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ABSTRACT: Water-soluble multi-walled carbon nano-
tubes (MWNTs) were prepared via surface-initiated atom
transfer radical polymerization (ATRP) of 2-(methacryloy-
loxy) ethyl phosphorylcholine (MPC) from carbon nanotubes
(CNTs). The success of the surface functionalization of
MWNTs with poly(2-(methacryloyloxy) ethyl phosphoryl-
choline) (pMPC) was ascertained using fourier transform
infrared spectrophotometry (FTIR), thermogravimetric anal-
ysis (TGA), hydrogen nuclear magnetic resonance (‘H-
NMR), and transmission electron microscopy (TEM). Differ-
ent from the results of the previous work, in our work, we
demonstrate that the amount of pMPC on CNTs can be eas-
ily regulated by ATRP approach. In addition, from TGA
results, a linear relationship between the weight loss fraction
of MWNT-pMPC and the weight of MPC fed and as high as

48.1% weight loss of MWNT-pMPC (MWNTs grafted by
pMPC) are observed. Through TEM, the core-shell structure
of MWNT-pMPC is clearly observed, which is also different
from the previous report. The pMPC-modified MWNTs are
highly soluble, which can also resist pH and saline concen-
tration changes and remain stable in physiological environ-
ment. PMPC-modified MWNT does not significantly affect
the blood coagulation as demonstrated in plasma recalcifica-
tion time (PRT) test. These highly soluble MWNTs are
expected to enable their wide use in biomedical areas. © 2009
Wiley Periodicals, Inc. ] Appl Polym Sci 113: 351-357, 2009
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INTRODUCTION

The past decades have witnessed a tremendous
growth in the exploration of carbon nanotubes for
applications in biosensors,' bioimaging,” tissue engi-
neering,” drug delivery systems,* and membrane for
bioseparation.” However, the advancement of biologi-
cal and biomedical application of CNTs has been
impeded because of the highly hydrophobic nature of
CNTs.® One route to disperse nanotubes involves
chemical functionalization of polymer, either through
“graft to”” or “graft from”® approach. The use of
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“graft from” strategy is preferred over the “graft to”
method because a large quantity of polymer can be
anchored onto the MWNTs due to the less steric hin-
drance of the attached macromolecules. Among “graft
from” strategies, surface-initiated atom transfer radi-
cal polymerization is a powerful technique in grow-
ing dense polymer layer on CNTs.’

On solving the problem of the aqueous dispersion
of CNTs, blood compatibility should be concerned as
well."” The lack of blood compatibility that is respon-
sible for the adsorption of plasma proteins, platelet
adhesion, and activation often leads to the clot forma-
tion'' and the failure of CNTs-based devices in vivo.
So, the far-sighted choice of the polymer to disperse
CNTs is essential for their biomedical potential appli-
cations. However, until recently, only a few methods
have been reported to impart blood compatible sur-
face to the nanomaterials, especially the CNTs. So-
called “PEGylated”'? or “heparinized”'® are of partic-
ular interests among these strategies.

Inspired by the phospholipid head groups located
on the surface of cell membranes, several groups have
developed phosphorylcholine-based materials. For
example, the medical devices, surface modified with
phosphorylcholine groups has excellent blood
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compatibility.'"* pMPC-based hydrogels,"” micelles,'®
and vesicles'” have been developed as controlled drug
delivery systems. Recently, Chen and Armes'® have
employed pMPC to modify the surface of inorganic
nanoparticles to combine the high biocompatibility of
pMPC with intrinsic properties of nanomaterials.
Hence, we hypothesize here that pMPC functionalized
CNTs will not only exhibit highly aqueous solubility
in physiological environment but also improve blood
compatibility si%niﬁcantly.

