or aneugenic 
27,28

. MN size is expressed as the ratio 228 

MNd/CNd (MNd=MN diameter/CNd=cell nucleus diameter).  229 

MN size was characterized as "small", when MNd/CNd≤ 1/10, "medium" for MNd/CNd=1/3 230 

to 1/9 and "large" for MNd/CNd≈1/3 
27

.  231 

Small size MN are more likely to contain acentric chromosome fragments indicating a 232 

clastogenic effect, while large size MN may possibly contain whole chromosomes thus 233 

indicating an aneugenic effect 
27,28

. 234 

2.7 Statistical analysis 235 

All results are expressed as the mean frequency ± standard error (MF ± se). The statistical 236 

analysis of the MN data was conducted using the G-test for independence on 2x2 tables. The 237 

chi-square test (χ
2
 test) was used for the analysis of CBPI among each treatment. Statistical 238 

decisions were based on a significance level of 0.05. The statistical software used for data 239 

analysis was the Statistical Package for Social Sciences (SPSS) for Windows, version 17.0. 240 

 241 

3 Results 242 

3.1 Dispersion Effect of HAs on MWCNTs - Dynamic Light Scattering (DLS) 243 

The sample-pictures in Figure 1 exemplify the dispersability difference between MWCNTs in 244 

H2O in the absence of HAs (Figure 1a), and in the presence of HAs (Figure 1c). In the 245 
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absence of HAs, negligible dispersion of MWCNTs was detected even after 8 kJ/ml of 246 

sonication (Figure 1a). In the presence of HAs, under low-energy sonication 0.6 kJ/ml, 247 

MWCNTs form a non-precipitating suspension which remained practically unaltered for at 248 

least two weeks, as illustrated in Figure 1c and this is an indication that HAs solubilizes the 249 

MWCNTs. Complete solubilization of the MWCNTs in the presence of HAs, was achieved 250 

under 0.6 kJ/ml sonication energy, as illustrated in Figures 1d and 1e, for HALP and LHA 251 

respectively. We notice a color difference after complete solubilization of the MWCNTs 252 

between HALP (grey) and LHA (more brown) in comparison with the HALP (Figure 1b). 253 

These colorimetric observations can be explained using DLS that gives quantitative 254 

information on the debundling/disaggregation process. Herein we discuss the DLS data for 10 255 

µg/ml of MWCNTs that is within the range i.e. 5-30 µg/ml, studied in cell cultures, described 256 

hereafter. Analogous DLS experiments for higher MWCNT concentrations (25 µg/ml) show 257 

increasing agglomeration (data not shown).  258 

DLS for MWCNTs/HA in H2O: In Figure 2a, in the absence of HALP, 10 µg/ml of 259 

MWCNTs suspension in H2O showed strong aggregation with average hydrodynamic particle 260 

diameter 1700-1800 nm (Figure 2a blue line). This hydrodynamic size did not change even 261 

after 8 kJ/ml sonication energy (data not shown). This is a direct manifestation of the –well 262 

known-  strong aggregation of MWCNTs, that is in agreement with the visual observation of 263 

the heterogeneous suspension that forms the black precipitates in Figure 1a. In the presence 264 

of HALP (Figure 2a, red line) the DLS diameter was decreased to 180-190 nm with just 0.6 265 

kJ/ml energy. Higher ultrasonic energy resulted in a slow decrease of the DLS size, leveling 266 

down to 160 nm for energy 1.2 kJ/ml or higher (not shown).   267 

DLS for MWCNTs/HA in the Cell- Culture medium: When dispersed in the culture medium 268 

10 µg/ml of MWCNTs, showed a main fraction (>80%) with low DLS diameter 200-220 nm, 269 

in the absence of HALP (Figure 2b, blue line). A lower fraction (<20%) was highly 270 
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aggregated i.e. it retained its bundled 1700-1800 nm state. Higher ultrasonic energy i.e. up to 271 

