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For the fabrication of multifunctional biopolymer nanocomposites in the combination of carbon nanotubes (CNTs),
recently increasing attention has been paid to an effective homogenization of CNTs within polymer matrices and a
fine tuning of the concentration. We developed an efficient method to produce homogeneous CNT-polycaprolactone
nanocomposites with various and controllable CNT concentrations using an ionically-modified multi-walled CNT,
MWCNT-CI. The modified MWCNTs could be homogeneously dispersed in tetrahydrofuran (THF). Polycaprolactone
(PCL) as a biodegradable and biocompatible polymer was smoothly dissolved in the homogeneous MWCNT-Cl/
THEF solution without agglomeration of MWCNT-CI. The physicochemical and mechanical properties of the resultant
nanocomposites were examined and the biological usefulness was briefly assessed.
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Introduction

Carbon nanotubes (CNTs) have been widely recognized as
new lightweight nanofillers with excellent electrical’ and me-
chanical’ properties. Accordingly, many researchers are interest-
ed in their use for the fabrication of multifunctional polymer
nanocomposites with improved properties even in the presence
of small amounts of CNTs. Despite the positive prospect of
CNTs as a class of future materials, their use has been restricted
due to difficulties in their homogenization within most polymer
matrices and the weak interfacial interaction between CNT and
polymer matrices. Many attempts have been made to mecha-
nically mix the pristine CNTs within organic solutions of poly-
mers or directly in polymer melts, which however resulted in
significant level of CNT-lump presence in the matrices.’

Recent focus has been put on the functionalization of CNTs
to enable their homogeneous dispersion in solvents and to im-
prove their interfacial interaction with polymer-matrices. Among
the functionalization methods, oxidative cutting of CNTs using
a strong oxidant in an acidic medium at high temperature has
been a case of in point.4’5 However, the harsh reaction conditions
cause significant damage to the nanotubes, resulting in shorten-
ed nanotubes that ultimately lose their primary properties and
even become sensitive to air. The resultant composites showed
limited improvement in mechanical and electrical properties
due to the CNTs degradation and still not enough solubility in
solvent.® A chemical tethering of the matrix molecules to the
carboxylic functional groups has also been extensively studied
to enhance the interfacial interactions between CNTs and poly-
mer matrix. The clear advantage for this approach may be that
CNT aggregation in the composites can be greatly prevented,
leading to mechanical improvement.7'12 However, the manu-
facturing process was time-consuming and the electrical con-
ductivity could not be much enhanced. This was believed that

the additional anchoring of polymer molecules on the CNT
surface caused a kind of blocking or encapsulation of every
nanotube molecule, thereby leading to hindrance of the inter-
connection of the CNTs. For these reasons, it is highly desirable
to develop an efficient and simple method to control concent-
ration of CNTs, as well as individually to dissolve CNTs in
polymer matrices, resulting in increment of the nanotube-inter-
connectivity, which translates the individual nanotube proper-
ties into the whole composite.

Polycaprolactone (PCL) is one of a few degradable biopoly-
mers with FDA-approval, and thus has long been used as me-
dical devices, including drug carriers and tissue engineering
scaffolds.”"*

The goal in the manuscript is the development of an efficient
method to produce homogeneous CNT-biopolymer nanocom-
posites with various and controllable CNT concentrations. For
this, we prepared chemically-modified MWCNT derivatives,
MWCNT-X (X = SbF, Cl, efc.) and homogeneous MWCNT-
Cl solution and MWCNT-CI/PCL composite solution in tetra-
hydrofurane (THF). The approach to using the ionically-modi-
fied CNTs is considered to open a new door to the class of
CNT-added polymer nanocomposites, including those for bio-
medical applications.

Experimental Part

Materials. Pristine multi-walled carbon nanotubes (pMWC
NTs) synthesized by chemical vapor deposition (CVD) were
purchased from ILJIN Nanotech Co., Ltd. (Seoul, Korea). Ionic
liquids, [bmim]X (X = SbFs, OTf, Cl), were purchased from
C-Tri Co., Ltd., Korea , and used without further purification.
Their water contents were < 50 ppm (determined by Karl-Fisher
titration). According to the procedure reported previously, " the
Lewis acidic ionic liquid, [bmim][SboF ], was prepared by
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mixing [bmim][SbFs] and SbFs in same equivalent under an
Ar atmosphere. SbFs was transferred to the dried [bmim][SbFg]
under Ar atmosphere over 10 min to afford [bmim][Sb,F,].
Organic solvents were dried and distilled under an Ar atmos-
phere prior to use. Polycaprolactone (PCL) with Mn of 8 x 10*
g/mol and tetrahydrofuran (THF) were purchased from Aldrich
and used without purification.