Narain et al."” recently reported to have developed
single-walled carbon nanotubes (SWNTs)—pMPC com-
posites via ATRP. However, the high cost of SWNTs
(ca. $500 g ' for kilogram-scale production) severely
restricts its commercialization for all but very special-
ized applications. This problem can be mitigated
using MWNTs.?’ In addition, there are still some
problems that remain unsolved by Narain et al. First,
whether the thickness of the polymer layer on the car-
bon nanotubes can be easily regulated through ATRP
approach? Second, whether MWNT-pMPC can be
dispersed in complex physiological solution? Third,
whether MWNT-pMPC significantly affect the blood
coagulation? These questions are crucial for surface
engineering the MWNT with pMPC and extending
the same to biomedical applications. Herein, we
report the preparation of water-soluble MWNTs via
surface-initiated atom transfer radical polymerization
of MPC in mixed solvent with deactivator. The sur-
face engineering processes were followed by with X-
ray photoelectron spectroscopy (XPS), FTIR, 'H-
NMR, and TGA. Structural and biological character-
izations of the pMPC-modified MWNTs were under-
taken by TEM and PRT test, respectively.

EXPERIMENTAL
Materials

MWNT used in this study was purchased from
Shenzhen Nanotech Port Co. MPC was synthesized
and purified according to the reported procedures,
CuBr was purified by washing with glacial acetic
acid, followed by absolute ethanol and ethyl ether,
and then dried under vacuum. 2, 2’-bipyridyl (bpy),
ethyl 2-bromoisobutyrate and CuBr, were purchased
from Aldrich. Ethanol and tetrahydrofuran (THF)
were obtained from domestic market and used with-
out further purification.

Instrumentations

"H-NMR spectra were measured with a Bruker
Advance 400/500 DMX NMR spectrometer with
D,0O as solvent. TEM analysis was conducted on a
JEM-1230 (Jeol, Japan) electron microscope at 80 kV.
TGA were carried out on a Perkin-Elmer Pyris ther-
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mogravimetric analyzer TGA 6 from 50 to 700°C at a
heating rate of 20°C/min in the nitrogen flow (40
mL/min). FTIR spectra were obtained on a Bruker
VECTOR 22 Spectrometer using KBr pellets. Filtra-
tion was done through a 0.22 p Millipore polytetra-
fluroethylene (PTFE) membrane. UV/Vis spectra
were recorded on a UV/Vis spectrophotometer
(Shimadzu UV-2550). XPS characterization was con-
ducted on a ESCALAB MARK spectrometer by
using Mg Ko as exciting radiation.

Synthesis of MWNT-COOH, MWNT-OH,
and MWNT-Br

Carbon nanotubes with functional groups of car-
boxyl MWNT-COOH), hydroxyl (MWNT-OH), and
MWNTs-based macroinitiator (MWNT-Br) were syn-
thesized according to the procedures reported by
Gao and coworkers”?**

Synthesis of MWNT-pMPC

In a typical polymerization reaction (MWNT-pMPC-
b in Table I), 75.0 mg (0.013 mmol Br) MWNT-Br,1.0
mL pure water and 0.5 mL ethanol were placed in a
flask, and then, the flask was evacuated and filled
thrice with Ar. After that, 7.5 mg (0.052 mmol) of
CuBr, 0.8 mg (0.0052 mmol) of CuBr,, and 17.9 mg
(0.11 mmol) of bpy were added to the stirred mix-
ture under Argon. 1342 mg (0.45 mmol) of MPC
was added as solid to the flask at last. 24 h later, po-
lymerization was terminated on exposure to air. To
ensure that no ungrafted polymer or free reagents
were mixed with the product, the filtered solid was
dispersed in deionized water for 72 h, then, the sur-
factant was filtered and washed thrice with

TABLE I
Reaction Conditions and Results Initiated with
MWNT-Br or Ethyl 2-Bromoisobutyrate

Sol. F, wt T

Samples R (mol) (mL) (%)  (nm)
MWNT-pMPC-a  18:1:4:04:88 1.0/05 209 <5
MWNT-pMPC-b 35:1:4:04:88 1.0/05 259 10-15
MWNT-pMPC-c  70:1:4:04:88 1.0/05 481 4045
MWNT-pMPC-d 140:1:4:04:88 1.0/05 46.8 -
pMPC 70:1%:1:0:2 2.0/1.0 734 -

R, MPC : initiating sites on MWNT-Br : Cu(I)Br : Cu
(I)Br, : bpy(mol : mol : mol : mol).