2 kJ/ml did not decrease these DLS sizes.  Thus DLS data reveal that the cell-culture medium 272 

itself has the ability to cause debundling in a significant fraction of the MWCNTs. This is 273 

attributed to the proteins that constitute this culture medium. In the presence of HALP 274 

(Figure 2b, red line) in the culture medium, the DLS size was decreased to 140-160 nm with 275 

0.6 kJ/ml energy, with no further decrease at higher ultrasonic energies. After 72h at rest in 276 

the culture medium, the MWCNT/HALP showed a fractional increase in the DLS size i.e. 277 

part of the particles formed aggregates of 180-200 nm, however the major fraction remained 278 

unaltered.  279 

Overall, the DLS results show that both in H2O as well as in the cell culture medium HALP 280 

macromolecules strongly debundle MWCNTs. The cell culture medium also debundles 281 

MWCNTs to some extent. The basis of the debundling effect of HALP is that HALP 282 

macromolecules, when  associated on the CNT surface can decrease the stacking energy 283 

between the bundled CNTs, by introducing hydrophilic interactions via their charged groups. 284 

This is in agreement with Ghosh et al. 
29 

who have demonstrated  that natural Humics 285 

enhance the colloidal stability/dispersion of nanotubes and other nanomaterials. Herein this 286 

effect was further investigated in detail for the HALP/MWCNT system using ATR-FTIR 287 

spectroscopy.  288 

3.2 Interactions of MWCNTs-HALP and MWCNTs-LHA studied by ATR-FTIR 289 

spectroscopy 290 

ATR- FTIR spectroscopy is a useful technique for the analysis of organic species adsorbed in 291 

the solid-solution interface 
30

. Although the infrared spectra of pristine MWCNTs are 292 

featureless, FTIR spectroscopy using the ATR accessory is very informative for studying the 293 

functional groups attached to the sidewalls of the MWCNTs 
30,31

. The ATR-FTIR spectra for 294 

MWCNTs interacting with HALP or LHA are presented in Figure 3. The pH-dependent 295 

(b) (a) 
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features in the ATR-FTIR spectra for the MWCNTS-HA interactions were studied at different 296 

pH (e.g. pH 8.5, pH 6.5 and 5.0).  297 

The ATR- FTIR spectra for HALP (black line) in Figure 3a show peaks in 1690-1750 cm
-1

 298 

corresponding to C=O(vC=O) carboxyl stretches 
31

. The peaks in 1400- 1650 cm
-1

 correspond 299 

to asymmetric stretching frequencies for aqueous carboxylates while those corresponding to 300 

the symmetric stretch are detected in 1300-1420 cm
−1

. Signals at 1400-1600 cm
-1

 are 301 

assigned to phenyl ring stretches 
20

. The band at 1155 cm
-1

 is ascribed to C-O stretches or O-302 

H deformations of the C-OH groups 
31

.The ATR- FTIR spectra for LHA (black line) in 303 

Figure 3b show the same features as for HALP, however with inferior resolution of the 304 

spectral lines. This is attributed to the less-homogeneous structure of LHA vs. HALP. Upon 305 

interaction of MWCNTs with HALP and LHA severe changes are observed in the ATR-FTIR 306 

spectra (red lines in Figure 3 a, b). The interaction of MWCNTs with HALP affects the 307 

carboxylate peaks which are significantly diminished in the presence of MWCNTs. 308 

Moreover, the carboxylate vibrations  at 1622 cm
-1

 shift to 1634 cm
-1

. Thus the ATR-FTIR 309 

spectra provide direct evidence of strong interaction of the MWCNTs with the carboxylates 310 

of HALP or LHA. The carbonyl band at 1720 cm
-1

 disappeared, indicating specific 311 

interaction between MWCNTs and the carbonyl O. 312 

The ATR-FTIR spectrum of MWCNTS-LHA is similar to that of MWCNTS-HALP (Figure 313 

