N

N

Competition between covalent and non-covalent grafting
of fluorescein isothiocyanate on double-walled carbon
nanotubes: a quantitative approach
Thomas Lorne, Monica Jiménez-Ruiz, Stéphane Rols, Jean-Marc Escudier,
Juan Rubio-Zuazo, Mohamed Zbiri, Anne-Marie Galibert, Brigitte Soula,

Emmanuel Flahaut

» To cite this version:

Thomas Lorne, Moénica Jiménez-Ruiz, Stéphane Rols, Jean-Marc Escudier, Juan Rubio-Zuazo,
et al.. Competition between covalent and non-covalent grafting of fluorescein isothiocyanate
on double-walled carbon nanotubes: a quantitative approach. Carbon, 2017, 123, pp.735-743.
10.1016/j.carbon.2017.07.070 . hal-01813417

HAL Id: hal-01813417
https://hal.science/hal-01813417

Submitted on 12 Jun 2018

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01813417
https://hal.archives-ouvertes.fr

OATAO

Cipen Archive Toulouse Archive Ouverte

OpenArchive TOULOUSEArchive Ouverte OATAO)

OATAO is an open access repository that collects the work of Toulouse researcl
makes it freely available over the web where possible.

This is an author-deposited version published hittp://oatao.univtoulouse.fr
Eprints ID : 19344

Tolink tothisarticle: DOI: 10.1016/j.carbon.2017.07.070
URL : http://doi.org/10.1016/j.carbon.2017.07.070

Tocitethisversion : Lorne, Thomas and Jiménez-Ruiz, Monica gnd
Rols, Stéphane and Escudier, Jean-Marc and Rubio-Zuazo, Juan and
Zbiri, Mohamed and Galibert, Anne-Marie and Soula, Brigitte and
Flahaut, Emmanuel Competition between covalent and non-covalent
grafting of fluorescein isothiocyanate on double-walled carbon
nanotubes: a quantitative approach. (2017) Carbon, vol. 123. pp.
735-743. ISSN 0008-6223

Any correspondenceoncerning this service should be sent to the repo
administrator; staff-oatao@listes-diff.inp-toulouse.fr




Competition between covalent and non-covalent grafting of
fluorescein isothiocyanate on double-walled carbon nanotubes: A

quantitative approach

Thomas Lorne *°, Ménica Jiménez-Ruiz ?, Stéphane Rols ¢, Jean-Marc Escudier €,
Juan Rubio-Zuazo 9, Mohamed Zbiri , Anne-Marie Galibert °, Brigitte Soula °,

Emmanuel Flahaut ™"

@ Institut Laue Langevin (ILL), 71 Avenue des Martyrs, BP. 156, F-38042, Grenoble Cedex 9, France
b CIRIMAT, Université de Toulouse, CNRS, INPT, UPS, UMR CNRS-UPS-INP N5085, Université Toulouse 3 Paul Sabatier, Bat. CIRIMAT, 118, Route de Narbonne,

31062, Toulouse Cedex 9, France

¢ Laboratoire de Synthese et Physico-Chimie de Molécules d’'Intérét Biologique, UMR 5068, Université Paul Sabatier, Batiment 2R1, 118, Route de Narbonne,

31062, Toulouse Cedex 09, France

d European Synchrotron Radiation Facility (ESRF), 71 Avenue des Martyrs, CS 40220, 38043 Grenoble Cedex 9, France

ABSTRACT

The functionalization of carbon nanotubes with fluorescent molecules is a standard procedure in many
toxicity studies aiming at knowing their distribution within cells or whole organisms. Nevertheless, there
is a lack of knowledge concerning the efficiency of the grafting processes, and more specifically con-
cerning the question of the competition between covalent and non-covalent grafting. In this work, we
investigated the grafting process of the fluorescein isothiocyanate (FITC) onto double-walled carbon
nanotubes (DWNTs) using X-ray photoelectron spectroscopy, inelastic neutron scattering spectroscopy
and computational simulations. We demonstrated that both covalent and non-covalent grafting occurred
during the functionalization with the FITC. Moreover, we showed that a significant fraction of the flu-
orophore remained simply adsorbed onto the DWNTs despite thorough washing steps, which raises
concerning questions about the use of this fluorophore in some toxicity studies and its possible ability to
mislead their conclusions.