Sol, solvent (vol./vol.) = water/ethanol (mL/mL).

F, the weight loss fraction of samples calculated from
TGA.

a,b, ¢, d, MWNT-pMPC obtained by different feed ratios.

T, mean thickness of the grafted polymer calculated
from TEM images.

& Pure pMPC was initiated with ethyl 2-bromoisobutyrate.
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Figure 1 XPS spectrum of MWNT-Br. Insert: photo of
MWNT-Br dispersed in chloroform.

deionized water. The resulting solid (MWNT-pMPC)
was obtained by drying overnight under vacuum.

ATRP of MPC without MWNTS

The ATRP of MPC without MWNTSs was carried out
in a mixed solvent (water/ethanol 2.0 mL/1.0 mL)
and initiated by ethyl 2-bromoisobutyrate: Typically,
10.1 mg (0.052 mmol) of ethyl 2-bromoisobutyrate,
2.0 mL pure water, and 1.0 mL ethanol were placed in
a 5 mL flask and then the flask was evacuated and
filled thrice with Ar. After that, 7.5 mg (0.052 mmol)
of CuBr and 16.2 mg (0.10 mmol) of bpy were added
to the stirred mixture under Argon. 1081.8 mg
(3.64 mmol) of MPC was then added as solid to the
flask. The flask was kept at room temperature for
24 h; Polymerization was terminated on exposure to
air. The resulting mixture was precipitated into THF,
then redissolved in water, and passed through a silica
column to remove residual ATRP catalyst. After dry-
ing in a vacuum, pure pMPC was obtained. (M, =
18,000 g/mol, My /M, = 1.19 by GPC)

Plasma recalcification time

Plasma recalcification time test was performed ac-
cording to the method used previously by our group
with a slight modification.”> An amount of 100 pL
of MWNTs (MWNT-COOH, MWNT-OH, MWNT-
pMPC-b, respectively) solution (1.0 mg/mL) and
100 pL of fresh human plasma obtained from Blood
center of Zhejiang Province in which the Ca>" was
chelated using citrate were incubated in a siliconized
vial for 5 min at 37°C. After that, 100 puL of previously
warmed (37°C) calcium chloride solution (0.025M)
was added into the tube, and the stop-watch started.
At the same time, a small stainless steel hook was
used to stir the recalcified plasma until the silky fibrin
appeared. And this time was recorded as plasma
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recalcification time. Blank control experiments were
conducted by adding 100 pL of 0.9% NaCl solution in
place of MWNTs solution. Data were presented as a
mean standard deviation of five different experiments.

RESULTS AND DISCUSSION
Preparation of MWNT-Br

Peaks at 70.0 eV and 184.0 eV corresponding to Br 3d
and 3p electrons are clearly seen in XPS spectrum
indicating the existence of Br on the CNTs (Fig. 1). In
TGA measurements, no significant weight loss is
observed from 50 to 700°C for pristine MWNTs [Fig.
2(Aa)]. While, MWNT-Br shows 13.6% weight loss
below 450°C [Fig. 2(Ac)] and 11.0% weight loss for
MWNT-OH [Fig. 2(Ab)], the additional 2.6% weight
loss of MWNT-Br compared to MWNT-OH is attrib-
utable to the attachment of ATRP initiator (0.174 mmol
Br per gram of MWNT-Br*?). The corresponding FTIR
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Figure 2 (A) TGA weight loss curves of pristine MWNTSs
(a), MWNT-OH (b), MWNT-Br (c¢), MWNT-pMPC-a (d),
MWNT-pMPC-b (e), MWNT-pMPC-d (f), MWNT-pMPC-c
(g), and pure pMPC (h). (B) The weight loss fraction of
MWNT-pMPC as a function of the weight of MPC fed.
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Figure 3 FTIR spectra of MWNT-Br (A), MWNT-pMPC-a
(B), MWNT-pMPC-b (C), MWNT-pMPC-c (D).

spectrum of MWNT-Br is also shown in Figure 3. The
resultant MWNT-Br can be well dispersed in chloro-
form (Fig. 1 insert).