3b). More specifically, in LHA the peak at 1643 cm
-1

 is replaced by two peaks shifted to 314 

higher wavenumber (by ∆v~5-10 cm
-1

) indicative of MWCNTs interactions with carbonyl-O 315 

groups. The enhanced peak at ~1056 cm
-1

 is due to C-O stretches. Various previous studies 316 

have provided evidence that carboxyls of HA -as well as phenolic and aromatics- are strongly 317 

interacting with CNTs 
15,32

. Overall, the present data in accordance with literature, are 318 

consistent with a structural picture where COO, R-OH groups of HALP and LHA interact 319 

with the sidewalls of MWCNTs, forming a stable embodiment [HA+MWCNT]. This 320 
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[HA+MWCNT] embodiment bears pH-dependent charge i.e. due to the chargeable 321 

carboxy/phenolics of HAs 
14,15

 and this determines the observed significant effect of pH on 322 

the debundling and solubilization of MWCNTs.  323 

3.3 Atomic Force Microscopy (AFM) 324 

AFM images of MWCNTs and MWCNTs+HALP, deposited on Si-wafer (Figure 4) allow a 325 

comparison of the morphological features of MWCNTs at the nano-scale, before (Figure 4a) 326 

and after (Figure 4b) the interaction with the HAs, in aqueous solution. A typical AFM image 327 

of MWCNTs in the absence of HA (Figure 4a) shows the aggregated structure of MWCNTs, 328 

i.e. despite the sonication treatment MWCNTS retain a bundled/aggregated form, in 329 

agreement with the DLS data. In the HALP+MWCNTs, well dispersed nanotubes are easily 330 

observed which obtain a mono-disperse structure (Figure 4b) with an average diameter 13-14 331 

nm. As seen in Figure 4b the configuration of these MWCNTs might be twisted/curled, i.e. 332 

not an ideal straight-line shaped tube. The effective diameter of this conformation 333 

corresponds to the hydrodynamic diameter detected by DLS.  334 

Overall, according to AFM images and DLS data the dispersions of MWCNTs in H2O form 335 

aggregates, which in the presence of HAs "debundle", even under low-power sonication, 336 

forming monodispersed CNTs in 85-90% of the studied AFM  images. 337 

3.5 Genotoxic and cytotoxic effects by MWCNTs, LHA and their mixture 338 

The results obtained from human peripheral blood lymphocyte cultures treated with different 339 

concentrations of MWCNTs, LHA, their mixture and MMC are shown in Table 1. The data 340 

in Table 1 reveal that MWCNTs or LHA, each one separately, were able to induce a minor 341 

increase in MN frequencies at all tested concentrations, vs. the control. MWCNTs induced a 342 

statistically significant increase (p<0.01 and p<0.05) on MN frequencies at concentrations 5 343 

and 15 µg/ml respectively. In the case of mixed [MWCNTs+LHA] treatments our results 344 

showed a remarkable three to five-fold increase in MN frequencies vs. the control. More 345 
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specifically, MWCNTs+LHA induced statistically significant differences (p< 0.001) on MN 346 

frequencies vs. the control.  347 

The cytotoxic effect was evaluated via the determination of CBPI for MWCNTs, LHA and 348 

their mixture. Regarding the cytotoxic index in all tested concentrations, no statistically 349 

significant differences were observed between control and treated cultures. The negative 350 

(5.25±0.48‰) and positive (54.75±4.13‰) control frequencies of MN found in our 351 

experiments are in accordance to the published values in the used assay 
33

. 352 

The MNd/CNd size ratio of MN in the in vitro CBMN assay is an alerting index i.e. as 353 

effective as the Fluorescence in situ Hybridization (FISH) analysis, for the discrimination of 354 

clastogenic and aneugenic effects 
27,28,34-36

.  355 

Here, data on the MNd/CNd size ratio of MN (‰) induced by MWCNTs and their mixtures 356 

with LHA are presented in SI (Figure S1). A statistically significant increase in both small- 357 

and large-size MN frequencies was observed in all tested mixtures, except for the case of the 358 

large size MN in the MWCNTs+LHA (5+20 µg/ml) treatment. Moreover, statistically 359 

significant increase in large-size MN frequencies was observed in the MWCNTs-treatment 360 