1. Introduction

Because of their outstanding chemical and physical properties,
carbon nanotubes (CNTs) have found applications in many fields,
from materials science to nanoelectronics [1], and even in nano-
medecine, where they have been used to elaborate drug delivery
systems for cancer therapy, biosensors or contrast agents for
magnetic resonance imaging [2—4]. The direct consequence of
these modern applications is a growing interest in such nano-
materials and the increase in their large scale production [5],
leading to an increasing risk of environmental and human expo-
sure. It becomes therefore more and more relevant to evaluate their
potential impact on the health and the environment, and the
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toxicity studies on this topic are multiplying over the past decade
[6—12]. For those toxicity studies it is often required to know the
exact location of the CNTs accumulating inside organisms or inside
cells. A very common way to track them in such conditions is to
functionalize the CNTs with fluorescent molecules which would be
illuminated afterwards under a light with appropriate excitation
wavelength. Despite the fact that these fluorescence strategies are
very cheap and easy to operate, they suffer from a major drawback:
they assume that the fluorescent molecule would be permanently
linked to the CNTs. It is reasonable to question this assumption as
the fluorescent molecules are usually constituted by one or more 6-
carbon rings which can strongly interact with the delocalized
electron cloud of the CNTs. These non-covalent bonds could later
lead to the desorption of the fluorophore once the CNTs reach the
complex chemical environment of a living cell and even before
entering the cell. Therefore, the fluorescence data could lead to
wrong information about the CNTs location. The consequence is



that a number of published results may be questioned in terms of
the actual distribution of the CNTs within cells or at the whole
organism level (biodistribution), and the kinetics of this distribu-
tion. This may have very important consequences regarding the
conclusions about their fate (accumulation, excretion) and thus
their toxicity in general. It is thus fundamental to understand the
grafting mechanisms and estimate the efficiency of the covalent
functionalization of the CNTs as well as the amount of simply
adsorbed fluorophores. In order to answer these questions, we
chose to study the functionalization of double-walled carbon
nanotubes (DWNTs) with a very common fluorophore, fluorescein
isothiocyanate (FITC). We used a three step functionalization pro-
cess to graft the FITC on oxidized DWNTs [13—17]. This work pre-
sents a qualitative and quantitative evaluation of the way the
fluorophore is bonded to the DWNTSs, using two different spectro-
scopic techniques. First, we performed X-ray photoelectron spec-
troscopy (XPS) which allowed to probe the surface of the samples
and to understand the different types of interactions between the
FITC and the DWNTs. Then we characterized the bulk of our sam-
ples with the help of inelastic neutron scattering (INS) techniques.
Indeed, neutron techniques are especially sensitive to the hydrogen
atoms while they have a low sensitivity to the carbon ones. This
property makes them a perfect probe of our samples, allowing to
highlight the organic molecules since the information on the
contribution of CNTs is much reduced. In addition to neutron
techniques we used computational techniques such as density
functional theory (DFT) calculations (lattice dynamics) in order to
gain a better understanding of our samples, provide hypothesis to
strengthen data analysis and to be able to derive quantitative in-
formation from our experimental results. Based on XPS and
neutron techniques, we bring here some evidences that, in the case
of the targeted covalent grafting of FITC (one of the most commonly
used fluorophore in this kind of research) on CNTs, an important
part of the fluorescent molecule is only adsorbed on the nano-
particles despite thorough washing steps, and is thus likely to
desorb at some point along its journey within a cell or an organism,
potentially leading to wrong conclusions in terms of toxicity.

2. Sample preparation and experimental details
2.1. Sample preparation

DWNTs were synthesized at 1000 °C by catalytic chemical vapor
deposition (CCVD) of a mixture of CHs (18 mol.%) and H; on a
Co:Mo: MgO-based catalyst with the elemental composition
Mg0.99C00.0075M00.00250. The complete procedure of synthesis of
DWNTs was detailed earlier [18,19]. The inner and outer diameters
ranged from 0.5 to 2.5 nm and from 1.2 to 3.2 nm, respectively. The
median inner diameter was 1.3 nm and the median outer diameter
was 2.0 nm. After the CCVD, the obtained composite powder was
treated with an aqueous HCI solution, which is an established
method for the removal of the oxides and of non-protected residual
catalyst nanoparticles without degrading CNTs. The samples were
filtered (cellulose nitrate, pore size: 0.45 um) and washed with
deionized water until neutrality. In order to purify the CNTs and
remove the remaining metallic impurities and the disorganized
carbon, the samples were then treated with a double-step oxida-
tion process widely studied by Bortolamiol and al. [20]. The first
step was a 24 h oxidation treatment with HNO3 (3 M) and the
second step was a 5 h treatment using a HNO3 65%/H,S04 95% (1:3)
mixture. The double oxidation process was followed by a washing
with a NaOH (4 M) solution in order to clean the sample from the
remaining carboxylated carbon fragments (CCFs) produced by the
oxidation treatments. The purified DWNTs samples so obtained
have a very high purity and contains oxygenated functional groups