Preparation of PCL/MWCNT-CI Composites (PCLNTS).
Under an Ar atmosphere, [bmim][Sb2F ;] (0.16 g, 0.28 mmol)
as a Lewis acidic IL was mixed well with a suspension of
PMWCNTSs (200 mg, 2.8 mmol based on Cg unit of nanotubes)
in 10 mL of methylene chloride. 200 mg (2.8 mmol) of THF was
slowly added to the suspension, followed by sonication for 15
min. After quenching with 0.1 mL water, the resulting product,
MWCNT-SbFg, was filtered through a Teflon membrane and
washed with acetone and methylene chloride many times.
After drying in a vacuum, MWCNT-SbFg was obtained in yields
of 367 mg as an air-stable black powder. MWCNT-SbFs (300
mg; 108 mg (0.5 mmol) SbFs ) and NaCl (290 mg, 5 mmol)
were added to a mixture of water (30 mL) and methanol (30 mL).
The mixture was sonicated for 5 min and additionally stirred
for 3 hat 25 °C. The resulting MWCNT-CI powder was filtered
through a Teflon membrane and washed with water, acetone,
and methylene chloride in that order. After drying in a vacuum,
the product, MWCNT-CI, was obtained in a yield of 126 mg
as an air-stable black powder.

A homogeneous solution of MWCNT-CI was prepared by
dissolving MWCNT-CI (50 mg) in 100 mL THF under ultra-
sonic vibration for 1 min. Subsequently, 200 mg of PCL were

Table 1. Material amounts used for preparing PCLNT composites and
sample designations

Entry PCL MWCNT-CIVTHF* MWCNT-CI Composite
(mg) (mL) (wt %) Name
1 200 0 0 PCL

2 200 1 0.25 PCLNT-1

3 200 2 0.5 PCLNT-2

4 200 3 0.75 PCLNT-3

5 200 4 1.0 PCLNT-4

“MWCNT-CI/THF solution has a concentration of 0.5 mg/mL.
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dissolved in various amounts of the MWCNT-CI/THF solution
(1 ~4 mL), resulting in the formation of highly clean and homo-
geneous PCL-MWCNT-CI (PCLNT) solutions (Table 1 and
Figure 1). The composites (PCLNT-1 ~ 4) solidified after eva-
porating the solvent were brought to a hot presser to produce
0.01 mm-thick films (at 50 °C). The resultant composites con-
taining various MWCNT-CI concentrations are designated as
shown in Table 1.

Instruments and Characterization. FT-Raman spectra of the
composite samples were recorded with a Raman spectrometer
(Bruker, FRA 106/S) using an Nd-Y AG-laser (1064 nm exci-
tation wavelength). The samples were analyzed in dry condi-
tion. UV-vis-NIR absorption measurements were taken using
a Cary 5000 spectrophotometer (Varian, CA). The optical cha-
racteristics of the composites were monitored based on their
absorbance at wavelengths ranging from 190 to 1400 nm. All
measurements were made at room temperature, and all spectra
were corrected by a background offset. The thermogravimetric
analysis (TGA) was conducted using Seiko Exstar 6000 (TG/
DTA6100) (SEICO INST., JAPAN) with a heating rate of 10
°C/min at temperatures ranging from 20 to 600 °C under air.
Differential scanning calorimetry (DSC 60) was carried out with
a heating rate of 20 °C/min at temperatures ranging from 20 to
100 °C. Scanning electron microscopic images (SEM) were ob-
tained using a JSM7000F (JEOL, Tokyo, Japan) and HITACHI
S-3000H (Japan) microscopes.

The tensile tests were performed using an Instron universal
material testing system (Instron 3344) at room temperature.
Specimens with a dimension of 10 mm x 3 mm x 0.01 mm were
drawn at a speed of 5 mm/min and the average value of four
specimens was reported here. Homogeneity and dispersion
stability analysis for the PCLNT-4 solution were performed by
using TurbiScane LAb (Leanontech, a pulsed near infrared light
source (880 nm). The composite solution of 35 mm height was
lengthwise scanned every minute for 30 minutes at 30 °C. The
light backscattered by the sample solution (135°) was measured.
The elemental analysis was carried out by elemental analyzer
using a FLASH EA 1112 (Thermo Elemental, USA) with an
error range of 0.1%. The samples were enough dried under
vacuum before the measurement. The quantitative analysis for
antimony (Sb) was performed by ICP-OES using an Iris Intrepid
ICP-OES (Thermo Elemental, USA).
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Figure 1. Schematic diagram for the modification of pMWCNTs and photographs of (a) MWCNT-CI solution in THF and PCL in granular
type, (b) PCLNT-4 solution in THF, and (c) neat PCL and PCLNT-1 ~ 4 films (from left to right).