(15 µg/ml). 361 

3.6 Genotoxic and cytotoxic effects by MWCNTs, HALP and their mixture 362 

The results shown in Table 2, reveal that there are no statistically significant differences 363 

between control and MWCNTs -or HALP- treated cultures. In the case of mixed 364 

MWCNTs+HALP treatments an approximately three-fold increase in MN frequencies vs. the 365 

control was found. MWCNTs+HALP mixtures induced a statistically significant increase 366 

(p<0.001) on MN frequencies at all tested concentrations vs. the control. 367 

Regarding the CBPI index, to evaluate the cytotoxic effect, no statistically significant 368 

differences were observed between control and [MWCNTs/HALP and their mixtures] treated 369 
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cultures. The reported negative (5.0±0.0‰) and positive (57.0±6.0‰) control frequencies of 370 

MN in our experiments are in accordance to published values in a similar assay 
33

.  371 

Regarding the MNd/CNd size ratio of MN (‰) induced by MWCNTs e.g. separately or in 372 

combination with HALP, there was a significant increase in both small- and large-size MN 373 

frequencies at the higher tested concentrations of MWCNTs+HALP mixtures (25+42, 30+50 374 

µg/ml respectively). In the cases of lower concentrations of MWCNTs+HALP mixtures, 375 

statistically significant increase was observed in small (5+8 µg/ml) and in large (15+25 376 

µg/ml) size MN  frequencies, respectively (see SI, Figure S2). 377 

 378 

4 Discussion 379 

4.1 Significant enhancement of the genotoxic effect by MWCNTs+HA. 380 

The present data reveal that natural HA (LHA) resulted in more severe MN enhancement 381 

than the synthetic HALP. Since the structural characteristics of HALP are similar to that of 382 

LHA, the additional MN increase can be attributed to adverse effects of heteroatoms, most 383 

likely Fe 
16

, present in natural LHA. 384 

Previous studies on the genotoxicity of MWCNTs have been reported, however for much 385 

higher concentrations 
37

 than those used herein. The statistically significant genotoxic 386 

induction at MWCNTs concentrations of 5 and 15 µg/ml as well as the increased MN 387 

frequency at 25 µg/ml (Table 1), corroborate previous reports with regard to the genotoxic 388 

action of CNTs. More precisely, Lindberg et al. 
38

, examined the potential genotoxic effects 389 

of carbon nanotubes (CNTs; >50% single-walled, ∼40% other CNTs) in cultured human 390 

bronchial epithelial cells (BEAS 2B) for 24, 48 and 72 hrs with various doses (3.8–391 

380 µg/ml), using the single cell gel electrophoresis (comet) assay and the micronucleus 392 

(MN) assay. In the comet assay, CNTs induced a dose-dependent increase in DNA damage at 393 
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all treatment times, with a statistically significant effect starting at the lowest dose tested. In 394 

the MN assay, no increase in MN frequencies was observed with CNTs after the 24-h and 72-395 

h treatment. The 48-h treatment caused a significant increase in MN frequencies at three 396 

doses (lowest 38 µg/ml) of CNTs. No dose-dependent effects were seen in the MN assay.  397 

Similarly, Ghosh et al. 
39

 demonstrated the genotoxic effect of MWCNTs, using -among 398 

others- the comet assay in human lymphocytes. Significant genotoxic response was observed 399 

at the concentration of 2 µg/ml, followed by a gradual decrease at the higher concentrations 400 

tested and that may be due to the formation of crosslinks or the agglomeration of MWCNTs 401 