at their surface (mainly carboxylic) [21—23] which were used as
anchor points for the functionalization of the DWNTs. The func-
tionalization of the samples started with the grafting of a 1,4-
diaminobutane used as a linker between the DWNTs and the
fluorescent molecules. First the carboxylic groups were activated in
an oxalyl chloride solution for 24 h at 60 °C (reflux conditions).
Then the oxalyl chloride was eliminated and the DWNTs were
placed in a solution of tetrahydrofuran (THF) containing the linker
(1,4-diaminobutane) and a non-nucleophilic base (N,N-diisopro-
pylethylamine (DIEA)) during 96 h at 30 °C under steering. This
first step was common to both samples. After the grafting of the
linker part of the sample was simply filtered, washed with THF and
freeze-dried, constituting the sample named “DWNT-diamine”. The
rest of the material was filtered, washed and kept in THF. The DIEA
was added to the suspension of DWNTs in the THF. Finally, a so-
lution of FITC dissolved in THF was added and the resulting sus-
pension was sealed with parafilm and kept away from light for 72 h
under stirring at room temperature. Finally the suspension was
filtered, the functionalized DWNTs were washed with THF and
freeze-dried. This constituted the sample named “DWNT-diamine-
FITC”, corresponding to fluorescent DWNTs (see supporting
information for the complete detailed procedure).

2.2. X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed using a standard ultrahigh
vacuum (UHV) chamber with a base pressure of 1 x 10~ ° mbar
equipped with a hemispherical analyzer and a non-monochromatic
dual Mg/Al x-ray source. For the present measurements the Mg
anode was used providing X-ray photons with energy of 1253.6 eV.
As the sample are powders, we used copper adhesive tape to stick
them to the sample holder which is made of molybdenum. Both the
adhesive and the sample holder are conductive materials allowing
the charges to be evacuated. Samples were pumped down over-
night within the XPS load lock chamber (1 x 10~ mbar) prior to
introduction into the analysis chamber.

2.3. Inelastic neutron scattering

The INS experiments were performed using a filter-analyzer
neutron spectroscopy technique on IN1-LAGRANGE spectrometer
at the Institut Laue-Langevin (Grenoble, France).

IN1-LAGRANGE (LArge GRaphite ANalyser for Genuine Excita-
tions) is an indirect geometry spectrometer based on the space
focusing of neutron scattered by the sample (cooled at 5 K) in a very
large solid angle, which are all recorded with a relatively small
single counter. It owns a cooled Be-filter combined with a large area
pyrolitic graphite (PG) crystal analyzer that collects the scattered
neutrons and define their final energy to 4.5 meV. As the final
energy is fixed, the incident neutron beam energy reaching the
sample is tunable. Indeed, IN1-LAGRANGE uses a set of double
focusing neutron monochromators allowing the incident neutron
energy, provided by the hot neutron source of the ILL, to be scanned
over a wide range of 4—600 meV. The experiments were performed
using the Cu331 monochromator. With such configuration the
incident energy (Ei) was scanned from 62 meV up to 500 meV and
the energy resolution was around 1.5—2% of Ei. The measured in-
tensity is directly proportional to the generalized phonon density of
states (GDOSexp), wWhich allows a direct comparison with the
calculated neutron spectra [24,25]. The samples were heated up to
380 K under vacuum (107° bar) in order to remove the water
trapped within the DWNTs samples and sealed inside standard
aluminium cylindrical containers with an indium O-ring.



