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Abstract

Commercial and medicinal applications of functionalized carbon nanotubes (f~-CNTs) such as amidated f-CNTs are expanding
rapidly with a potential risk exposure to living organisms. The effects of amidated f-CNTs on aquatic species have received a
limited attention. In this work, an easy wet method to prepare ['*C]-label amide multi-walled carbon nanotubes (MWNTS) is
reported. Labeled carbon nanotubes were prepared by successive reactions of carboxylation, chloroacylation, and final amidation
using ['*C]-labeled ethanolamine. The f-CNTs were characterized using elemental analysis, electron dispersive X-ray, transmis-
sion electron microscopy, thermogravimetric analysis, and Raman and FTIR spectroscopy. An uptake experiment was carried out
with juvenile Arctic char (Salvelinus alpinus) using water dispersed amidated ['*C]-f-CNTs to assess their biodistribution in fish
tissues using whole body autoradiography. The radioactivity pattern observed in fish head suggests that f-CNTs were accumu-
lated in head bone canals, possibly involving an interaction with mineral or organic phases of bones such as calcium and collagen.
This f-CNTs distribution illustrates how important is to consider the surface charges of functionalized carbon nanotubes in
ecotoxicological studies.
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Introduction

First discovered in early 1990s (lijima 1991), two classes of
carbon nanotubes (CNTs) are now commercially available as
single-walled carbon nanotubes (SWNTs) and multi-walled
carbon nanotubes (MWNTSs). The lack of solubility of
unfunctionalized CNTs in all organic solvents and water
(Tasi et al. 2006) severely limited their use in monodisperse
solutions and constrained the investigation of their potential
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effects on aquatic environment. Chemical techniques to mod-
ify CNT surface are progressing rapidly and examples of sur-
face functionalization of nanotubes and their applications to
bone tissue engineering or biomedical applications have been
published in recent years (Saffar et al. 2009; Bacakova et al.
2014; Sajid et al. 2016). The number and diversity of products
and technologies containing CNTs, particularly functionalized
carbon nanotubes (f-CNTs), continue to rise at an accelerated
rate (Karimi et al. 2015; Jacoby 2015). Functional groups,
such as ethanolamine (EA), are associated with
functionalized CNTs. The amidated CNTs (CNT-A) are used
for their antimicrobial activity, drug carrier capacity in
biomedicine and as an alternative to the heavy metal
nanoparticles (NPs) (Wijnhoven et al. 2009; Zhang et al.
2011; Zardini et al. 2014).

Functionalized CNTs (f~CNTs) have a large number of ac-
tive binding sites on their surface. Thus, their dispersibility in
water, their interaction with particulate matter of aquatic sys-
tem, and their impacts on biological matrix can be enhanced
compared to raw CNTs (Cui et al. 2010; Petersen et al. 2011).
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The CNT interactions with pesticides, such as carbofuran,
enhance the ecotoxic effects of these compounds on fish by
increasing transfer through cellular membrane (Campos-
Garcia et al. 2016). Furthermore, surface charge interactions
of f-CNTs with lead (Pb) affect this bioavailability for zoo-
plankton (Jang and Hwang 2018). Moreover, it was shown
that CNT toxicity on guinea pigs is greater compared to other
nanomaterials such as fullerenes (Jia et al. 2005). Using func-
tionalized CNTs, with both hydrophilic/hydrophobic proper-
ties, is appropriate to a better understanding of CNT behavior
in aquatic environment. Taurine, with a solubility in water of
50 mg mL™' at 20 °C, has been proposed in the
functionalization of CNTs for studying the fate of nanotubes
in mice (Deng et al. 2007). However, drawbacks, at odds with
green chemistry, were reported in the synthesis process of
taurine from ethanolamine (Widiyarti et al. 2009) which in-
volves esterification and sulphonation reactions. Sulphonation
has a long reaction time at high temperature; the purification is
difficult and the yield of separated products is low.
Ethanolamine (EA), with higher solubility in water (100 mg
mL " at 20 °C), fewer synthetic steps, and easier purification
process, may be more suitable for CNT functionalization and
particularly for ['*C]-labeling (Riddick et al. 1986).

Only a few raw or carboxylated CNTs bioaccumulation
results have been reported for fish and aquatic invertebrates
(Bjorkland et al. 2017) due to the limited number of analytical
methods available to detect and quantify CNTs in biological
samples (Maes et al. 2014). The few studies reporting the
impacts of CNTs on fish mainly targeted organs such as the
gills, gut, liver, and brain (Jackson et al. 2013; Maes et al.
2014; Sohn et al. 2015). The use of radioactive isotopes as a
tool to locate nanoparticles by autoradiography method has
only been developed recently (Solon 2007), but has already
proven to be a promising approach to locate and quantify
metal nanoparticles in whole-body aquatic organisms (Al-
Sid-Cheikh et al. 2011).

