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A strategy for covalent grafting of biocompatible polymers onto sidewalls of multi-walled carbon
nanotubes (MWNTs) via UV-initiated free-radical polymerization is presented. The effects of the
irradiation doze(time) and monomer/MWNTs ratio on the stability of the corresponding aqueous
dispersions were investigated. It was found that stable dispersions of MWNTs modified with poly-
acrylamide, poly(N-isopropylacrylamide), poly[poly(ethylene glycol) methacrylate] and poly(sodium
methacrylate) can be obtained by irradiation with UV light for at least 5 min at an irradiation dose rate
of 5.7 JJcm? min at a minimum monomer/CNTs ratio of 200:1. Biocompatibility of polymer-modified
MWNTs was assessed using the standard MTT-dye reduction assay and compared to pristine MWNTSs.
As a rule, all polymer-functionalized nanotubes examined in this study were non-cytotoxic up to
concentration 150 pg/mL and, remarkably, MWNTs-g-PNIPAAm did not exhibit cytotoxicity even at the
highest concentration studied (300 pg/mL). MWNTs modified with stimuli-sensitive polymers
underwent a reversible transition from well-dispersed nanotubes in water to precipitate triggered by
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changes in temperature or pH.
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1. Introduction

Carbon nanotubes (CNTs) [1] have attracted much attention in
various disciplines due to the unique properties and potential for
application in electronic devices, field emission display, hydrogen
storage, polymeric composites, etc. [2]. The pristine CNTs, however,
are entangled bundles that interact mutually via van der Waals
forces which hampers their dispersibility in liquids and processing.
Functionalization or surface modification of carbon nanotubes
seems to be the best approach for improving their dispersibility in
a wide range of solvents and the performance of the nanocomposite
materials [3]. In particular, the modification of carbon nanotubes
enables preparation of stable aqueous dispersions and, on the other
hand, can overcome the apparent cytotoxicity of non-modified CNTs
[4,5] that makes these materials of special interest for biochemical
and biomedical applications [6,7,8,9]. For instance, CNTs have been
solubilized in water either by supramolecular complexation with
starch [10], Gum Arabic [11] and n-cyclodextrin [12] or by covalent
attachments of glucosamine [13], nucleic acids [14], amino acids [15]
and proteins [16]. The functionalization of CNTs with synthetic
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hydrophilic macromolecules is of particular interest, since this is
a facile route to obtain stable aqueous dispersions of CNTs even at
a low degree of functionalization. Water-soluble polymers like poly
(ethylene glycol) [17], poly(vinyl alcohol) [18], etc., have been
successfully attached onto CNTs by the “grafting to” method. Atom
transfer radical polymerization (ATRP) technique has been employed
to obtain poly(acrylic acid) and polystyrene-block-poly(acrylic acid)
grafted onto the surface of CNTs by the “grafting from” approach
[19,20]. Based on wm— stacking between CNTs and pyrene moieties,
water-soluble multi-walled carbon nanotubes (MWNTs) have been
prepared by side-wall functionalization of full-length MWNTs with
pyrene-carrying poly(2-dimethylaminoethyl methacrylate) [21].
Beside the successful modification, most of the abovementioned
studies involve multistep procedures, sometimes the preparation
protocols are rigorous and tedious. Meanwhile, techniques that
allow grafting of hydrophilic polymers onto CNTs in a simpler and
more economical manner are still limited. Recently, gamma-ray
irradiation has been exploited for covalent grafting of poly(acrylic
acid) onto MWNTs [22]. Despite the fact that the length of grafted
chains cannot be controlled precisely, this method enables an
effective grafting of polymer onto CNTs in a simple way and can be
easily developed for large-scale production of water-soluble CNTs.
This work aims at presenting a facile strategy for preparation of
biocompatible water-soluble MWNTs based on the UV irradiation
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technique. Various hydrophilic and temperature-responsive poly-
mers were covalently attached onto full-length multi-walled carbon
nanotubes via UV-initiated free-radical polymerization. The cyto-
toxicity of polymer-grafted MWNTs was assessed by means of MTT-
dye reduction assay test.

