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A novel method for preparation of water dispersible and biocompatible carbon nanotubes via
mussel inspired PEGylation has been developed for the first time.
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The biomedical applications of carbon nanotubes (CNTs) have been intensively investigated. However,
poor water dispersibility and obvious toxicity of pristine CNTs are still two major issues for their
biomedical applications. Although great efforts have been devoted to solving these problems, a simple
and effective strategy for preparation of CNTs with high water dispersibility and desirable biocompatible
is still of great research interest. Herein, surface modification of CNTs with a biocompatible polymer
polyethylene glycol (PEG) via mussel inspired strategy has been developed. The dispersibility as well as
biocompatibility of these PEGylated CNTs (named as CNT-poly(PEGMA-co-IA-DA)) was subsequently
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investigated. These PEGylated CNTs showed remarkable enhancement of dispersibility in aqueous and

organic solvents. More importantly, as evidenced by cell viability and reactive oxygen species results,

these PEGylated CNTs showed negative toxicity toward cancer cells. Therefore the PEGylated strategy

described in this work can provide a general platform for fabrication of multifunctional biomaterials for

various biomedical applications because of the advantages of mussel inspired chemistry and excellent

properties of PEGylated materials.

1. Introduction

As a type of one-dimensional carbon nanomaterials, carbon
nanotubes (CNTs) have attracted great research interest since
their first discovery in 1991." Owing to their unique structure and
extraordinary physicochemical properties, CNTs have been
extensively explored for different applications ranging from
nanocomposite filler, field emission displays, energy storage and
conversion, biosensor and drug delivery carries et al*’
Especially, the biomedical applications of CNTs have been
intensively investigated recently for their large specific surface
areas and high cell membrane penetration capability.'® '" It has
been demonstrated that various active ingredients such as
proteins, vaccines, anticancer drugs and therapeutic nucleic acids
can be loaded onto CNTs via non-specific interaction or covalent
conjugation with high loading capability.' '* These active agents
can be effectively delivered to targeting sites and cells, which
could therefore significantly improve the therapeutic profile of
active agents and ease up their adverse effects.'> '* However, due
to the strong interaction between individual CNTs, unmodified
CNTs tend to intertwine into larger clusters and are difficult to be
dispersed in aqueous solution. On the other hand, CNTs have
demonstrated to be toxic to different living organisms and would
be mainly accumulated in reticuloendothelial systems (RES) after
intravenously administration.'*?° It is therefore suitable surface
functionalization of CNTs is crucial important for their
biomedical applications.

Mussel inspired chemistry has being emerged as an attractive

surface modification strategy since pioneering work by Lee et al
in 2007.*' Due to the universal and strong adhesion of
polydopamine (PDA) to various materials regardless their
compositions, shape, size and structure, mussel inspired
chemistry has been extensively explored for different applications
ranged from energy storage and conversion to environmental
protection and biomedical applications efc.>*® For example, Lee
and Park et al have demonstrated PDA can facilely deposite on
various materials via mussel inspired chemistry. These PDA can
further served as template for biomineralization to fabricate
hydroxyapatite based organic-inorganic hybrid biomaterials.”
Park et al also found that PDA functionalized polycaprolactone
nanofiber exhibited highly enhanced adhesion and viability
toward human umbilical vein endothelial cells as compared to
unmodified and gelatin-coated nanofibers.** More recently, Lee
et al confirmed that PDA coating could obviously attenuate the
inflammatory and immunological responses to contact tissue or
blood.*® Although the underline mechanism for these results is
still not defined, these prophase results suggested that PDA might
be a promising platform for fabrication of biomaterials. More
importantly, these PDA coating could further modified with other
functional components via Michael addition reaction owing to a
large number of reactive sites were existed on these PDA
coating.*'™ Therefore, more elegant multifunctional hybrid
biomaterials could fabricate via mussel inspired chemistry.
Polyethylene glycol (PEG) is an amphiphilic polymer, which is
non-toxic, water dispersible, biocompatibile,
immunogenicity and non-inflammatory. It has been demonstrated