39
. The findings of this study 

39
 are consistent with our present results with regard to the 402 

genotoxic induction observed in MWCNTs at the concentrations of 5 and 15 µg/ml, but not at 403 

the higher concentration of 25 µg/ml (Table 1). Taking into account the DLS data, we suggest 404 

that the observed decrease at the higher concentrations may be due to formation or 405 

agglomeration of MWCNTs, thus inhibiting their genotoxic action. 406 

A recent study of Tavares et al. 
40

 evaluated, among others, the potential genotoxic effects of 407 

six different types of MWCNTs using the CBMN assay on human lymphocytes and clearly 408 

indicated MN induction, without dose-effect relationship, in the case two of the six 409 

MWCNTs examined. As commented by Tavares et al. 
40 

the observed differences in 410 

genotoxicity among closely related MWCNTs which may not be explained by the 411 

morphology and size of MWCNTs but rather by the agglomeration process in correlation 412 

with the tested concentrations. 413 

Our results, on the negative genotoxic responses of HAs (Tables 1, 2) are supported by the 414 

research of Ferrara et al. 
41

, who applied the MN assay in human lymphoblastoid cell line 415 

(TK6) in order to evaluate the genotoxicity of HAs. The findings reported by Ferrara et al. 
41

, 416 

revealed the absence of genotoxic effect of the examined HAs samples . 417 
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In order to further assess the mechanism of genotoxicity action of MWCNTs and their 418 

mixtures with LHA and HALP we analyzed the size-distribution of induced MN. In general, 419 

the tested mixtures that induce MN may do so because they induce chromosome breakage 420 

(clastogenic effect), chromosome loss (aneugenic effect), or a combination of the two. The 421 

MN size ratio in the CBMN assay is an alerting index i.e. as effective as the Fluorescence in 422 

situ Hybridization (FISH) analysis for the discrimination of clastogenic and aneugenic effects 423 

27,28,34-36
.
 
As can be seen in SI (Figures S1 and S2),  the tested mixtures of MWCNTs with HA 424 

or HALP induced a statistically significant increase in both small- and large-size MN. 425 

According to the latter, the large MN observed in MWCNTs and their mixtures with LHA 426 

and HALP-treated lymphocytes, might contain whole chromosomes, thus revealing an 427 

evidence of tested mixtures aneugenic potency, while the presence of small MN is more 428 

likely to contain acentric chromosome fragments indicating its clastogenic effect. This shows 429 

that the genotoxicity of MWCNT-HA is the result of clastogenic as well as aneugenic events. 430 

This observation, is corroborated by the study of Cveticanin et al. 
42

, which connects the 431 

formation of MN in human lymphocytes with the clastogenic as well as aneugenic activity of 432 

MWCNTs. Also, previous studies in human epithelial cell line (MCF-7) suggested that 433 

MWCNTs can induce MN by both clastogenic and aneugenic mechanisms 
43

. 434 

4.2 Absence of cytotoxic effect 435 

The CBPI index showed no statistically significant differences of the CBPI values which 436 

were observed between control and either MWCNTs or MWCNTs+HA treated cultures. Our 437 

results are in accordance with the recent findings of Tavares et al. 
40 

 which found that CBPI 438 

was not significantly affected by any of the six different examined MWCNTs.  439 

Kihara et al., demonstrated that HA from Indonesia induced cytotoxicity at concentrations 440 

greater than 50 µg/ml on human vascular endothelial cells 
44

. Our observations on the 441 

cytotoxicity pattern of the tested HA (IHSS standard LHA and synthetic  HALP) indicate that 442 
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they are not cytotoxic at all tested concentrations in cultured human lymphocytes. The 443 

observed differences in cytotoxicity pattern of the present tested HAs vs. that of Kihara et al. 444 