2. Experimental
2.1. Materials

Multi-walled carbon nanotube produced by the CVD method
(carbon  content >95%; O.D.xLD.xL: 20-30 nm x
5—10 nm x 0.5—200 pm), acrylamide, N-isopropylacrylamide,
2-hydroxyethyl methacrylate, poly(ethylene glycol) methacrylate
(avg. My ca. 526), sodium methacrylate, benzophenone, and N,N-
dimethylformamide (DMF, 99.8%) were purchased from Aldrich
and used without further purification. The human tumor cell lines
OPM-2 and HT-29 were purchased from the German Collection of
Microorganisms and Cell Cultures (DSMZ GmbH, Braunschweig,
Germany).

2.2. Grafting of polymers onto MWNTs

Pristine MWNTs were added to a large glass beaker containing
DMEF (0.07 mg/mL) and irradiated with 20 kHz ultrasound for 2 min
to form a meta-stable dispersion (thickness ca. 10 mm). Given
amounts of monomer and benzophenone (10 wt.% with respect to
the monomer) were added and the mixture was purged with argon
for 40 min. Then, the dispersion was sonicated for additional 30 s
and irradiated with full spectrum UV—vis light with a “Dymax
5000-EC” UV curing equipment with 400 W metal halide flood
lamp for given time (irradiation dose rate = 5.7 J/cm? min; input
power = 93 mW/cm?) under stirring. The reaction mixture was first
vacuum-filtered through a 0.1 pm Nylon membrane, and the
collected black solids were thoroughly washed several times with
DMF and water in order to remove any residual monomer and non-
grafted polymer. Finally, MWNTs-g-polymer were re-dispersed in
water by ultrasonication.

2.3. Turbidity measurements

Turbidity measurements were performed on a Perkin—Elmer
UV—vis spectrophotometer at a wavelength of 500 nm 7 days
after preparation of the aqueous MWNTSs-g-polymer dispersions.
The concentration of MWNTs was kept nearly constant at
0.1 mg/mL. Water was used as the reference for all the
measurements.

2.4. Transmission electron microscopy

A drop of dispersion was deposited on a TEM copper grid
(3.05 mm 200 mesh) coated with a Carbon film, and the solvent
was allowed to evaporate. A JEOL JEM-1011 Transmission Electron
Microscope was used, at an accelerating voltage of 100 kV.

2.5. Fourier transformation infrared analyses

FTIR spectra were measured with an attenuated total reflection
(ATR) spectrometer (IRAffinity-1, Shimadzu, Japan).

2.6. Thermal gravimetric analysis
TGA was carried out with a Perkin—Elmer TGA-7 thermal

analyzer from 30 to 700 °C at a heating rate of 10 °C min~" under air
flow.

2.7. Cell lines and culture conditions

The human tumor cell lines OPM-2 and HT-29 were cultured
under standard conditions — RPMI-1640 liquid medium supple-
mented with 10% fetal bovine serum (FBS) and 2 mM L-glutamine, in
cell culture flasks, housed at 37 °C in an incubator ‘BB 16-Function
Line’ Heraeus (Kendro, Hanau, Germany) with humidified atmo-
sphere and 5% CO,. The cells cultures were maintained in loga-
rithmic growth phase by supplementation with fresh medium two
or three times weekly.

2.8. Cytotoxicity assessment (MTT-dye reduction assay)

Stock dispersions of the nanotubes were freshly prepared and
diluted with RPMI-1640 medium to yield the desired final concen-
trations. The cellular viability and proliferation after exposure to the
tested nanotubes were assessed using the standard MTT-dye reduc-
tion assay. Exponentially growing cells were seeded in 96-well flat-
bottomed microplates and after 24 h incubation at 37 °C they were
exposed to various concentrations of the tested nanotubes for 48 h.
For each concentration at least 8 wells were used. After the incuba-
tion with the test compounds 10 ul MTT solution (10 mg/ml in PBS)
aliquots were added to each well. The microplates were further
incubated for 4 h at 37 °C and the MTT-formazan crystals formed
were dissolved by adding 100 pl/well 5% HCHO-acidified 2-propanol.
The MTT—formazan absorption was determined using a micropro-
cessor controlled microplate reader (Labexim LMR-1) at 580 nm. Cell
survival fractions were calculated as percentage of the untreated
control. The cell survival data were normalized as percentage of the
untreated control (set as 100% viability). The statistical processing of
cytotoxicity data included the Student’s t-test with p < 0.05 set as
significance level.