2.4. DFT calculations of the vibrational density of states

The simulations were performed using the software Materials
Studio [34]. The calculations of the normal modes associated to our
samples were performed considering three model systems. For each
models the DWNT have been replaced by a periodic single-walled
carbon nanotube (SWNT) (6,6) of 8.14 A diameter placed in a
triclinic lattice, in order to decrease the number of atoms and opti-
mize the computational time. The SWNT was oriented parallel to the
c vector of the lattice and the lattices parameters were chosen as
following: a =15.000—20.000 A, b =20.000 A, c = 14.595 A; a = 90°,
6 =90°, vy = 120°. Three models have been chosen to represent the
three extreme cases that can be found at the end of the grafting
process. The first model is a SWNT with one molecule of linker
covalently bonded toit, representing the case of 0% of FITC grafted, in
the following will be referred as “SWNT-linker” (see Fig. 1-a). The
second model is a SWNT that corresponds to the “SWNT-linker”
model but where, in addition, one molecule of FITC is covalently
bonded to the linker, and represents the case of 100% of fluorophore
covalently grafted. It will be referred as “SWNT-linker-Fluo” (see
Fig. 1-b). For each of these two models, a search of the lowest energy
space conformation was performed using the module “Conformers”
in Materials Studio. The rotatable torsion angles of the nitrogen
bonds in our models were let free and a systematic search was
performed by rotating step by step each of them. The other degrees
of freedom (carbon bonds of the organic molecules) were kept
constrained since the more stable space conformations of poly-
amines were found for linear carbon chains [26—28]. At each step a
coarse geometry optimization was performed and the total energy of
the system was calculated. Then, the lowest energy space

(a)
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conformation was kept for the density functional theory (DFT) cal-
culations. Finally, the third model is constituted of one SWNT and
one FITC weakly bonded through w-stacking interactions, repre-
senting the case were 100% of the FITC is non-covalently grafted. It
will be referred as “SWNT@Fluo” from now on (see Fig. 1-c). The DFT
calculations were performed using the DMol3 module of Materials
Studio with the GGA-PBE functional [29] in order to achieve the fine
geometry optimization of the systems after which the residual
forces were converged close to zero (~10~3). To do so, we used an all
electron core treatment and a double numerical plus polarization
basis set, with a 10~ energy cutoff, a 10~% SCF tolerance and a
gamma k-point sampling. Finally, once an equilibrium structure was
reached, lattice dynamics calculations were subsequently per-
formed to obtain the phonon frequencies by diagonalization of the
dynamical matrix. The g(w) is the sum of the individual atomic
contribution to the vibrational density of states and is defined by
g(w) =Y gi(w). In order to compare with the GDOSexp it was
necessary to calculate a theoretical generalized density of states
(GDOSy,) taking into account the individual atomic contributions
weighted by their respective neutron cross section and mass, and
defined by GDOSy o 3 Zigj(w)e 2ViQ), where o; indicate the
experimental individual neutron cross section, m; is the mass and
W;(Q) is the Debye-Waller factor for the atom i. Since the hydrogen
cross section is very large compared to the other atoms of our
models, the individual contributions of any atoms are negligible
compared to those of hydrogen in the case of INS measurements, and
the GDOSy, can be then approximated such as
GDOSy, = gy (w)e2Wn(Q) where gy (w) is the hydrogen partial den-
sity of states. Finally, in order to reproduce at best the GDOSexp
measured in INS experiment the multiphonon events (M(w)) were

(b)

Fig. 1. Representation of the three model systems and their respective lattices, chosen for the DFT calculations. With (a) the SWNT-linker, (b) the SWNT-linker-Fluo and (c) the

SWNT@Fluo. (A colour version of this figure can be viewed online.)



taken into account. Indeed, as IN1-LAGRANGE is an indirect geom-
etry spectrometer the momentum transfer (Q) increases with the
energy transfer [30], and as the M(w) are Q-dependent [31,32], they
play an important role in the shape of the measured spectra. The
GDOSyy, is thus defined by GDOSy, = g (w)e 2Wv(Q) 1 M(w).

3. Results and discussion
3.1. X-ray photoelectron spectroscopy results

The experimental XPS spectra have been fitted with Voigt
functions using a fixed Gaussian width of 0.8 eV corresponding to
the overall experimental resolution. For each spectrum the same
procedure was followed using the software “UNIFIT”. First the
satellites and the background were removed. The XPS spectra ob-
tained for each sample were then shifted in energy to compensate
charge effects. The Cls orbital main C-C peak was centered at
284.6 eV accordingly to the literature. Then, the appropriate
number of components used for fitting the different contributions
to each spectrum were chosen according to the number of nitrogen
containing chemical groups in the sample. Finally, one sample of
pure FITC and the sample “DWNT-diamine” were measured as
references and the results so obtained were used to fit the results
obtained for the sample “DWNT-diamine-FITC".

For all the spectra, the fit was considered converged when the y2
tolerance was reached and was equal to 1.10°.

3.1.1. FITC

A FITC molecule contains only one type of nitrogen involved in a
—NCS chemical group (see inset of Fig. 2-a). The peak position, the
area and the Lorentzian full width at half maximum (wL) were let
unconstrained during the fitting procedure.