non-
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that the pharmacokinetic behavior of materials can be
significantly improved after PEGylation.** Because of these
advantages of PEG, PEGylation has been widely explored for
surface modification of materials such as CNTs and
nanodiamonds for biomedical applications.**’  Different
strategies for PEGylation including non-covalent adsorption,
covalent conjugation and surface polymerization have been
developed. For example, Dai et a/ has demonstrated that
amphiphilic PEG molecules could be adsorbed on CNTs through
10 hydrophobic interaction between the CNTs and the hydrophobic
segment of these functionalized PEG molecules.® These
PEGylated CNTs showed high dispersibility in physiological
solution, good biocompatibility and long blood circulation time.’'
As compared with the non-covalent strategy, PEGylation via
15 surface polymerization is another important strategy for surface
modification of CNTs due to its variability and designability.*
However, PEGylation through surface polymerization should first
introduce function groups on the surface CNTs, which is
complexity, and requirement of hazardous chemical reagents.” >*
Therefore, a novel strategy for preparation of PEGylated CNTs is
still high desirable. To the best of our knowledge, the surface
PEGylation of CNTs via mussel inspired chemistry has not
reported thus far.
In this contribution, a novel strategy for surface modification
»s of CNTs has been reported via mussel inspired chemistry. As
shown in Scheme 1, polyethylene glycol methyl ether
methacrylate (PEGMA) and itaconic anhydride (IA) were first
copolymerized using 2, 2-Azobisisobutyronitrile (AIBN) as
radical initiator to obtain poly(PEGMA-co-IA) bearing with
30 pendant TA via free radical polymerization. Then dopamine
hydrochloride (DA) was reacted with the pendant IA of
poly(PEGMA-co-IA) via ring opening reaction. The final
polymer poly(PEGMA-co-IA-DA) with pendant DA could
facilely linked with CNTs via mussel inspired method. The
dispersibility as well as the biocompatibility of these PEGylated
CNTs was further examined. We demonstrated that these
PEGylated CNTs showed high dispersibility and good
biocompatibility toward cancer cells. Given the strong and
universal adhesion of PDA toward various materials, this method
40 described in this work may provide a general platform for
fabrication of biomaterials.
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Scheme 1. Schematic illustration for the preparation of PEGMA-co-1A-

DA functionalized CNTs via mussel inspired chemistry. 1) First the
4s monomers IA and PEGMA were copolymerized via free radical living
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polymerization using AIBN as the radical initiator at 80 °C for 24 h. Thus
obtained copolymers named as poly(PEGMA-co-IA) were further reacted
with dopamine through the ring opening reaction between the IA and the
amino group of dopamine. 2) The finally polymers named as
poly(PEGMA-co-IA-DA) were utilized for surface modification of CNTs
via mussel inspired chemistry.

2 Experiment sections
2.1 Materials and instruments

All chemicals were of analytical grade and were used as
received without any further purification. All aqueous solutions
were prepared with distilled water. CNTs with diameter of 30-50
nm were purchased from sinonano (Beijing, China), dopamine
hydrochloride (DA, MW:189.64 Da, >98%) were supplied from
company of Sangon Biotech, Tris hydroxyl methyl aminomethan

(Tris), poly(ethylene glycol ) methyl ether methacrylate
(PEGMA, MW:950 Da, 98%), itaconic anhydride (IA,
MW:112.19 Da, 96%), 2,2-Azodiisobutyronitrile (AIBN,

MW:164.21 Da, 98%) were purchased from Aladdin (Shanghai,
China). Anhydrous ethyl acetate and methanol were offered by
Heowns (Tianjin, China). All other solvents and chemicals were
commercial available and used directly without any purification.

'"H NMR spectra were recorded on Bruker Avance-400
spectrometer with D,O as the solvent. The synthetic polymers
and materials were characterized by Fourier transform infrared
spectroscopy (FT-IR) using KBr pellets. The Fourier transform
infrared (FT-IR) spectra were supplied from Nicolet5700
(Thermo Nicolet corporation). Transmission electron microscopy
(TEM) images were recorded on a Hitachi 7650B microscope
operated at 80 kV, the TEM specimens were got by putting a
drop of the nanoparticle ethanol suspension on a carbon-coated
copper grid. Thermal gravimetric analysis (TGA) was conducted
on a TA instrument Q50 with a heating rate of 20 °C min™'.
Samples weighing between 10 to 20 mg were heated from 25 to
500 °C in air flow (60 mL min™), N, as the balance gas (40 mL
min™"). Raman spectra of CNT nanoparticles were conducted on a
RM 2000 microscopic confocal Raman spectrometer (Renishaw
PLC, England) employing a 514.5 nm laser beam. The X-ray
photoelectron spectra (XPS) were performed on a VGESCALAB
220-IXL spectrometer using an Al Ko X-ray source (1486.6 eV).
The energy scale was internally calibrated by referencing to the
binding energy of the Cls peak of a carbon contaminant at 284.6
eV. The size distribution of PEGylated CNT in water was
determined using a zeta Plus apparatus (ZetaPlus, Brookhaven
Instruments, Holtsville, NY). Each sample was ultrasonicated for
30 min prior to analysis.