44
, could be attributed  in their different physicochemical characteristics e.g. metal content, or 445 

structural profile of the macromolecules, which reflect the differences from one ecosystem 446 

type to another. 447 

The concentrations of MWCNTs used in the present study are comparable to the 448 

concentrations used in several other studies. Lacerda et al. injected 300 µg MWCNTs per rat, 449 

which translates to a concentration of 20 µg/ml (average rat blood volume 15 ml and 200 g 450 

body weight) 
45

. Deng et al. injected 10 µg MWCNTs per mouse, which translates to a 451 

concentration of 10 µg/ml (average mouse blood volume 1 ml and 20 g body weight) 
46

. 452 

These animal imaging studies investigated the systemic administration of functionalized and 453 

radiolabeled MWCNTs. Recent studies on human cells, investigated the effects of MWCNTs 454 

on human microvascular endothelial cells at afinal concentration of 2.5 µg/ml 
47

 as well as on 455 

human lymphocytes at final treatment concentrations of 1 up to 10 µg/ml 
39 

and of 1 up to 456 

300 µg/ml 
40

. 457 

Our rationale for the selection of the, low, MWCNTs concentrations is also supported from a 458 

very recent study which investigated the application of nano-biotechnology to crop-459 

science/agriculture and established the term "nanoagriculture" as a recent development. 460 

Tiwari et al. demonstrated that pristine MWCNTs at low concentrations (20 mg/l) benefit the 461 

growth of maize seedlings by enhancing water, nutrient transport and biomass 
13

. These 462 

findings suggest a potential for the utilization of CNTs for optimizing water transport in arid-463 

zone agriculture and of improving crop biomass yields. 464 

4.3 A Physicochemical Mechanism 465 

Our ATR- FTIR study shows that HA solubilizes the MWCNT via specific interactions of the 466 

COO groups with the CNTs surface. DLS provides quantitative data on "debundling" of 467 
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nanotube aggregates, in the presence of HALP. This observation correlates with the observed 468 

three to five-fold increase MN-induction by MWCNTs+LHA and MWCNTs+HALP. The 469 

straightforward implication of these data is that the formed LHA/HALP-MWCNTs 470 

embodiments have the potential to penetrate not only the cell membrane but also the nucleus 471 

membrane, inducing MN. Here is it of pertinence to notice that despite the partial debundling 472 

effect of the cell-culture medium i.e. in the absence of HALP, this is not enough to trigger the 473 

MN formation. On the other hand HALP appears to play critical role in MWCNTs’ 474 

debundling and MN induction. This reveals that HALP has a multiple effect i.e. that is 475 

effectively shuttling MWCNTs into the nucleus, in addition to the debundling effect in 476 

solution. 477 

Despite the fact that the cellular uptake of CNTs and its underlying mechanisms remain 478 

largely unclear 
10

 it is tempting to comment that  associations of CNTs with specific proteins 479 

may alter their pharmacokinetic and pharmacodynamics behavior 
48 

as well as their genotoxic 480 

and/or cytotoxic activity 
49

. In simulated cell culture conditions, MWCNTs are found to bind 481 

the highest number of proteins (133) compared to unmodified nanotubes (<100), suggesting 482 

covalent binding to protein amines 
48

. In addition, Pacurari et al. demonstrated that MWCNT 483 

lead to an increase in cell permeability in human microvascular endothelial cells 
47

. A recent 484 

report suggested that exposure to electromagnetic waves promotes CNTs entry not only into 485 

the cytoplasm of cells, but also into the nucleus 
50

.  486 

Our present findings suggest a similarity between the mode of action of Humic 487 

macromolecules with analogous bio-macromolecules/proteins. The macromolecule acts as 488 

shuttle-like agent to enhance the permeability of [CNT/organic] into the internal cellular 489 

compartments. Her we provide the first evidence that via this mechanism, environmental 490 

factors  –Humics- combined with CNTs,  may induce direct genotoxic effects. 491 

 492 
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5 Conclusion 493 

The present study revealed a statistically significant induction of MN frequencies in cultured 494 

human lymphocytes treated with a mixtures of MWCNTs+HAs. A comparative analysis of 495 

the genotoxicity and cytotoxicity in the tested concentrations reveals that the 496 