Radiolabeled f-CNTs are useful materials in studying and
understanding their impacts on different geochemical and bi-
ological matrices of environment (Petersen et al. 2011; Zhang
et al. 2012; Maes et al. 2014). Catalytic vapor deposition
(CVD) or wet chemistry approaches can be used for CNT
['*C]-labeling. For CVD process, labeled nanotubes have
been prepared by introducing ['“C]-methane, as a carbon
source, within the synthesis of raw ['*C]-CNTs (Chen et al.
1997). This technique, recently adapted for aquatic organisms
applications (Petersen et al. 2009; Maes et al. 2014), requires
the implementation of specialized materials and methods,
such as electric-arc technique, usually utilized for the produc-
tion of raw CNTs (Hou et al. 2001). The preparation of labeled
CNTs by grafting labeled functional groups on raw CNTs
using a wet chemistry approach has received limited attention.
To our knowledge, only two ['*C]-labeling strategies of CNTs
have been reported. Georgin et al. (2009) proposed a labeling

method for MWNTs using Cu and Pd as catalysts in their
process. Deng et al. (2007) reported a MWNTs labeling strat-
egy using taurine as a functional group. This latter strategy is
suitable for studying the fate of functionalized CNTs in the
environment by using ethanolamine as a functional group
bearing amine and alcohol functionalities which improve their
interaction capacities with aquatic environmental matrices
(such as sediments and/or organisms).

Up to now, the raw distribution of CNTs on bony structures
of fish was rarely investigated, and the impact of amide func-
tionalized CNTs was not investigated in aquatics species
(Bjorkland et al. 2017). Our first objective in this work was
to detail a modification method of small and large raw
MWNTSs by carboxylation and grafting ['*C]-ethanolamine.
All carboxylated and amidated CNTs were characterized to
evaluate their surface chemical transformation during
functionalization. Our second objective was to describe, for
the first time, the whole body autoradiographic results of an
in vivo experiment where juvenile Arctic char (Salvelinus
alpinus) was exposed to amidated ["*C]-f-CNTs for a short
time in an attempt to locate main accumulation sites of carbon
nanotubes highly dispersed in water. It was not intended to
observe toxic effects.

Materials and methods
Chemicals and equipment

The large multi-walled CNTs (CNTT1; outer diameter 110—170
nm; length 5-09 pm; purity > 90%) were obtained from
Sigma-Aldrich Canada. The small multi-walled CNTs
(CNT2; outer diameter 30-50 nm; length 10-20 um; purity
> 95%) were purchased from Cheap Tubes, inc. (USA). Nitric
acid (70%), sulphuric acid (98%), and acetone were provided
by Fisher Scientific Canada. Thionyl chloride, ethanolamine
(95.5%), and tricaine methanesulfonate (MS-222) were pur-
chased from Sigma-Aldrich Canada. Radiolabeled ['*C]-eth-
anolamine, with a specific activity of 2.11 GBq mmol ' was
obtained from Moravek radiochemicals (USA).

The CHNO elemental analysis of CNTs was performed
with both Perkin Elmer 2400 (USA) and Carlo Erba 1108
(Italy) analyzers. The surface analysis of CNT1 and CNT2
was carried out by electron dispersive X-ray spectroscopy
(EDX) (INCA microanalyzer, Oxford Scientific, USA). The
thermogravimetric spectra were recorded with a 6200 TG/
DTA instrument (Seiko, Japan). The Raman spectra were per-
formed on LabRam HR800 spectrometer (Horiba, Japan). The
Fourier transform infrared spectra (FTIR) were recorded with
a FTIR/FTNIR (Perkin Elmer, USA) with a resolution of 4
cm ! at 32 scans on KBr pellets. Transmission electron mi-
croscopy (TEM) images were captured using a LVEM 5
(Delong America, USA). ['*C]-labeled nanotubes were
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burned at 800 °C for 2 min under a stream of oxygen gas in a
model A-307 sample oxidizer (Perkin Elmer, USA), and the
['*CO,] released during the combustion process was captured
in ["*C]-scintillation cocktail (Insta-GelPlus). The radioactiv-
ity in the mixture was measured using a Tri-Carb 2800 liquid
scintillation counter (Perkin Elmer, USA). For calibration and
evaluation of the sample oxidizer recovery, a duplicate stan-
dard was made by uniformly inoculating raw CNTs with
100 Bq of labeled ethanolamine.