2.2 Synthesis of poly(PEGMA-co-IA-DA)

The poly(PEGMA-co-IA) polymers could be synthesized via
living free radical polymerization using PEGMA and IA as the
monomers. The synthetic process was described as follow. The
mixture of PEGMA (4 mM, 0.68 g), IA (1 mM, 0.12 g) and
AIBN (2 mM, 0.33 g) were dissolved in anhydrous ethyl acetate
solution (30 mL) and stirring at 80 °C for 24 h. The system was
filled with dry N, and sealed. After 24 h, the DA dissolved in
methanol was injected into sealed system and maintained for 2 h.
The crude product was purified by dialysis against de-ionic water
and ethanol for 2 days. The finally polymers were dried in a
vacuum oven at 40 °C for 24 h.
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2.3 Preparation of poly(PEGMA-co-IA-DA) functionalized
CNTs

Poly(PEGMA-co-IA) modified the surface of CNTs via mussel
inspired chemistry. 100 mg of CNTs were put into the 30 mL of
Tris buffer solution (pH = 8.5) and ultrasonic treatment for 10
min. Afterword, poly(PEGMA-co-IA-DA) was dissolved in Tris
buffer solution (pH = 8.5) and added into the CNTs. After stirring
at room temperature for 12 h, CNT-poly(PEGMA-co-IA-DA)
was separated by centrifugation at 8000 rpm for 10 min, the
modified materials were washed and centrifuged three times
using distilled water and dried at 50 °C for 12 h.

2.4 Biocompatibility evaluation of CNT-poly(PEGMA-co-IA-
DA)

The biocompatibility of CNT-poly(PEGMA-co-IA-DA)
composites to human hepatocellular carcinoma (HepG2) cells
was first evaluated by cell morphology observation.”* > Briefly,
cells were seeded in 6-well microplates at a density of 1 x
10° cells per mL in 2 mL of the respective media containing 10%
heat-inactivated fetal bovine serum (FBS). After cell attachment,
plates were washed with phosphate buffer solution (PBS) and the
cells were treated with complete cell culture medium, or different
concentration of PEGylated CNTs prepared 10% FBS
containing media for 24 h. Then all samples were washed with
PBS three times to remove the uninternalized CNTs. The
morphology of cells was observed by an optical microscopy
(Leica, Germany).

The cell viability was further used to quantitatively evaluate
the biocompatibility of CNT-poly(PEGMA-co-IA-DA) using the
WST assay as described in our previous reports.*® Briefly,
HepG2 cells and human alveolar basal epithelial (A549) cells
were seeded in 96-well microplates at a density of 5 x 10 cells
per mL in 160 pL of the respective media containing 10% FBS.
After 24 h of cell attachment, the cells were incubated with 10,
20, 40, 80, 120 pg mL™" of CNT-poly(PEGMA-co-IA-DA) for 12
and 24 h. Then the cells were washed with PBS for three times to
remove the uninternalized nanoparticles. After that, 10 uL of
CCK-8 dye and 100 pL of Dulbecco's Modified Eagle's Medium
(DMEM) cell culture media was added to each well and
incubated for 2 h at 37 °C. Plates were then analyzed with a
microplate reader (Victorlll, Perkin-Elmer). Measurements of
dye absorbance were carried out at 450 nm, with the reference
wavelength at 620 nm. The values were proportional to the
number of live cells. The percent reduction of WST was
compared to the control (cells not exposed to nanoparticles),
which represented 100% WST reduction. Three replicate wells
were used for each control and test concentrations per microplate,
and the experiment was repeated three times. Cell survival was
expressed as absorbance relative to that of untreated controls.
Results are presented as mean + standard deviation (SD). As a
comparison, the cell viability of pristine CNTs to HepG2 cells
was also measured using the identified experimental conditions.