3. Results and discussion

The UV irradiation technique has been extensively explored by
our group in the preparation of biocompatible polymer materials like
stabilized polymeric and hybrid micelles, hydrogels and cryogels
[23,24,25,26,27]. The main advantages of the UV irradiation are the
very low capital outlay and the extremely short reaction time. In this
work, the UV-irradiation technique was employed for the prepara-
tion of biocompatible water-soluble MWNTs via covalent grafting of
polymers. Most of the experiments in our study were focused on
polyacrylamide, poly(N-isopropylacrylamide) and poly(2-hydrox-
yethyl methacrylate), however, the method is not restricted to these
polymers as described below. The polymers were covalently grafted
onto multi-walled carbon nanotubes during the UV-initiated free-
radical polymerization of given monomer carried out in a dispersion
of MWNTs. The grafting mechanism involves generation, propagation
and simultaneous addition of macrochains onto CNTs surface due to
the strong tendency of macroradicals to react with the unsaturated
double bonds of MWNTSs [28] (Scheme 1).

The modification was carried out in DMF which is a common
solvent for both the monomers and polymers and, on the other
hand, allowed preparation of relatively stable dispersion of pristine
MWNTs (disentangled bundles) within several minutes prior to
modification. The reaction mixture was irradiated with UV light for
given time, then the modified MWNTs were collected by repeated
washing and filtration and re-dispersed in water by ultrasonication.
Noteworthy, it was impossible to perform the modification directly
in water, since our efforts to disperse the highly hydrophobic
pristine MWNTs failed.

The visual inspection of MWNTSs dispersions provides roughly an
evidence whether sufficient polymer chains are grafted (Fig.1 A). The
aqueous dispersion of pristine MWNTSs is totally unstable with a solid
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Scheme 1. Preparation of stable aqueous dispersions of MWNTSs via UV assisted in situ grafting of polymers.
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Fig. 1. Photographs of (A) aqueous dispersions of pristine MWNTs (left) and PAAm-
grafted MWNTs (right), and (B) TEM microphotograph of individually dispersed
MWNTs-g-PAAmM.

precipitate and a nearly transparent liquid supernatant. In sharp
contrast, the polymer-modified MWNTs form a stable dispersion,
which makes the solvent deeply black. In general, the polymer
chains attached to the surface of CNTs form an effective steric barrier
against reagglomeration and the MWNTs are individually dispersed
in water, as visualized by TEM analysis (Fig. 1B).

Initially, the experiments were focused on establishing the
minimum irradiation dose(time) and the proper monomer/MWNTs
ratio required to obtain stable aqueous dispersions of MWNTs for
each polymer. The influence of both the irradiation dose(time) and
the monomer/CNTs ratio on the stability of aqueous dispersions of
modified MWNTs was studied by turbidity measurements. All
measurements were performed 7 days after the samples preparation.
The irradiation dose plays an important role for achieving a fast and
effective grafting of polymers onto CNTs. As mentioned above, the
pristine MWNTs bundles can be disentangled in the organic solvent
by ultrasound and after that the dispersion is stable for several
minutes. Therefore, it is important to ensure an irradiation dose
capable to initiate the polymerization process and grafting of poly-
mer chains, respectively, in the first few minutes of UV irradiation. It
was found that 5 min irradiation with UV light at a dose rate of 5.7 ]/
cm? min is adequate for preparation of stable aqueous dispersions of
PAAm- and PNIPAAm-grafted MWNTs (Fig. 2). Specifically, the
aqueous dispersions of MWNTs-g-PHEMA exhibit more complicated
behavior that are discussed in detail below.

The turbidity of the dispersions of MWNTs modified with PAAm,
PNIPAAm and PHEMA as a function of monomer/MWNTs mass ratio
is plotted on Fig. 3. At a lower monomer/MWNTs mass ratio the
turbidity increases gradually with the increase of ratio up to 200
and, then, the MWNTs-g-PAAm and MWNTs-g-PNIPAAm disper-
sions exhibit nearly constant turbidity and stability, respectively.
Most probably, above that ratio the critical grafting density and/or
length of grafted chains are achieved and no re-agglomeration
occurs within several weeks. In contrast, the MWNTs-g-PHEMA
dispersions obtained at monomer/MWNTSs mass ratios >200 exhibit
a remarkable decrease in their turbidity value and a noticeable
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Fig. 2. Effect of the irradiation time(dose) on the turbidity of aqueous dispersions of
MWNTs-g-polymer (monomer:MWNTs mass ratio 400:1).

precipitation is observed. This behavior can be attributed to either
insufficient grafting of polymer or poor solubility of PHEMA chains
in water. To clarify this phenomena additional measurements of
MWNTs-g-PHEMA dispersions in DMF were performed (Fig. 4).