HNO, /H,SO, SOCl,

Preparation of ['*C]-labeled CNTs

Raw CNTs (CNT1 and CNT2) were functionalised following
the Deng et al. (2007) method with some modifications and
using ["*C]-labeled ethanolamine. The scheme of the pro-
posed transformation of CNTs is given by the following equa-
tion where ' stands for labeled ['*C]:

"zN\/\OH

(i)

CNTs ———» CNTs-COOH — CNTs-COC] ——— CNTs-CONH-CH,-CH,-OH

CNT-R CNT-C

or

H,N X
N"Non
CNT-A

In the first step, 100 mg of commercial CNTs were loaded
in a round-bottom flask and 7 mL of a 3:1 (by volume) mix-
ture of concentrated sulphuric and nitric acids were added to
oxidize raw CNTs. The mixture was stirred at 80 °C during 90
min, then diluted with 100 mL of deionised water, and filtered
on 0.2-um GHP (polypropylene) filter. The residual black
solid was washed with deionised water until the pH of filtered
water was neutral. The solid was then dried in vacuum at 60
°C overnight to yield CNT-COOH, identified hereafter as
CNT1-C and CNT2-C for large and small CNTs, respectively.
The dry solid was placed in a round-bottom flask, dispersed in
6 mL of SOCI, by ultrasonication for 1 h (Branson 5210
ultrasonic bath) and then refluxed under a nitrogen atmo-
sphere for 24 h. The unreacted SOCI, was removed by low
pressure evaporation to yield chloroacylated CNTs. Finally,
the round-bottom flask was immerged in cold water; 6 mL
of ethanolamine (EA) was added dropwise, and the solution
was stirred at room temperature for 24 h. At the end of the
reaction, 50 mL of acetone was added to the mixture to pre-
cipitate functionalized nanotubes, which were collected by
filtration on 0.2-um GHP filter. This solid was dispersed in
100 mL of anhydrous ethanol to eliminate remaining ethanol-
amine, filtered, and then vacuum dried to yield the amidated
CNT-CONH-ETOH product, identified as CNT1-A and
CNT2-A for large and small CNTs, respectively.

The ['*C]-labeled f-CNTs were prepared using synthe-
sis protocol similar to unlabeled f-CNTs above, by adding
['*C]-ethanolamine (['*C]-EA) to the chloroacylated
CNTs in the last step for the protocol. An aliquot of
['*C]-EA was added to 6 mL of not labeled EA to obtain
a final activity of about 100 Bq mL™'. At the end of the
reaction, the mixture was treated as described above and
the ['*C]-labeled CNT1-A and CNT2-A were washed suc-
cessively with large volumes of anhydrous ethanol and

@ Springer

diethyl ether to eliminate any traces of unreacted ['*C]-
ethanolamine. Bulk radioactivity was determined by lig-
uid scintillation after oxidation to [*CO,].

Exposure of fish to radiolabeled CNTs

Juveniles Arctic char (Salvelinus alpinus) (weight 25-27 g)
were grown under laboratory conditions at the Institut des
Sciences de la Mer de Rimouski (UQAR/ISMER, Qc,
Canada) and held in dechlorinated running freshwater. One
week of acclimation was respected prior experiment by keep-
ing all fish in 30-L aquarium with running freshwater (8-10
°C) under 12-12 h light-dark cycle and fed daily with com-
mercial pellets (Nutrafin cichlid pellets). To perform this
work, an ethical approval was obtained from the Animal
Care Committee of our university (CPA-44-11-95).
14C-labeled CNT1 and CNT2 were dispersed by sonication
for 3 min in cold water (1 °C) to minimize damage to the
nanotubes. It has been previously shown that CNTs sonication
in an ice-water bath reduces CNTs damage (Heller et al.
2005). One fish was exposed to each type of CNT. The fish
were transferred separately in two 5-L containers and exposed
to ["*C]-CNTs for 3 h in filtered (0.2 pm GHP filter) freshwa-
ter containing a final concentration of 90 mg L' for CNT2,
and 160 mg L™ for CNT1. These concentrations are above the
environmental concentration, but in the range of those (from
0.1 to 240 mg.L™") used for the studies of CNT toxicity on
aquatic organisms (Jackson et al. 2013). We used relatively
high f-CNTs concentrations to allow detection of the f-CNTs
distribution by autoradiography. Indeed, the CNT1/CNT2 ra-
dioactivity is approximately four orders of magnitude lower
than those usually used in uptake studies (e.g., 0.45 MBq
mg ' in Georgin et al. (2009)). Otherwise, the weak radioac-
tivity used in this work shows the high sensibility of the whole
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body autoradiography technique. As the objective of the work
was to locate the distribution of carbon nanotubes on the
whole body of the fish over a short exposure time, no toxicity
biotest was conducted. To investigate a possible artifact from
free labeled ethanolamine, one juvenile fish was exposed (20
h) to a mixture of radiolabeled ['*C]-ethanolamine and not
labeled ethanolamine with a total radioactivity of 410 Bq
L™". To maximize a possible interaction between free ethanol-
amine and the bone system and be able to detect it by autora-
diography, a longer exposure time than that of f~CNTs has
been used.