in

2.5 Reactive oxygen species (ROS) generation

ROS generation measurement was used to examine the
oxidative stress induced by CNT-poly(PEGMA-co-IA-DA).>’
The ability of CNT-poly(PEGMA-co-IA-DA) to induce
intracellular ROS formation was determined using a 2,7-
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dichlorodihydrofluorescein diacetate (DCFH-DA) assay as
reported in our previous work.” % Briefly, A549 cells were
cultured in 96 well plates and incubated with different
concentrations (10, 20, 40, 80 and 120 pg mLfl) of CNT-
poly(PEGMA-co-IA-DA) for 24 h. After washed three times
with PBS to remove the uninternalized nanoparticles, cells were
subsequently incubated in 200 puL of a working solution of
DCFH-DA, a fluorogenic probe commonly used to detect
intracellular generation of ROS, at 37 °C for 30 min.
Fluorescence data of oxidized DCFH-DA were recorded by using
a microplate reader (Victorlll, Perkin-Elmer) with the excitation
and emission wavelengths set at 485 and 535 nm, respectively.
The fluorescence of cells without incubation with dyes was
defined as the background (F,), and cells incubated with 0.5 and
1.0 mg mL ™" of Rosup for 30 min served as the positive control.
The values were expressed as a percentage of fluorescence
intensity relative to control wells. All the procedures were
performed without exposure to light. Three replicate wells were
used for each control and test concentrations per microplate, and
the experiment was repeated three times. Results are presented as
mean £+ SD.

3. Results and discussion

3.1 Characterization of polymers and CNTs
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Fig. 1 'H NMR spectra of (A) poly(PEGMA-co-IA) and (B)
poly(PEGMA-co-IA-DA) using D,O as solvent.

The successful preparation of PEGMA-co-IA and PEGMA-co-
TA-DA copolymers was confirmed by 'H NMR spectroscopy. As
shown in Fig. 1, the structure of PEGMA-co-IA and PEGMA-co-
TA-DA copolymers could be decided by 'H NMR (D,0) spectra.
The results of "H NMR described as following. According to the

This journal is © The Royal Society of Chemistry [year]
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Fig. 1A, the peaks at &= 0.9-1.2 ppm (-CHj3), &= 1.8-2.0 ppm (-
CH,-CH,), = 3.15 ppm (-CO-CH,), &= 3.67 ppm (O-CH,) and
&= 4.37 ppm (-COO-CH,) could contribute to PEGMA-co-IA
polymer. Fig. 1B also shows that the PEGMA-co-IA-DA polymer
s was successfully synthesized via ring-opening reaction. Different
peaks belong to PEGMA-co-IA-DA polymer could be
summarized as follows: &= 1.13 ppm (-CH3), &= 1.50 ppm (-CH,-
CH,-), 6= 2.71 ppm (Ph-CH,), 6= 3.06 ppm (-CO-CH,), 6= 3.32
ppm (-O-CH,), &= 3.54 ppm (NH-CH,), &= 4.02 ppm (-COO-
10 CH,) and 6= 6.68 ppm (C¢Hs-).

\

Fig. 2 Representative TEM images of CNTs (A) and CNT-poly(PEGMA-
co-IA-DA) (B). As evidenced by TEM images, the diameter of pristine
CNTs is 30-50 nm. Scale bar = 200 nm. After surface modification with

15 polymers, obvious thin film coated on CNTs can be identified, indicating
that CNTs were functionalized with polymers.

Fig. 2 shows the representative TEM images of pristine CNTs
and CNT-poly(PEGMA-co-IA-DA). As evidenced by Fig. 2A,
the diameter of CNTs is 30-50 nm, which is well consistent with

20 production information provided by manufacturer. As compared
with the pristine CNTs, however, after modifying CNTs surface
with poly(PEGMA-co-IA-DA), the structure of CNTs remains
intact (Fig. 2B), which indicates the properties of CNTs related to
their structure are preserved. As showed in Fig. 2B, some

25 polymer films coated on the CNTs was observed after drastically
removing free poly(PEGMA-co-IA-DA) by washing thoroughly
with water and acetone. Based on the TEM images, the thickness
of polymer films is ranged about 10-17 nm. These results

suggested that poly(PEGMA-co-IA-DA) can be successfully and
30 firmly functionalized with CNTs via mussel inspired chemistry.
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Fig. 3 (A) FT-IR spectra of CNTs and CNT-poly(PEGMA-co-IA-DA),
(B) TGA curves of CNTs and CNT-poly(PEGMA-co-IA-DA)