Fig. 2-a shows the result of the XPS measurement of the FITC in
the N1s orbital binding energy region (blue marked line) and dis-
plays the result of the peak fitting following the procedure
mentioned above (green line).

The —NCS group contribution to the N1s peak can be defined by
its characteristic position and FWHM, while its area is characteristic
of the number of nitrogen atoms involved in such groups. The
fitting parameters are listed in Table 1.

Table 1
Fitting parameters of the —NCS groups XPS peak from the FITC

sample.
Chemical group —NCS
Peak Position (eV) 400.1 + 0.0
wL 1.4 +0.0
Area 2493.69 + 0.07

3.1.2. DWNT-diamine

The DWNT-diamine sample has in principle two types of ni-
trogen atoms: the first type is involved in a —NH group and par-
ticipates to the chemical bond that links the linker to the nanotube.
The second type, located at the other extremity of the linker, is
involved in a —NH, group (see inset of Fig. 2-b). For the fitting
procedure, the peaks positions and the wL were let unconstrained,
and the area of the two peaks were constrained to be equal.

Fig. 2-b shows the result of the XPS measurement of the DWNT-
diamine in the N1s orbital binding energy region (blue marked line)
and displays the results of the peak fit of the two chemical groups
contributions to the spectrum: —NH; groups (red line) and —NH
groups (blue line) [33].

Now that the —NH, and the —NH contributions to the N1s peak
have been fitted, we can define the position and the wL that are
characteristic of the latter group signals. The fitting parameters are
listed in Table 2.

3.1.3. DWNT-diamine-FITC

This sample is more complex than the previous ones in terms of
species and chemical groups. It is necessary to define the different
species that are present in the sample and which contribute to the
XPS N1s peak in order to be able to fit correctly the data. For this
sample we developed three models (see Fig. 3) corresponding to
the three different configurations which could occur at the surface
of the DWNTs:

1. The diamine did not react with the FITC and remained un-
changed. (Model I)

2. The diamine and the FITC did react together and are covalently
bonded. (Model II)
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Fig. 2. Experimental results of XPS measurements in the N1s orbital of (a) the FITC and (b) the DWNT-diamine, and respective results of the fitting. (A colour version of this figure

can be viewed online.)



Table 2
Fitting parameters of the —NH, and —NH contribution to the N1s peak from the
DWNT-Diamine sample.

Chemical group —NH, —NH

Peak Position (eV) 399.6 + 0.0 400.6 + 0.0

wL 1.68 + 0.06 1.45 + 0.04
Area 1370.67 + 25.05 1370.67 + 25.05

3. The FITC did not react with a linker, remained unchanged and
has been 7 — stacked at the surface of the DWNTs. (Model III)

The DWNT-Diamine-FITC sample contains three different types
of nitrogen atoms. The first type is involved in —NH, groups and is
provided by the diamine that stands in the Model I (diamine-I). The
second type of nitrogen is involved in —NCS chemical groups, they
are provided by the FITC-III belonging to the Model III presented
above. The FITC-III is stacked at the surface of the CNTs and was not
able to react with a diamine. Therefore, its —NCS group remained
unchanged. Finally, the last type of nitrogen atom is involved in
—NH groups. They are shared between the diamine-I that did not
react with any FITC (Model I) and the diamine-II that did react
(Model II). Concerning the diamine-II, that reacted with the FITC-II,
it still owns one of this chemical group involved in the covalent
bond with the nanotube, but exhibits two additional —NH groups
as the result of the chemical reaction between the original —NH,
ans —NCS groups respectively.

Fig. 4 shows the result of the XPS measurement of the DWNT-
Diamine-FITC in the N1s orbital binding energy region (blue
marked line). The peak positions and the wL obtained with the FITC
sample (—NCS) and the DWNT-diamine sample (-NH, and —NH)
were used directly as fitting parameters, while the areas were let
unconstrained. The results of the fit are displayed on Fig. 4 for each
group contributing to the N1s XPS peak: —NH, (red line), —NCS
(green line) and —NH (blue line).

From the fitted curves of the different group contributions to the
N1s peak, we can obtain their respective positions, areas and wL.
The fitting parameters are listed in Table 3.
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Fig. 4. Experimental results of XPS measurement of the DWNT-diamine-FITC in the
N1s orbital binding energy region, and results of the fitting using the reference sam-
ples. (A colour version of this figure can be viewed online.)