Biodistribution by whole body autoradiography

At the end of the exposure time, fish were euthanized by
immersion in 100 mg mL ™" tricaine methanesulfonate for 10
min. Fish were embedded in a 5% carboxymethylcellulose gel
and frozen in liquid nitrogen. The resulting polymer block was
sliced at —25 °C with a cryo-microtome (Leica CM3600). A
series of 50-pm thick tissue sections (n = 42, total sections per
fish) were collected every 0.75 mm, freeze-dried for 48 h, and
exposed 1 week on phosphor screens (Biotech, UK) for 500 h.
Digital scans of the phosphor screens were obtained with a
cyclone storage phosphor system (Perkin Elmer, USA). The
biodistribution of the ['*C]-labeled CNTs in fish whole body
was visualized with Optiquant software (Optiquant v 5, Perkin
Elmer).

Results and discussion

Functionalization, characterization, and radiolabeling
of CNTs

Carboxylated and amidated CNT products (f~CNT) derived
from CNT1 or CNT2 were much easier to disperse in water
compared to raw CNTs as expected from previous papers
reporting on functionalization of carbon nanotubes (Georgin
et al. 2009; Mananghaya 2015). In addition, small f~CNT2
nanotubes were more dispersible than larger ones. After son-
ication for 1 min or less to avoid breakdown of nanotubes,
both water suspensions of f-CNT1 and f-CNT2 were stable for
weeks without visible aggregation and sedimentation. To as-
sess the level of derivatization of the nanotubes and get a
better understanding of the behavior of these functionalized
nanotubes in water, a chemical characterization of carboxyl-
ated and amidated CNT1 and CNT2 was conducted. The char-
acterization of f-CNTs was performed using non radioactive
samples assuming ['*C]-CNTs exhibited same physical and
chemical properties.

The size of raw CNTs indicated by the suppliers was con-
firmed by TEM showing short and long nanotubes, approxi-
mately between 1 and 10 um. Outer diameters of CNT1-R and

CNT2-R ranged from 90 to 180 nm and from 20 to 60 nm,
respectively. TEM images are shown for raw, carboxylated,
and amidated CNT1/CNT2 (Fig. 1 and Figure S1). The level
of -COOH substitution at surface of nanotubes is a function of
reaction time and temperature (Forest and Alexander 2007).

The elemental analysis (CHNO) of the raw and derivatized
CNTs (Table 1) provided useful information on the success of
functionalization strategy. The results of the composition anal-
ysis showed that a relatively important amount of oxygen,
from 11.8 to 13.82% by mass, was introduced in the raw
CNTs after carboxylation reaction. These results confirm the
presence of carboxyl and/or hydroxyl functionalities in the
CNT-C derivatives. The amidation process inserted between
2.68 and 5.07% N (by mass) into CNT-A, suggesting that only
a portion of the carboxyl groups were amidated. However,
about two times more nitrogen was introduced in CNT2 com-
pared to CNTI. Results also showed an enhancement of hy-
drogen (H) content, from 0.17 to 1.26% for CNT1 and 0.13 to
2.63% for CNT2, in derivatized CNTs corresponding to the
introduction of oxygen-containing functional groups on CNT
surface, such as carboxyl ((COOH) and amide (-NH-ETOH)
groups.

Results obtained with elemental analysis were corroborated
by surface composition analysis using electron dispersive X-
ray (EDX) (Table 1). The EDX on the sample treated with
nitric/sulphuric acid (CNT-C) showed the presence of about
12.6to 12.8 % O. In addition, we found traces of sulphur (0.2—
1.35%) attributed to the presence of unreacted sulphonic
groups (-SO;H). Finally, EDX analysis showed the presence
of nickel (0.45%) in the raw CNT2, originating from the cat-
alyst precursor used in synthesis of raw nanotubes, which was
removed after oxidation process with nitric/sulphuric solution
to obtain CNT2-C.