Preparation of MWNT-pMPC

Recently, it has been demonstrated that MPC can be
homopolymerized or copolymerized via ATRP fac-
ilely.** For the ATRP, the concentration of monomers
and the solvents are important.”® Thus a high concen-
tration of monomers was employed, 1 : 2 mixture of
ethanol/H,O was used as the solvent system which
allowed for adequate dispersion of the macroinitia-
tors, and CuBr,/CuBr/bpy as the catalyst/ligand*
combination in this experiment. The reaction condi-
tions and results are summarized in Table I. The syn-
thesis of MWNT-pMPC is displayed in Scheme 1.

The chemical structure of the MWNT-pMPC is
characterized by FTIR and '"H-NMR. Absorptions at
1062 em ™!, 1156 ecm ™}, and 1230 cm ™! are due to

ZHU ET AL.

—CH,—N— stretch vibration, and —CH,— stretch
vibration appeared at 2850 and 2930 cm '. An
increase of the intensity of the absorption at 1062,
1156, 1230, 2807, 2850, and 2930 cm ' of the result-
ant MWNT-pMPC with the increase of the feed ratio
of MPC to MWNT-Br is also clearly observed (Fig.
3), as the amount of polymer grafted on MWNT
increases by tuning the feed ratio. (MPC: initiating
sites on MWNT-Br (mol/mol), the weight ratio of
MWNT-pMPC to KBr is a constant in FTIR
measurements).

The 'H-NMR spectra of MWNT-pMPC and pMPC
are the same [Fig. 4(A,B)]. The corresponding proton
peaks of the grafted pMPC chains appear in
the 'H-NMR spectrum of MWNT-pMPC at § 3.09
(—N(CHj);), 3.52-3.54 (—CHL,N—), 4.03-4.05
(—POCH,CH,N—), 4.16-4.17 (—COOCH,—), 4.26—
428 (—CH,CH,OP—), respectively, [Fig. 4(B)]. The
absence of the vinyl signals between 6 5.5 and 6.0
indicates that the unreacted monomers have been
successfully removed through the purification
procedures.

The weight loss fraction of MWNT-pMPC, which
is corresponding to the quantity of pMPC on the
MWNTs, is determined by TGA. Weight loss of as
high as 48.1% is observed for MWNT-pMPC. From
Figure 2(B), we observe that the weight loss fraction
increases linearly with the increase of the weight of
MPC fed. This again demonstrates that the amount
of polymer grafted can be tuned by the feed ratio.
However, no higher weight loss fraction of MWNT-
pMPC is observed when the feed ratio further
increases to 140 : 1 in this study.

The TEM images shown in Figure 5 further demon-
strate the successful introduction of pMPC onto the
MWNTs. With the increasing of the feed ratio, the
polymer layer on the nanotubes become thicker
(Table I, from thinner than 5 nm to ~ 40-45 nm).
Core-shell structure can be clearly seen from MWNT-

—POCH,— bend vibration, 2807 cm™ ! is due to PMPC-a to MWNT-pMPC-c. While in Narain et al.”?
CuBr/CuBro/bpy
. ONOT‘ABr
o MPC,25°C
H,0/CH,CH;0H

Scheme 1 Synthesis of pMPC functionalized MWNTs.

Journal of Applied Polymer Science DOI 10.1002/app
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results, a continuous polymer layer is formed among
carbon nanotubes, as CNT-Br cannot be well-dis-
persed by water [Fig. 7 (Ab)]. In addition, from the
image of MWNT-pMPC-c stained with phospho-
tungstic acid [Fig. 5(E)], we observed that one long
CNT along with two short ones formed a “trimer”
and the periphery of the pMPC grafted on MWNT
can be clearly seen in this image.