The functional groups that existed on the surface of CNTs

3s before and after modification were characterized by FT-IR
spectroscopy. Three characteristic peaks were observed from Fig.
3A, the characteristic peaks from pure CNTs were not appeared at
1709 cn' and 3656 cnr’, but after introducing poly(PEGMA-co-
IA-DA) onto the surface of CNTs, the intensity of absorption at
0 3656 cm™ (-OH), 1741 em™ (-CO-OH) and 1116 cm™ (C-O-C)
was significantly improved, indicating that C-O-C, -COOH and -
OH functional groups were introduced on the surface of CNTs
via mussel inspired chemistry. Furthermore, the characteristic
peak of C-H bending vibration appears at 1430 cm’, also
45 indicating that poly(PEGMA-co-IA) was coated on CNTs. Fig.
3B shows that the TGA curves of CNTs and CNT-
poly(PEGMA-co-IA-DA). The weight loss percentages of pure
CNTs were 2.7% at 500 °C, suggesting that excellent thermal
stability of CNTs. However, the weight loss of CNT-
s0 poly(PEGMA-co-IA-DA) was significantly increased to 25%
under the sample experiment condition, implying that
poly(PEGMA-co-IA-DA) was successfully introduced onto the
surface of CNTs via mussel inspired chemistry. The major weight
loss of CNT-poly(PEGMA-co-IA-DA) happened between 195 °C
55 t0 499 °C.%° TGA results suggest that poly(PEGMA-co-IA-DA)
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was absolutely decomposed at 500 °C. Thus the grafting ratio of
poly(PEGMA-co-IA-DA) on CNTs is about 22.3%. The raman
spectrum of CNT-poly(PEGMA-co-IA-DA) was displayed in Fig.
S1. Two characteristic Raman peaks were observed, which were
located at 1342.6 and 1577.6 cm™". The two Ramn peaks could be
assigned to the D and G bands of CNT-poly(PEGMA-co-IA-DA),
respectively. Based on the Raman spectrum, the ratio of D/G was
increased to 0.72, which is much greater than that of the prisitine
CNTs. The Raman spectrum further implied the successful
modification of CNTs with poly(PEGMA-co-IA-DA).
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Fig. 4 XPS spectra of CNTs and CNT-poly(PEGMA-co-IA-DA). (A) The
Survey scan the spectral region from 0 to 1200 eV, (B) The Cls region,
(C) The N1s region, and (D) The Ols region.

A survey of XPS scan ranging from 0 to 1200 eV was appeared
to detect the elements present in the different CNTs samples. As
shown in Fig. 4A, XPS survey of these samples revealed the
existence of C, N and O elements. The high resolution Cls, Ols
and N1s XPS spectra were shown from Fig. 4B-D. A broad peak
between 284 and 286 eV shows overlap of two different binding
energy of carbon (Fig. 4B). The broad peak at 285 eV originates
from sp’-hybridised carbon atoms. The higher binding energy
signal appeared at 287 eV can be attributed to the carbon atoms
bound to oxygen (Fig. 4B). Furthermore, a novel peak referred to
Nls at 4004 eV was emerged in the sample of CNT-
poly(PEGMA-co-IA-DA), confirming the successful
modification of CNTs with poly(PEGMA-co-IA-DA) (Fig. 4C).
Fig. 4D shows the Ols XPS spectra of CNTs. It can be seen that
the Ols spectra of CNT-poly(PEGMA-co-IA-DA) with binding
energy centered at 533 eV can be observed. As compared with
the pristine CNTs, the intensity of N1s and Ols was significantly
increased after modification with poly(PEGMA-co-IA-DA). The
XPS results further confirmed the successful modification of
poly(PEGMA-co-IA-DA) with CNTs.

35

Table 1

Element content (%) of CNTs and CNT-poly(PEGMA-co-IA-DA) based
on the XPS analysis

Cls Ols Nls
CNTs 97.13 2.87 0
CNT-poly(PEGMA-co-IA-DA) 87.87 10.34 1.79
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Based on the XPS spectra, the element concentrations of C, N
and O were calculated and listed in Table 1. The concentration of
C atom for CNTs was about 97.13%. However, the concentration
of C was decreased to 87.87% in the sample of CNT-
poly(PEGMA-co-IA-DA). On the contrary, the concentration of
O atom was increased from 2.87% (CNTs) to 10.34% (CNT-
poly(PEGMA-co-IA-DA)). Furthermore, the new N atom was
introduced into the materials with percentage of 1.79%. The
results from XPS spectra are similar to the TGA results,
providing further evidence that poly(PEGMA-co-IA) was
conjugated on the surface of CNTs.