The thermogravimetric analysis of raw and carboxylated
CNTs was carried out to get a better understanding of their
structures. Different structural forms of the CNTs can reflect
different oxidation behavior as a function of the chemical
groups grafted on CNT surfaces. For example, disordered car-
bon of derivate CNTs could be oxidized around 500 °C be-
cause of their lower activation energy for the oxidation (Hou
etal. 2001). The TG (thermogravimetry) and DTG (derivative
thermogravimetry) curves of the raw and carboxylated CNT1
and CNT2 compounds are illustrated in Fig. 2. No weight loss
is observed for the raw CNTs during the heating process, but
losses during the thermal degradation of CNT1-C and 2-C
indicated a multi-stage process. A first loss of 2.11% by
weight is detected for the CNT1-C at temperature of 150 °C
(Fig. 2a) and is assigned to evaporation of the absorbed water
and small remaining nitric acid as suggested by the presence
of nitrogen element in CNT-C (Table 1). The stepwise losses
observed from 150 to 350 °C represent about 5.85% by weight
and are attributed to the decarboxylation of the carboxylic
groups. Finally, the thermal degradation of CNTI1-C above
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Fig. 1 TEM images illustrating
some carbon nanotubes used in
this experiment. a carboxylated
CNTI1. b Raw (native) CNT2, ¢
Carboxylated CNT2. d amidated
CNT2

350 °C showed weight loss of 5.91%. This loss can be mainly
explained by the oxidation of the disordered carbon or the
elimination of hydroxyl functionalities attached to the CNTs
(Grandi et al. 2006). Overall, weight losses observed for the
CNT2-C (Fig. 2b) are more important than those of CNT1-C,
and the difference is attributed to a higher carboxylated level
of CNT2-C (Table 1).

The Raman spectroscopy analysis showed three character-
istic bands (Kaempgen et al. 2008) named the D-band at ~
1350 em™', G-band at ~ 1570 cm™', and D’-band at ~ 2700
cm ' as illustrated in Fig. 3 and Figure S2 for the CNT1 and
CNT2. D-band is observed after oxidation (carboxyl or

e

hydroxyl groups) of CNTs and is proportional to the oxidation
level of CNTs. The D-band is attributed to the defect in the
carbon nanotubes and related to the presence of disordered or
amorphous carbon in CNTs (Datsyuk et al. 2008). The ratio
between intensities of D-band (/p) and G-band (/) increase
when nanotubes are oxidized (Kaempgen et al. 2008). The I/
Ig ofthe CNT1-C and CNT2-C are 0.45 and 0.80, respectively
(Table 1). This is mainly attributed to the insertion of carboxyl
and hydroxyl functions at sp3-defects in the CNTs as reported
for oxidized CNTs (Kaempgen et al. 2008; Datsyuk et al.
2008). The Ip/Ig ratio observed for CNT2-C (Fi.ure S2) sug-
gests a high carboxylation of CNT2-C since the oxygen

Table 1 Elemental composition,

EDX, and Raman analysis of Sample Elemental composition EDX analysis Raman

carbon nanotubes. CNT1-R and

CNT2-R are large and small raw % C % H % N % O %C %0 %S 9oNi In/lg

nanotubes as received. CNT1-C

and CNT2-C are nanotubes after CNTI1-R 99.43 0.17 0.0 0.0 99.33 0.67 nd.? n.d. 0.19

carboxylation, and CNT1-A and CNTI-C 86.05 0.44 0.19 11.82 86.13 12.86 1.1 n.d. 0.45

CNE‘.A are nanotubes after CNTILA 8263 126 268 1182 8164 136 135 nd  na’

amidation CNT2-R 97.64 0.13 0.00 0.21 99.54 0.46 n.d. 0.45 0.61
CNT2-C 83.17 0.61 0.12 13.82 86.74 12.64 0.20 n.d. 0.80
CNT2-A 66.46 2.63 5.07 22.70 64.13 23.90 n.d. n.d na

2 Not detected; ® Not available
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Fig.2 Thermogravimetric (TG) and derivative thermogravimetric (DTG)
curves of a raw and carboxylated CNT1 as a function of the temperature
and b raw and carboxylated CNT2 as a function of the temperature

groups, available in CNT2-R (Table 1), could stimulate the
insertion of —COOH groups during carboxylation process.