MWCNTs+LHA mixture is more genotoxic and slightly more cytotoxic than the 497 

MWCNTs+HALP mixture. The MN induction observed herein in human lymphocytes, 498 

reveals the ability of [MWCNTs+LHA or HALP] mixtures to enhance genotoxic effects, 499 

while there was a first evidence of the potential genotoxic effects as the result of both 500 

clastogenic and aneugenic action of the particular mixtures on human lymphocytes.  501 

Taking into account that the examined concentrations were low, MWCNTs should be 502 

handled with great care, in order to minimize its environmental and human risk. From that 503 

point of view, their potential impact to the environment, the organisms and human health 504 

must be further investigated and confirmed. 505 

 506 
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Table  Legends 639 

Table 1.Frequencies of MN as well as CBPI values in cultured human lymphocytes treated 640 

with MWCNTs, LHA and their mixture. 641 

Table 2. Frequencies of MN as well as CBPI values in cultured human lymphocytes treated 642 

with MWCNTs, HALP and their mixture. 643 

Figure  Legends 644 

Figure 1. (a) Formation of a stable water-dispersible form of CNTs in the absence of HALP 645 

(50 ppm CNTs in H2O pH 7), (b) 50 ppm HALP pH 7 (c) 50 ppm CNTs in H2O plus 50 ppm 646 

HALP pH 7 (30 min bath-sonication, the dispersion shown remained unaltered after six 647 

days). (d) Same as (c) after 120 min bath-sonication. (e) 50 ppm CNTs in H2O plus 50 ppm 648 

LHA pH 7, 120 min bath-sonication. 649 

 650 

Figure 2. Dynamic Light Scattering number-distributions of MWCNTs (a) in H2O and (b) in 651 

cell-culture medium. (Blue lines): MWCNTs, (Red lines): MWCNTs+HALP. The 652 

suspensions were sonicated with a total energy 0.6 kJ/ml and measured within 30 minutes 653 

after sonication. The black trace in (b) is  for the MWCNTs+HALP sample left for 72hours at 654 

rest. 655 

 656 

Figure 3. (a) ATR-FTIR spectra of HALP (black line) 50ppm and CNTs-HALP (red line ) 50 657 

ppm at pH 5.0 (i), 6.5 (ii) or 8.5 (iii) and (b) ATR-FTIR spectra of LHA (black line) 50 pm 658 

and CNTs-LHA (red line) 50 ppm at pH 5.0 (i), 6.5 (ii) or 8.5 (iii). 659 

 660 

Figure 4. AFM images and section analysis of (a) pure MWCNTs and (b) MWCNTs-HALP 661 

at pH 4.0. (a) MWCNTs in the absence of HA shows the aggregated structure of MWCNTs, 662 

(b) MWCNTs obtain a mono-disperse structure after interaction with the HAs. 663 
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Table 1. 

Frequencies of MN as well as CBPI values in cultured human lymphocytes treated with 

MWCNTs, LHA and their mixture. 

Concentration  

(µg/ml) 

MN 

MF(‰)±se 

CBPI 

MF(‰)±se 

0 5.25±0.48 1.78±0.02 

MWCNTs   

5 12.25±1.44** 1.78±0.01 

15 10.75±0.63* 1.77±0.02 

25 9.00±0.41 1.77±0.02 

LHA   

20 8.50±0.50 1.79±0.01 

60 9.75±0.85 1.77±0.02 

100 9.50±0.29 1.80±0.01 

MWCNTs+LHA   

5+20 20.25±0.25*** 1.76±0.04 

15+ 60 18.50±0.96*** 1.75±0.05 

25+100 24.00±1.78*** 1.75±0.03 

MMC   

0.05 54.75±4.13*** 1.67±0.02** 

MN, micronuclei; CBPI, Cytokinesis Block Proliferation Index; MF(‰)±se, mean 

frequencies (‰)±standard error; MWCNTs, multi-walled carbon nanotubes; LHA, 

Leonardite humic acid; MMC, Mitomycin-C; 4000 binucleated cells scored per experimental 

point; *p<0.05, **p<0.01, ***p<0.001 [G-test for MN; χ
2
for CBPI] 

 664 

 665 
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Table 2. 