Definitely, the most turbid system is obtained at the highest
amount of HEMA, which is a direct proof that PHEMA is effectively
grafted onto MWNTs surface at monomer/MWNTs mass ratio >200.
Thus, the reason for the poor stability of MWNTs-g-PHEMA
dispersions in water can be addressed to the solubility of the grafted
PHEMA macromolecules. Principally, PHEMA is considered to be
more water-swellable rather than water-soluble polymer. Further-
more, a systematic study relevant to the solubility of PHEMA
homopolymers of different degree of polymerization (DPn) pointed
out that up to DPn = 40 the linear PHEMA is water-soluble at 20 °C
and above that value some precipitation occurs [29]. Therefore, one
may conclude that stable aqueous MWNTs-g-PHEMA dispersions
(Figs. 2 and 3) can be obtained only via grafting of relatively short
PHEMA chains (low monomer conversion), whereas, above certain
length PHEMA does not improve the macroscopic stability of the
system.

60 A I AAmM
= NIPAAmM

r iy
50 4 HEMA

40

30
&

Transmittance (%)

20 4
i

L 0 (]

0 y T y T T T y T y T T T y 1
0 100 200 300 400 500 600 700
Monomer/MWNTs mass ratio

Fig. 3. Effect of monomer:MWNTs mass ratio on the turbidity of aqueous dispersions
of MWNTs-g-polymer (10 min irradiation with UV light).
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Fig. 4. Effect of HEMA:MWNTs mass ratio on the turbidity of MWNTs-g-PHEMA
dispersions in DMF (10 min irradiation with UV light).

The chemical structures of the polymer-grafted MWNTs were
further characterized by FTIR spectroscopy (Fig. 5).

Although the amount of grafted polymers was not sufficient to
record spectra of very good quality, the most characteristic
absorption peaks of PAAm and PNIPAAm (C=O0 stretching vibration
of the amide group at 1660 cm™!; the bending vibration of the
amide group at 1630 cm~!) were detected. Since the modified
MWNTs were thoroughly washed to remove the non-grafted poly-
mer, the FTIR results indicate that the presence of polymers is due to
the successfully grafted chains onto the surface of MWNTs via
UV-induced free-radical polymerization. Further evidence for the
relative amount of polymers grafted on to MWNTSs was provided by
TGA analysis. Fig. 6 shows the TGA weight loss curves of MWNTs-g-
PNIPAAm obtained at different irradiation time. One should
mention that the pristine MWNTSs are stable without evident weight
loss below 500 °C and, therefore, the weight loss in the temperature
interval from 250 to 500 °C corresponds to the decomposition of
polymer. Generally, the grafting ratios (GR), defined as the mass
ratio of grafted polymer to nanotubes, for different polymers
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Fig. 5. FTIR spectra of the pristine MWNTs, MWNTs-g-PAAm and MWNTs-g-PNIPAAm.
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Fig. 6. TGA curves of MWNTs-g-PNIPAAm obtained at different irradiation time.

estimated by TGA (Fig. 7) increases with the increase of the irradi-
ation dose. This observation is an indication for continuous grafting
of polymer chains during polymerization within the time interval
studied. On the other hand, these results are in agreement with the
turbidity measurements and show that a considerable part of
polymer is grafted in the first few minutes of UV irradiation. Clearly,
stable aqueous dispersions of MWNTs-g-PAAm and MWNTs-g-
PNIPAAm are obtained at GR above 0.3, while MWNTs-g-PHEMA
system is stable only at GR in the 0.23—0.25 range at the experi-
mental conditions reported.