FTIR transmission spectra of raw and modified CNT1 and
CNT?2 are given in Fig. 4 and Figure S5. These spectra con-
firm the oxidation of sp2 carbon of raw CNT-R to sp3 hybrid-
ized and the existence of C = O and OH functional groups. For
instance, CNT1 FTIR spectra show the appearance of amide
bands being a characteristic of covalently bonded amide. The
band at 1720 cm ™' is attributed to C = O stretching of the
carboxyl acid. The bands at 1385 and 3435 cm ' are assigned
to OH stretching (Wu and Liano 2007). The presence of these
bands correlate well with the O content in CNT-C compared to
CNT-raw without oxidation (Table 1).

Al IR spectra showed a small band at 1575 cm™' resulting
from stretching vibration of isolated C = C of the aromatic
structure of nanotubes (Martinez et al. 2003).The C = O
stretching frequencies of the amide bond formed by the
functionalization reaction appear at 1640 cm '. The bands
observed at 1115 and 1195 cm™' can be attributed to the—
OH stretching of the alcohol function of ethanolamine.
Finally, the N-H stretching (at 3435 cm ") is overlapped by
the large —OH stretching at the same frequency.

The bulk radioactivity of ['*C]-labeled CNT1 and CNT2
was 2.5 and 4.6 Bq mg ', respectively. The CNT2 radioactiv-
ity was twice the one of CNT1 due to a better amidation of
CNT2-A compared to CNT1-A as shown in Table 1. Thus,
more ['*C]-labeled EA molecules were inserted in the CNT2-
A structure. This specific radioactivity is very lower than those
reported in others labeling strategies (e.g., 0.45 MBq mg ';
Georgin et al. 2009). To improve the bulk radioactivity of
labeled CNTs and get closer to environmental concentrations,
a double ["*C]-labeled diethanolamine or isopropanolamine
can be used with a smaller reaction volume. Moreover, the
yield and time of the reaction should be improved in the future
to avoid a possible destruction of CNTs during carboxylation
process (['*C]-labeling).

Radioactivity pattern

The analysis of autoradiograms showed a radioactivity pattern
located mainly in the head of Arctic char exposed to f-CNTs.
Figure 5 illustrates different tissue sections of the Arctic char
head exposed to ['*C]-CNT2-A (Fig. 5a, b) and ["*C]-CNT1-
A (Fig. 5c, d). The radioactivity pattern suggests that the
amidated f-CNTs distribution follows some particular lines
located in the fish head. Panel 1 of Fig. 6 illustrates the general
distribution of bone canals (BC) consisting of canals located
in the bone structure of the fish head skeleton (Genten et al.
2010; Webb 1989; Lekander 1949). The BC system is typical
of most bony fish (Genten et al. 2010) such as Arctic char. An
important part of the cephalic lateral line system is accommo-
dated in the bone canals (Genten et al. 2010).

Fish tissue sections with superimposed autoradiograms (in
red) are shown in panels 2 to 4 of Fig. 6. Though the spatial
resolution of tissue sections does not allow the direct observa-
tion of lines of bone canals, labeled areas observed corre-
spond, at least partly, to the known locations of the lateral line
bones (panel 3). Radiolabeled distribution observed just above
the cranial bones is similar to the distribution of lines of bone
canals seen in panel 3. Labeling is clearly restricted to narrow
areas located between subdermic conjunctive tissues and cra-
nial bones (outlined areas marked A in panels 2 and 3). Note
that bone canal lines may feature many branches, which can-
not be shown here since any detailed description of cephalic
bone canals or of dermal bones distribution in Arctic char is
available yet. Radioactivity is also detected between the ver-
tebrae (outlined area B in panel 2), and the pattern may corre-
spond to the location of bone canals. It is obviously not locat-
ed close to the water-exposed skin of the fish.

A Brook trout (Salvelinus fontinalis) was used in the expo-
sition experiment to free labeled ethanolamine, since the ju-
venile Arctic char was no more available at that time. Both
species are physiologically close together, and this difference
should not have influenced the distribution of labelled etha-
nolamine. The autoradiogram of the fish exposed to free
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Fig. 3 Raman spectra of the raw
(solid line) and carboxylated
(dotted line) forms of the CNT1
with identification of D, G,and D’
bands. Intensity units are arbitrary