Solubility

The UV/Vis spectra of MWNT-pMPC at different
concentrations are shown in Figure 6. Because pMPC
does not show absorption in the observed region, the
absorption is exclusively caused by MWNTs. The
dependence of absorbance at 600 nm on solution con-
centration apparently obeys Beer’s law, indicating

Figure 5 Representative TEM images of pristine MWNTs (A), MWNT-pMPC-a (B), MWNT-pMPC-b (C), MWNT-pMPC-
¢ (D), and MWNT-pMPC-c treated with phosphotungstic acid (E), a cartoon (F) also shown to illustrate the “trimer”.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 UV/Vis absorption spectra of MWNT-pMPC in
aqueous solution at concentrations (mg/mL) of 0.113 (A),
0.150 (B), 0.225 (C), 0.300 (D), 0.450 (E). Insert: the absorb-
ance at 600 nm of MWNT-pMPC as a function of the con-
centrations of MWNT-pMPC.

homogenous dispersion of the modified MWNTs is
formed in solution.”

As can be seen from Figure 7(Aa) and Figure 7(Ab),
pristine MWNTs and MWNT-Br cannot be dispersed
in deionized water, and precipitate upon being added
into bottles. The mechanical blending of MWNT-Br
and pMPC does not result in stabilized MWNTs and
the MWNTs precipitate from deionized water 3 days
later. However, the covalent attachment of pMPC
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onto MWNTs affords well dispersed MWNTs in the
deionized water and no precipitate is observed after
3 days. Figure 7(C) shows MWNT-pMPC dispersed in
10 mM phosphate buffer (PB) (pH =1, 5, 7, 9, 13,
respectively), the solubility in phosphate-buffered
saline (0.1M PBS), and the fresh human plasma.
Despite different pH of PB, MWNT-pMPC can be
well dispersed and form transparent suspensions.
After the MWNT-pMPC was added into physiological
PBS solution and human plasma, MWNT-pMPC can
be well dispersed too. These results indicate that
MWNT-pMPC can resist pH and saline concentra-
tion changes and remain stable in physiological
environment.

Blood compatibility

The PRT test was performed to determine the blood
compatibility of the functionalized MWNTs. As
pMPC is a known biocompatible polymer, the intro-
duction of pMPC onto the MWNTs is thought to be
able to increase the biocompatibility of MWNTs sig-
nificantly. As can be seen from Figure 8, PRT
obtained with the as-synthesized MWNT-COOH
and MWNT-OH are shorter than that in the control
experiment with saline buffer, indicating the interac-
tion of MWNTs with the blood components. On the
other hand, the PRT obtained with MWNT-pMPC is
comparable to that for the saline control. This indi-
cates that pMPC-modified MWNT does not

72h

Figure 7 (A) Photographs of MWNTs (a), MWNT-Br (b), MWNT-pMPC (c), and MWNT-Br/pMPC mixture (d) in deion-
ized water. All the samples are stirred for 2 min, and photographs were taken 5 min after putting bottles on Table. (B)
After 72 h. (C) Photographs of 0.072 mg/mL MWNT-pMPC in pH =1 (e), pH =5 (f), pH =7 (g), pH =9 (h), pH = 13
(i) 10 mM PB solution, pH = 7.4 0.1M PBS (j) and the fresh human plasma (k). [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.].

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 Data of PRT. The samples are 0.9% NaCl (A),
MWNT-COOH (B), MWNT-OH (C), MWNT-pMPC-b (D),
respectively. Data are presented as a mean standard devia-
tion of five different experiments.

significantly affect the blood coagulation and may
be more blood compatible than the unmodified
MWNT. ">

CONCLUSIONS

In summary, a bioinspired functionalized carbon
nanotube is successfully synthesized via surface-ini-
tiated ATRP of MPC from MWNTs in mixed solvent
with deactivator at room temperature. The pMPC
content on CNT can be easily regulated by ATRP
approach and as high as 48.1% weight loss of
MWNT-pMPC is achieved. A linear relationship
between the weight loss fraction of MWNT-pMPC
and the weight of MPC fed is also observed. The
pMPC-modified MWNTs exhibit highly aqueous sol-
ubility as determined by UV/Vis spectra, which can
also resist pH and saline concentration changes and
remain stable in physiological environment. pMPC-
modified MWNT does not significantly affect the
blood coagulation. These highly water-soluble
MWNTs are expected to be used in aqueous coat-
ings and composites for biomedical devices.
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