3.1.4. Process efficiency quantification from the DWNT-diamine-
FITC sample

We need to define the relations between the XPS peaks area
(that corresponds to chemical groups) and the number of mole-
cules in a given model out of the 3 mentioned above, knowing that
the relative proportion of each group in terms of quantities is
proportional to its relative proportion of the XPS peak area. Since
only the diamine-I contains —NH, groups, and there is only one
—NH, group and only one —NH group per diamine-I when grafted
on a DWNT (see Fig. 3), we can then define n(diamine-I)
= n(NH); = n(NHy) g, «A(NH); = A(NH)7o,. The amount of
diamine-I is now accessible knowing the amount of —NH, groups.
It is then necessary to define the amount of diamine-II in the
sample. Concerning the Model Il we find that for 1 mol of diamine-
Il there are 3 mol of —NH groups (Fig. 3). We can thus define

n(diamine-II) mw. Finally, we need to define the

Hydrogen
Carbon

Nitrogen

e © o O©

Oxygen

Sulfur

©

Fig. 3. lllustration of the three models chosen for representing the surface of the DWNT-diamine-FITC sample: (I) SWNT-linker, (II) SWNT-linker-FITC and (Ill) SWNT@Fluo. (A

colour version of this figure can be viewed online.)



Table 3
Characteristics of the different contributions to the N1s peak from the DWNT-
Diamine sample.

Chemical group —NH, —NCS —NH

Peak Position (eV) 399.6 + 0.0 400.1 + 0.0 400.6 + 0.0

wL 1.68 + 0.00 1.40 + 0.00 1.45 + 0.00
Area 655.18 + 44.96 415.92 + 77.67 2023.32 + 49.25

amount of FITC which did not react with the diamine and, there-
fore, which is w-stacked onto the DWNTs. As this FITC remained
unchanged during the functionalization process, all the Nitrogen
atoms have the same signature as the FITC sample, corresponding
to —NCS groups. As FITC owns one group per molecule it is then
easy to define n(FITC-III) = n(NCS)y,; « A(NCS)1,;. Finally, using the
different areas obtained with the fitting of the DWNT-diamine-FITC
sample spectra (see Table 3) the relative proportions of the three
models present in the sample were determined and are presented
in Table 4 hereafter.

In order to determine the process efficiency we need to define
relevant quantities to compare. Here we introduce three different
ratios in order to have the clearest vision of what our sample looks
like in terms of covalent and non-covalent grafting:

The covalent coverage ratio. It represents the amount of diamine
which reacted with the FITC comparatively to the total amount of
diamine on the sample before the grafting of the FITC. In that sense
it can be interpreted as a measure of the efficiency of the covalent
grafting of the fluorophore. It is defined as the ratio between the
number of moles of the diamine that reacted with the FITC and the
total number of moles of diamine in the sample:

o n(diamine — II) _ ANH)po — A(NHp )1y
" n(diamine — 1)+ n(diamine —1I) ~ A(NH)y; +2 x A(NHp ) 1o
(1)

The non-covalent grafting ratio. It represents the amount of FITC
which is w-stacked onto the carbon nanotubes comparatively to the
total amount of FITC in the sample. It gives a measure of the pro-
portion of fluorophore which did not react during the process but
which is still present in the sample. It is defined as the ratio be-
tween the number of moles of FITC that did not react and the total
number of moles of FITC in the sample:

R n(FITC — III)
"€ T n(FITC — 1I) + n(FITC — III)
. 3 x A(NCS)1q;
3 % A(NCS) 1o + A(NH)por — A(NH3 1o

(2)

The covalent grafting ratio. It represents the amount of FITC
which is covalently grafted onto the carbon nanotubes compara-
tively to the total amount of FITC in the sample. It gives a measure of
the proportion of fluorophore which did react with the diamine
during the process. It is defined as the ratio between the number of
moles of FITC that did react and the total number of moles of FITC in
the sample, meaning it is simply the inverse ratio of the non-
covalent grafting ratio:

Table 4
Relative proportions of the three models constituting the DWNT-diamine-FITC
sample given by the XPS measurements.

Model I Model I Model III

Relative proportions 0.43 + 0.03 0.30 + 0.02 0.27 + 0.04

- 3 x ANCS) 1o
3 x A(NCS)1op + A(NH) 1o — A(NH2 )70

(3)

Now the relation between the amount of the different organic
molecules in the sample and the chemical groups contributing to
the XPS N1s orbital peaks area have been defined, and relevant
ratios to understand our sample have been established, we can
calculate them in order to get an estimation of the functionalization
process efficiency. Using eqs. (1)—(3), and using the XPS peaks area
summed up in Table 3 we find that R =0.41+0.02,
Rneg = 0.47+0.05 and Rz = 0.53+0.05. The R indicates that 41%
only of the diamine available reacted with the FITC to form a co-
valent bond (see Fig. 5), which question the efficiency of the
grafting process and leaves a lot of room for improvement. Then,
the comparison of the Ry and the Rz seems to show that about
50% of the total amount of FITC is involved in covalent interaction
with the DWNTs while the other half of is simply adsorbed at the
surface (see Fig. 6). These latter results are very concerning since
they indicates that potentially half of the fluorescence could be
attributed to relatively weakly bonded fluorophores molecules.