60000

50000

40000

30000

Intensity / arbitrary

20000

500 1000

labeled ethanolamine as a control shows a radioactivity pat-
tern different from that exposed to amidated CNTs. The radio-
activity is mainly located in olfactory bulb, gills, liver, and
pyloric caeca and not in head bones (Figure S3). This obser-
vation suggests that biodistribution pattern observed in fish
exposed to amidated f-CNTs is not an artifact due to free
['*C]-labeled ethanolamine or other amorphous carbon that
could be produced during the process of preparing [14C]-la-
beled CNTs. Otherwise, the link between f~-CNT and ethanol-
amine is a very strong C—N sigma bond attached to a ketone
group (forming an amide group) and is not subject to a cleav-
age under low energy conditions (Kushuawa et al. 2013).
Hydrolysis of amide is obtained only in hot alkali or strong
acidic conditions as —NHR is a poor leaving group not

Fig. 4 FTIR spectra of the raw,
carboxylated, and amidated forms

of the CNT1
80

Transmittance (%)

104

1500 2000 2500 3000 3500 4000
Raman Shift (cm™')

reacting in water alone (Smith and March 2007). Hence, la-
beled ['“CJ-ethanolamine is not expected to break off f-CNT
after its reaction and cannot lead to erroneous labeling of soft
tissues and bony structures where only ['*CJ-ethanolamine
would be present in the absence of f-CNT. Ethanolamine on
itself is not expected to be bioaccumulated by living organ-
isms as this small molecule is polar and labile.

A few papers reported only the distribution or toxic effects
of raw or carboxylated CNTs on juvenile and adult fish (Maes
et al. 2014; Felix et al. 2016; Campos-Garcia et al. 2016;
Bjorkland et al. 2017). Various organ and cell pathologies
were observed when fish were exposed to single-walled car-
bon nanotubes (SWCNT) for a 10-day period, including re-
spiratory distress, gill irritation, and brain injury. Uptake of
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0 Radioactivity

Fig. 5 Autoradiograms of the Arctic char exposed to functionalized
[14C]-f-CNT2 (a section # 26 and b section # 20 ) and to functionalized
['*C]- f-CNT1 (c section # 33 and d section #25). The sections are

amine functionalized CNTs in whole plant or vegetables were
studied (Zhai et al. 2015; Bjorkland et al. 2017). To our
knowledge, reports on the distribution of amidated CNTs in
fish bony tissues cannot be found in the literature. Yet, CNTs
have excellent mechanical or chemical properties and prom-
ising uses in a wide range of bioengineering applications such
as scaffolds for bone tissue engineering or stimulator of bone
growth during osteoporosis by CNTs-bone interactions are
expected (Bacakova et al. 2014).

Nanotubes and possible interactions with bone

A plausible explanation of radioactivity pattern accumulated
in the bone canals is that CNTs might enter in the bone canals
via the fluid-filled pores and be subsequently transported
along vascular canals and cavities formed in bony tissue.
Although the concentration of f-CNTs used in our experiment
was relatively high (a few mg L™") and probably not at a
realistic level from an environmental point of view, the uptake
of CNTs via canal pores is most probably due to their very

Max
numbered from the first one (# 1) at the skin level to the last one on the

opposite side of the fish. BC, bone canal; Br, brain; E, eye; Gi, gills; OM,
operculo-mandibular canal; OR, olfactory bulb; SC, spinal cord

small size. The charged surface of functionalized CNTs could
be responsible to the radioactivity clustered in bone canals of
the Arctic char head (Fig. 5). Jang and Hwang (2018) reported
that carboxylated f-CNTs could interact (e.g., adsorption) with
metal ions such as lead (Pb®*). Amidated CNTs prepared in
our work (Fig. 7) have carboxyl, hydroxyl, and amide func-
tionalities with negative (CNTs—COO ; _O , positive (CNTs—
CO N*HR) or neutral charges at pH 7. Electrostatic interac-
tions can occur between both negative and positive CNT-A
surface charges and positively (Ca2+)/negatively (PO437)
charged moieties of bone material as illustrated by the
CNTs-bone interactions model in Fig 7 (Saffar et al. 2009).
Bone structure is composed of minerals, collagen, and water
(Weiner and Wagner 1998). The main bone mineral compo-
nent is calcium phosphate mineral also known as carbonated
apatite (Saffar et al. 2009). Therefore, the carboxyl group at-
tached to the f-CNT can lose proton (H") leading to a negative
electrical charge distributed over both oxygen atoms. This
electron density causes an unstable negative configuration
tending to attract positively charged calcium ions of bones.
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o
K(h) K(t) DA