3.2 Dispersibility of CNTs

The dispersibility of pristine and CNT-poly(PEGMA-co-1A-
DA) in water and organic solvents was further determined and
showed in Fig. 5. It can be seen that the water dispersibility of
CNT-poly(PEGMA-co-IA-DA) is obviously improved as
compared with the pristine CNTs. As shown in Fig. 5A, the
pristine CNTs have been quickly precipitated (left bottle in Fig.
5A). However, CNT-poly(PEGMA-co-IA-DA) still well
dispersed in water after 24 h deposition. These results also
implied that poly(PEGMA-co-IA-DA) was successfully
conjugated on CNTs. On the other hand, the dispersion of CNT-
poly(PEGMA-co-IA-DA) in other organic solvents was also
evaluated. It can be seen that CNT-poly(PEGMA-co-IA-DA)
shows excellent dispersibility in dimethyl sulfoxide (DMSO) and
tetrahydrofuran (THF) for more than 12 h. The hydrodynamic
size of CNT-poly(PEGMA-co-IA-DA) was further examined by
dynamic laser scattering (DLS). As shown in Fig. S2A, the size
distribution of CNT-poly(PEGMA-co-IA-DA) is 109.9 + 41.2
nm with narrow size distribution (polydispersity index is 0.232).
On the other hand, the dispersibility of CNT-poly(PEGMA-co-
IA-DA) in physiological solution was also investigated. As
shown in Fig. S2, no obvious aggregation was observed in the
upper cuvette (in PBS) and below cuvette (in DMEM) after the
CNT-poly(PEGMA-co-IA-DA) suspensions were deposited for 2
h, implying their good dispersibility in PBS and cell culture
medium. The hydrodynamic size distribution of CNT-
poly(PEGMA-co-IA-DA) in PBS and DMEM cell culture
medium was also measured. Results showed that the size
distribution of CNT-poly(PEGMA-co-IA-DA) in PBS and
DMEM is 314.1 + 140.7 nm and 529.3 £ 32.3 nm, respectively
(Fig. S2B and Fig. S2C). These results suggested that CNT-
poly(PEGMA-co-IA-DA) can be well dispersed in physiological
solution. Given the excellent water dispersibility, the
biocompatibility of CNTs-poly(PEGMA-co-IA-DA)  was
subsequently investigated.

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 Photographs of CNTs (1) and CNT-poly(PEGMA-co-IA-DA) (2)
in water for different time points (A) 5 min, (B) 2 h and (C) 24 h. (D)
Dispersibility of CNT-poly(PEGMA-co-IA-DA) in different solution
including DMSO, H,O and THF.

3.3 Cell viability evaluation of CNT-poly(PEGMA-co-IA-DA)

The biocompatibility of CNT-poly(PEGMA-co-IA-DA) was
first examined by optical microscopy observation. Fig. S3 shows
the optical microscopy images of HepG2 cells, which were
incubated with different concentrations of CNT-poly(PEGMA-
co-IA-DA) for 24 h. It can be seen that cells were still adhered to
cell plate very well as compared with the control cells. Even the
concentration of CNT-poly(PEGMA-co-IA-DA) is as high as 80
ug mL™, no obvious cell morphology change and cell number
decrease was observed. The optical microscopy observation
results implying the good cytocompatibility of CNT-
poly(PEGMA-co-IA-DA).

The cell viability of CNT-poly(PEGMA-co-IA-DA) toward
HepG2 and A549 cells cells was further evaluated using CCK-8
assay. As shown in Fig. 6A, cell viability of HepG2 cells is
almost no significant decrease after cells were incubated with
different concentrations of CNT-poly(PEGMA-co-IA-DA) for 12
and 24 h. Even the concentration of CNT-poly(PEGMA-co-IA-
DA) is 120 pg mL™", the cell viability value is still greater than
90%. The half maximal inhibitory concentration (IC50) value of
CNT-poly(PEGMA-co-IA-DA) to HepG2 calculated from Fig.
6A is about 549.3 pg mL™'. The cell viability of CNT-
poly(PEGMA-co-IA-DA) to A549 cells was also examined.
Results suggested that CNT-poly(PEGMA-co-IA-DA) are also
biocompatibility with A549 cells. The IC50 value of CNT-
poly(PEGMA-co-IA-DA) to A549 is 213.3 pg mL™. These
results confirmed that CNT-poly(PEGMA-co-IA-DA) are
biocompatible with cancer cells. On the other hand, the effect of
pristine CNTs on the HepG2 cells was also evaluated using CCK-
8 assay. Results showed that obvious cytotoxicity was observed
based on the cell viability values. It can be seen that the cell
viability is about 71.6% and 58.5% after cells were incubated
with 120 pg mL™" for 12 and 24 h, respectively (Fig. S4). Based
on the cell viability results, the IC50 of pristine CNTs to HepG2
cells at 24 h is about 175 pg mL™". These results suggested that
the CNTs showed enhanced biocompatibility as compared with
the pristine CNTs. The effect of surface modification on the
biocompatibility of nanomaterials was also found by some