The toxicity of polymer-grafted MWNTs was tested on human
tumor cells. The cellular viability and proliferation after exposure to
the tested nanotubes were assessed using the standard MTT-dye
reduction assay as described by Mosmann [30] with some modifi-
cations [31]. The method is based on the reduction of the yellow
tetrazolium salt MTT to violet crystals product by the mitochondrial
succinate dehydrogenase in viable cells. Two human tumor cell
lines, namely OPM-2 (multiple myeloma) and HT-29 (colon carci-
noma) were exposed to pristine MWNTs and functionalized nano-
tubes for 48 h. The results obtained, expressed as percentage of the
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Fig. 7. Effect of the irradiation dose on the grafting ratio of different polymer-grafted
MWNTs.
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Fig. 8. Cytotoxic effects of: pristine MWNTs, MWNTs-g-PAAm, MWNTs-g-PHEMA and
MWNTs-g-PNIPAAm against the human multiple myeloma-derived cell line OPM-2
after 72 continuous exposure (MTT-dye reduction assay). Each column represents the
arithmetic mean + sd from 8 independent experiments.

untreated control (set as 100% viable) and the corresponding
concentration-response curves are depicted on Figs. 8 and 9. In both
cell lines the pristine MWNTSs evoke strong, concentration-depen-
dent cytotoxicity, with almost total eradication of viable cells at
concentrations higher than 100 pg/ml. In a dissimilar fashion the
polymer-functionalized nanotubes are non-cytotoxic, i.e., do not
induce statistically significant effects upon cellular viability and
proliferation at concentrations lower than 150 pg/ml. At the higher
concentrations, PNIPAAm-grafted MWNTs have only marginal
cytotoxicity even at the highest value studied (300 pg/ml) in both
cell lines, while more pronounced cytotoxicity is observed for
MWNTs-g-PAAm and MWNTs-g-PHEMA. These findings unambig-
uously indicate that the grafting of polymers on to carbon nano-
tubes via UV-assistance is consistent with significant loss of CNTs
cytotoxicity and, thus, this is a valuable strategy for preparation of
biocompatible CNTs-based materials.
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Fig. 9. Cytotoxic effects of: pristine MWNTs, MWNTs-g-PAAm, MWNTs-g-PHEMA and
MWNTs-g-PNIPAAm against the human colon carcinoma-derived cell line HT-29 after
72 continuous exposure (MTT-dye reduction assay). Each column represents the
arithmetic mean + sd from 8 independent experiments.
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Fig. 10. Photographs of aqueous dispersions of (A) MWNTs-g-PNIPAAm at different
temperature and (B) MWNTs-g-poly(sodium methacrylate) at different pH.

The versatility of UV irradiation technique was further examined
by grafting of another two water-soluble polymers — poly[poly
(ethylene glycol) methacrylate] and poly(sodium methacrylate). In
both cases, stable aqueous dispersions were obtained for at least
5 min irradiation and minimum monomer/CNTs ratio of 200:1,
which seems to be the common feature of the polymer-grafted
MWNTs in our study at the specified experimental conditions. It
should be mentioned that the grafting of stimuli-sensitive poly-
mers onto MWNTs provides the herein prepared dispersions with
additional functionality and potential. Fig. 10 demonstrates
a reversible temperature- (a) and pH (b) triggered transition from
well-dispersed MWNTs to precipitate. Indeed, at temperatures
above the LCST (>32 °C) [32] the hydrophilicity of PNIPAAm outer
layer is substantially decreased and the efficiency of the steric
barrier against agglomeration is remarkably reduced. However, the
stable aqueous dispersion of MWNTs-g-PNIPAAm can be regained
by a gentle treatment with ultrasound at 20 °C for 20 s. Similar, pH-
induced, behavior is observed for MWNTs-g-poly(sodium meth-
acrylate). At pH<5 poly(sodium methacrylate) loses its anionic

character [33], i.e., the repulsive interaction between polymer
chains is decreased resulting in macroscopic precipitation of CNTSs,
while in alkaline solution polymer is ionized and CNTs can be re-
dispersed again.

4. Conclusions

The UV irradiation is a facile method for effective covalent grafting
of different hydrophilic polymers onto MWNTs which prevents the
agglomeration of individual CNTs in water and improves the long-
term stability of the system. Indeed, stable aqueous dispersions of
MWNTs are obtained from samples irradiated with UV light for at
least 5 min at an irradiation dose rate of 5.7 J/cm? min at minimum
monomer/CNTs ratio of 200:1. The modified MWNTs exhibit
remarkably improved biocompatibility, especially PNIPAAm-grafted
MWNTs which are non-cytotoxic even at concentration of 300 pg/mL.
Grafting of stimuli-sensitive polymers onto MWNTs allows a revers-
ible precipitation upon external stimuli.
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