Fig. 6 Panel 1 shows bone channels system in a fish head adapted from
Genten et al. (2010) and Webb (1989). Panel 2 shows tissue section with
superposed autoradiogram (in red) of an Arctic char exposed to
waterborne ["*C]-CNT1 for 3 h. Areas within dotted boxes labeled A
and B are enlarged below. Panel 2A shows a drawing of the main
anatomical structures superimposed with an outline (red) of the labeled
areas. Panel 2B shows a black-and-white (b/w) enlargement of vertebral
column superimposed with an outline (red) of the label areas. Panel 3
shows tissue section with superimposed autoradiogram (in red) of an
Arctic char exposed to waterborne ['*C]-CNT2 for 3 h. Area within
dotted 2 box 3A shows a b/w enlargement of cranium superimposed
with an outline (red) of the label areas. Panel 4 shows tissue section

@ Springer

with superposed autoradiogram (in red) from the same fish shown in
panel 3 but a different section in the fish. Area within dotted box shows
a b/w enlargement of the operculo-mandibular region superimposed with
an outline (red) of the label areas. Only typical autoradiograms are shown
but the same general distribution pattern of labeled CNTs was observed in
all exposed fish. Bo, bone; BC, bone channels; Bl, blood; CT, connective
tissue; DA, dorsal aorta; E, eye; GB, gall bladder; Gi, gills; H, heart; In,
instestine; K(h), head kidney; K(t), trunk kidney; L, liver; Na, naris; Nar,
neural arch; NC, neural canal; Oe, esophagus; OM, operculo-mandibular
canal; Oper, operculum; OR, olfactory bulb; PC, pyloric caeca; SC, spinal
cord; Sk, skin; Sp, spleen; St, stomach; V, vertebra; WM, white muscle
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Fig. 7 Electrostatic interactions
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As already reported, the functionalized-carbon nanotubes are
promising materials for enhancing the bone physical stability
because of their excellent ability to stimulate the bone tissue
regeneration (Saffar et al. 2009).

Moreover, scanning electron microscopy (SEM) showed a
strong degree of physical interactions between collagen matrix
and carboxyl functionalized CNTs (Wang et al. 2015). Fibrous
collagen, the organic phase of the bone, consists of three poly-
peptide chains of amino acids wound into a triple helix. This
structure is conducive to hydrogen bonds and hydrophobic
interactions with the f-CNTs. It was also found that the length
of raw CNTs or the collagen does not significantly influence
the hydrophobic interactions between the two systems
(Gopalakrishnan et al. 2011). This result suggests that the
partial charges or properties (e.g hydrophobicity) of surface
functionalization CNTs (COO";07; N*, C) could play a crucial
role in interactions between bone matrix and f-CNTs. Figure 5
shows that the radioactivity pattern is more developed in bone
canals of the fish head exposed to f-CNT1 (section C and D)
comparatively to that exposed to ['*C]-f-CNT2 (section A and
B). The size and interactions of CNTs with bones could be
responsible for these differences. In addition, only the fish
exposed to ['*C]-f-CNT1 shows a radioactivity pattern on
the vertebral column with a low radiolabeling intensity
(Figure S4). The large thickness and small size of CNT1 prob-
ably contributed to a greater accumulation of f-CNT1 in the
head bone canals. This pattern suggests also that the ["*C]--
CNT1 might interact more specifically with head bone canals.
Indeed, more COOH groups are available on the surface of
CNT1 compared to CNT2 for which amidation is more im-
portant (Table 1). Although the CNT2 radioactivity was twice
the one of CNT1, a weak CNT?2 interaction with bones could
be explained by the lower radioactivity pattern observed in the
fish exposed to ['“C]-CNT2. The positive charge of the CNT2
amide may be less available for electrostatic interactions with
negative charges because of the carbonyl resonance which is
important for the partial charge of the amide (Smith and
March 2007). Further investigations of sorption interactions

between different sizes or different hydroxylated CNTs and
bones/collagens could allow a better understanding of the f-
CNTs affinity for these materials.

Conclusion

Characterisation results show that the proposed method can be
used with large and small raw CNTs, but results suggest that
small CNT2 provides a better result with a higher -COOH
substitution and a better specific activity of ['*C]. Using eth-
anolamine in this work as labeling strategy of raw CNTs ap-
pears as an adequate method to prepare functionalized ['*C]-
CNTs in the objective of studying their behavior in environ-
mental compartments. Results showed mainly an accumula-
tion of amidated f~CNTs in the head of fish. This accumulation
is attributed to the entry of ['*C]-CNTs in the bone canals via
canal pores followed by possible interactions with the bone
materials. Results suggest that more functionalized CNTs
could induce a greater accumulation in the bone canals
system.
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