previous reports. For example, Zhu et al have investigated the

45 effect of proteins on the cytotoxicity of carbon nanomaterials.

6
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S
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They demonstrated that the CNTs showed less cytotoxicity in the
serum contained cell culture medium than in serum free cell
culture medium.®" * The surface treatment could also influence
the biocompatibility of CNTs. It has been demonstrated that the
anneal CNTs (CNTan) showed better biocompatibility as
compared with the oxidant CNTs (CNTox).” PEGylation is an
important modification strategy for biomedical
applications of nanomaterials. It has been demonstrated that
PEGylation could not only improve the water dispersibility of
nanomaterials, but also change their pharmacokinetic behavior.**
5 Therefore, development of general and facile PEGylation
strategies is of great research interest for the biomedical
applications of nanomaterials.

surface
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Fig. 6 Cytotoxicity of CNT-poly(PEGMA-co-IA-DA) with (A) HepG2
cells and (B) A549 cells for 12 and 24 h. The concentration of CNT-
poly(PEGMA-co-IA-DA) was ranged from 0-120 ug mL™".

3.4 ROS generation of CNT-poly(PEGMA-co-IA-DA)

It has been reported that cytotoxicity of many nanomaterials is
associated with generation of ROS. Therefore, the ROS
generation after cells incubated with different concentrations of
CNT-poly(PEGMA-co-IA-DA) was further determined to
understand the cytotoxicity mechanism. As shown in Fig. 7A, no
obvious ROS increase was found as compared with the control

70 cells. However, the positive control (cells incubated with Rosup
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for 30 min) showed almost 7.5 folds increase of fluorescent
intensity (Fig. 7B). These results further confirmed the excellent
biocompatibility = of CNT-poly(PEGMA-co-IA-DA).  The
biocompatibility of CNTs has been intensively investigated
previously. It has been demonstrated that the cytotoxicity of
CNTs are related to a number of factors such as physciochemical
properties of CNTs (transition metal catalyst, surface chemistry
and water dispersiblity) and components of cell culture medium
(proteins, phenol red and essential micronutrients).®" °> Very
surprisingly, we found that the ROS was decreased in some
extent after cells were incubated with CNT-poly(PEGMA-co-IA-
DA), which is significantly different from many previous
reports.>? The possible mechanism for the decrease of ROS could
be ascribed to the following reasons. First, polymers coated on
CNTs can effective impede the cell uptake of CNTs, leading to
the acute exposure dosage of CNTs is relative low. Second, it has
been reported the PDA could eliminate the free radical from cells,
thus protecting cells injured by CNTs.* Given the high water
dispersiblity and excellent biocompatibility, CNT-poly(PEGMA-
co-IA-DA) are expected very suitable for biomedical
applications.

A 120 . B 150
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3 F 3004
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Fig. 7 ROS generation of cells after they were incubated with different
concentrations of CNT-poly(PEGMA-co-IA-DA) for 24 h (A) and ROS
generation of cells after they were incubated with 0.5 and 1 mg mL™ of
Rosup for 30 min (B).

4. Conclusions

In this work, the successful functionalization of CNTs with
water soluble and biocompatible polymers (poly(PEGMA-co-IA-
DA)) was reported for the first time. These PEGylated CNTs
exhibited high water dispersibility and excellent biocompatibility,
making them high potential for biomedical applications. The
method described in this work is rather simple, effective and
universal. Apart from CNTs, it can also be utilized for surface
modification of almost any materials and surface due to the
strong and universal adhesion of PDA. We therefore expected
that this strategy will provide a general platform for fabrication of
different biomaterials for biomedical applications.
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