Reg =1~ Rneg = 1

3.2. DFT calculations results

The DFT calculations performed on the three model systems
SWNT-linker, SWNT-linker-Fluo and SWNT@Fluo, which represent
three limit cases of the grafting process, allow us to understand the
changes expected in our experimental data in terms of active
vibrational modes. Indeed, Fig. 7 compares the hydrogen partial
density of states (gy(w)) obtained via DFT calculations for (a) the
SWNT-linker, (b) the SWNT-linker-Fluo and (c) the SWNT@Fluo. We
were then able to identify characteristic vibrational bands of our
model molecules. For instance, in the bending region, the SWNT-
linker and the SWNT-linker-Fluo gy(w) present obvious similar-
ities notably the two broad set of modes at 1270—1380 and
1440—1480 cm ™! corresponding to the bending vibrational modes
of the —CH groups with no particular distinction between the —CH
sp> (linker) and the —CH sp? (FITC). Similar modes were found at
1140—1220 cm~! for the three models, corresponding to —CH

Fig. 5. Representation of the results given by the R.. (A colour version of this figure
can be viewed online.)



Fig. 6. Representation of the results given by the R and the R,. (A colour version of
this figure can be viewed online.)

bending modes, and, once again, without distinction between the
models despite the apparent change in intensity and position.
Nevertheless, a major difference is clearly visible between the
systems, at 1620 cm™~! on Fig. 7-a and disappears completely on
Fig. 7-b. This characteristic vibration corresponds to the bending
mode of the —NH; groups and present the advantage to be isolated
from the other modes and to be clearly identifiable. It was naturally
chosen as the signature of the disappearance of the -NH, groups
characteristic of the covalent grafting of the FITC. On the other
hand, in the stretching region, signatures of the —CH sp> were
found on the SWNT-linker and the SWNT-linker-Fluo models be-
tween 2890 and 3090 cm™’, and are characteristic vibrational
modes of —CH belonging to the linker. On Fig. 7-b and -c, the
presence of the FITC brought new vibrational modes arising at
31003160 cm~! which are characteristic of the —CH sp?

constituting the fluorescent molecule. Finally, the vibrational
modes of the —NH and —NH, and some —OH groups are located
within 3420—3510 cm™". Unfortunately the vibrational bands are
very close to each other, so that we do not expect to see any dif-
ference on the GDOSeyp in the stretching region if the amount of
-NH, groups decreases after the grafting process.

3.3. Inelastic neutron scattering results

The measurements performed on IN1-LAGRANGE allowed us to
obtain well defined spectra of the DWNT-diamine and the DWNT-
diamine-FITC samples, and to have access to several vibrational
modes. Fig. 8 shows the experimental generalized density of states
(GDOSeyp) measured in the energy range 500—4000 cm~! for the
DWNT-diamine (Fig. 8-a) and the DWNT-diamine-FITC (Fig. 8-b)
samples (red lines). Fig. 8 also shows the calculated gy (w) of the
SWNT-linker model (Fig. 8-a) and the mixing of the gy;(w) obtained
for the SWNT-linker, the SWNT-linker-Fluo and the SWNT@Fluo
models in the proportion of respectively 60%/20%/20% (Fig. 8-b),
corresponding to the best fit to the GDOSexp obtained. Both the
gy (w) and the mixed gy (w) were convoluted with the experimental
resolution (3% of the energy)(cyan lines). Fig. 8 shows as well the
corresponding calculated multiphonon contributions for these
models (green line) and the resulting theoretical generalized den-
sity of states (GDOS;,) which corresponds to the sum of the gy (w)
and multiphonon contributions, convoluted with the experimental
resolution (blue line).