Frequencies of MN as well as CBPI values in cultured human lymphocytes treated with 

MWCNTs, HALP and their mixture. 

Concentration  

(µg/ml) 

MN 

MF(‰)±se 

CBPI 

MF(‰)±se 

0 5.0±0.0 1.84±0.01 

MWCNTs 

5 9.5±0.5 1.84±0.01 

15 9.5±0.5 1.83±0.04 

25 8.5±0.5 1.83±0.01 

30 8.5±0.5 1.84±0.01 

HALP 

8 5.0±0.0 1.83±0.01 

25 5.5±0.5 1.90±0.06 

42 6.5±0.5 1.86±0.02 

50 6.5±0.5 1.84±0.03 

MWCNTs+HALP 

5+8 13.5±0.5* 1.84±0.02 

15+25 14.5±0.5** 1.86±0.03 

25+42 15.0±1.0** 1.88±0.02 

30+50 17.0±0.0** 1.90±0.01 

MMC 

0.05 57.0±6.0** 1.67±0.02** 

MN, micronuclei; CBPI, Cytokinesis Block Proliferation Index; MF(‰)±se, mean 

frequencies (‰)±standard error; MWCNTs, multi-walled carbon nanotubes; HALP, Humic-

acid-like polycondensates; MMC, Mitomycin-C; 2000 binucleated cells scored per 

experimental point; *p<0.01, **p<0.001 [G-test for MN; χ
2
for CBPI] 
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Figure 1. (a) Formation of a stable water-dispersible form of CNTs in the absence of HALP (50 ppm CNTs in 
H2O pH 7), (b) 50 ppm HALP pH 7 (c) 50 ppm CNTs in H2O plus 50 ppm HALP pH 7 (30 min bath-

sonication, the dispersion shown remained unaltered after six days). (d) Same as (c) after 120 min bath-

sonication. (e) 50 ppm CNTs in H2O plus 50 ppm LHA pH 7, 120 min bath-sonication.  
190x142mm (300 x 300 DPI)  
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Figure 2. Dynamic Light Scattering number-distributions of MWCNTs (a) in H2O and (b) in cell-culture 
medium. (Blue lines): MWCNTs, (Red lines): MWCNTs+HALP. The suspensions were sonicated with a total 

energy 0.6 kJ/ml and measured within 30 minutes after sonication. The black trace in (b) is  for the 

MWCNTs+HALP sample left for 72hours at rest.  
190x142mm (300 x 300 DPI)  

 

 

Page 31 of 33 Environmental Science: Nano

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:N

an
o

A
cc

ep
te

d
M

an
us

cr
ip

t



  

 

 

Figure 3. (a) ATR-FTIR spectra of HALP (black line) 50ppm and CNTs-HALP (red line ) 50 ppm at pH 5.0 (i), 
6.5 (ii) or 8.5 (iii) and (b) ATR-FTIR spectra of LHA (black line) 50 pm and CNTs-LHA (red line) 50 ppm at 

pH 5.0 (i), 6.5 (ii) or 8.5 (iii).  

190x142mm (300 x 300 DPI)  
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Figure 4. AFM images and section analysis of (a) pure MWCNTs and (b) MWCNTs-HALP at pH 4.0. (a) 
MWCNTs in the absence of HA shows the aggregated structure of MWCNTs, (b) MWCNTs obtain a mono-

disperse structure after interaction with the HAs.  
121x131mm (150 x 150 DPI)  
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