The simulations were based on perfect model systems where
the SWNTs were well individualized and all oriented in the same
direction. Therefore, the simulation results could not be expected to
perfectly fit our data, as can be seen on Fig. 8 in the 500—1200 cm ™!
and 2750—4000 cm™! regions. Indeed, as real samples are much
more complex than models, it is not surprising that several vibra-
tional modes could practically be strongly affected by the changes
of environment, and appeared to be shifted, broadened or even less
intense than the DFT-based predictions. Nevertheless, the simula-
tions performed appeared to fit properly the region of interest
comprised between 1200 and 2250 cm™! allowing their use for a
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Fig. 7. Comparison of the g (w) obtained via DFT calculations for the three models: (a) the SWNT-linker, (b) the SWNT-linker-Fluo and (c) the SWNT®@Fluo. (A colour version of this

figure can be viewed online.)
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better understanding of the samples composition.

First of all, clear evidences of the covalent grafting of FITC were
found comparing the GDOSexp of the two samples presented in
Fig. 8 and the GDOSexp of reference samples (see supporting
information for details). Indeed, the decrease in the vibrational
bands located at 740 and 1060 cm ™~ visible for the DWNT-diamine-
FITC sample was associated to the effect of the covalent bonding of
the diamine and FITC molecules. Nevertheless, the INS experi-
mental spectra of our two samples are very similar and particularly
around 1600 cm ™! where we expected to see the largest differences
after the grafting process, accordingly to the results provided by the
DFT calculations (Fig. 7). Indeed, this vibrational band was sup-
posed to be strongly affected by the number of —NH; groups in our
samples and should decrease significantly when the FITC reacts
with the linker. But, taking into account the multiphonon contri-
butions to the spectra in our simulations we were able to explain
this lack of differences in the experimental spectra. Indeed, it is
clearly visible on Fig. 8-b that for a mixing ratio of 60%/20%/20% of
our three models gy (w), the decrease in intensity undergone by the
1600 cm~! vibration was compensated by the resulting multi-
phonon intensity associated to the bending region
(500—2000 cm~!) fundamental vibrations. By looking at the
resulting GDOSyy,, this vibrational band intensity then appears to be
almost unchanged despite the fact that 20% of the linker reacted
with the FITC. Various ratios for mixing our three models have been
tried and the best fit with the experimental data corresponds to this
60%/20%/20% ratio. These results could indicate that the bulk of the
DWNT-diamine-FITC sample is slightly different from its surface
(see XPS measurements) which would not be surprising since the
DWNTs have a strong tendency to form bundles and that the
grafting efficiency could change between the outside and the inside
of those bundles. However, some other ratios could still fit
reasonably our INS spectrum. Nevertheless, we were able to define
that if less than 40% of the SWNT-linker model was taken into ac-
count in the mixing ratio, the intensity loss of the 1600 cm™!
vibrational mode could not be compensated by the multiphonons

and would have been clearly visible on the DWNT-linker-FITC
spectra. Therefore, accordingly to the INS results, we were able to
find that in the best covalent grafting case scenario the sample is
constituted of 40% of Model I, 30% of Model II and 30% of Model III,
which is comparable to the results obtained with the XPS
measurements.

4. Conclusion

The quantification of the covalent grafting efficiency of the FITC
on DWNTs remains a central question for several toxicity studies.
We have shown in this work, based on spectroscopy techniques and
calculations, that not only the efficiency of the chemical reaction
between the linker and the fluorophore stays below 41%, although
we used a grafting protocol very common in the literature, but also
that there is a significant amount of fluorophore which remains
adsorbed at the surface of the DWNTs after the grafting process,
despite the thorough washing procedure. Both, the surface and the
bulk of the sample, have been investigated and have shown the
same trend. Indeed, the XPS measurements brought information on
the surface of the sample and indicated that both covalent and non
covalent grafting occurred during the grafting process. It also
allowed to make an estimation of the relative proportions of each
species at the surface of the sample, and provided concerning re-
sults with regards to the amount of FITC simply adsorbed onto the
DWNTs. Then, concerning the bulk of the sample, the INS mea-
surement performed on IN1-LAGRANGE coupled with DFT calcu-
lations showed strong evidences that the FITC reacted with the
diamine. However, the results indicated that the proportions of
FITC that reacted with the diamine could be even lower than for the
surface but are not contradictory with the estimations provided by
the XPS measurements. Finally, these results highlight that,
although the amount of fluorescent markers grafted on carbon
nanotubes when using a covalent strategy is always considered to
be strongly bonded, a non-negligible part may indeed be only
adsorbed even after thorough washing of the nanoparticles. This is



likely to lead to a release of the fluorescent marker at some point
along the journey of the nanoparticle throughout the cells or the
whole organism, and thus to partially wrong conclusions in terms
of their fate in terms of biodistribution, accumulation or excretion.
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