Highly Homogeneous Carbon Nanotube-Polycaprolactone Composites

Cell Viability Test. Murine-derived preosteoblast (MC3T3-
E1) was used to evaluate the cell response to the PCLNT nano-
composites. Pure PCL film was used for comparison. The sam-
ples were cut to a disc with a diameter of 6 mm and contained
in each well of 96-well plates. Prior to seeding cells, samples
were sterilized with 70% ethanol. Cells were seeded at 4 x 10°*
cells per sample, and then cultured for up to 7 days, under stan-
dard cell culture conditions (37 °C, 5% CO, and 95% humidity)
using Dulbecco’s modified eagle medium supplemented with
10% fetal bovine serum and 1% penicillin/streptomycin. Cell
morphology grown on the samples was examined with fluo-
rescence microscopy after staining the nuclei of cells viable,
after culturing for 3 days. The cell viability on the PCLNT nano-
composites and PCL was assessed by measuring the mitochon-
drial activity of viable cells using an MTS method. CellTiter 96
Aqueous One Solution (Promega) was added to the cell cul-
tured sample and assessed colorimetrically at an absorbance of
490 nm.

Statistical Analysis. Data were represented as mean + stan-
dard deviation (S.D.), and comparison between groups was
carried out using student ¢-test. Statistical significance was con-
sidered at p < 0.05 and p <0.01.

Results and Discussion

Characterization of MWCNT Derivatives and Homogeneity
of MWCNT Solutions. To determine the precise amounts of
every element in pMWCNTs and the derivatives, quantitative
elemental analyses were performed after sufficient dry under a
vacuum. The analysis for carbon, hydrogen and nitrogen was
carried out by means of an elemental analyzer using a FLASH
EA 1112 (Thermo Elemental, USA) with an error range of 0.1%.
The quantitative analysis for antimony (Sb) was performed by
ICP-OES using an Iris Intrepid ICP-OES (Thermo Elemental,
USA), resulting in a content of 18.6 mg of Sb atom (or 36.0 mg
of SbF¢ anions) in MWCNT-SbFe of 100 mg. The percentages
of C, H, N and Sb based on the weight of the sample were su-
mmarized in Table 2. At this point, one may notice that the total
percentages of carbon and hydrogen in MWCNT-SbFg signi-
ficantly decreased from 93.9% of pMWCNTs to 51.5%. How-
ever, after exchanging the SbFs anion with chloride, the percen-
tages of both atoms in the samples again increased to 91.1 and
92.9 wt %, respectively. It must be assumed that the remaining
percentages are attributed to the presence of oxygen. Further-
more, the dissolving patterns of the two derivatives, MWCNT-
SbFs and Cl, were greatly different. In fact, the solubility of
MWCNT-Cl in organic solvents (THF, p-xylene, MC) was re-
corded up to 0.5 mg/mL, whereas MWCNT-SbF¢ has a meta-
stable solubility in organic solvents.

Table 2. Elemental Analysis of pMWCNTs and MWCNT-SbFe and -Cl

Weight percentages (%)

MWCNTs

C H N Sb
PMWCNTs 93.8 0.14 0.0 -
MWCNT-SbFs 50.8 0.75 0.0 18.6
MWCNT-C1 90.8 0.33 0.1 -
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In order to produce homogeneous nanocomposite films, the
dispersion stability and homogeneity of MWCNT-CI and PC
LNT solutions in THF should be verified. These were confirm-
ed by measuring the backscattered light of a pulsed near in-
frared light source of 880 nm wavelength (Figure 2). During the
scanning experiment of the most concentrated sample PCLNT
4 for 30 min, any noticeable change of the light fluxes back-
scattered by the sample solution was not detected, demonstrating
highly stable and uniform dispersion of nanotube molecules in
the polymer solution. After standing even for several months
the composite solution maintained the homogeneity as well.

Morphology and Characterization of Nanocomposites. The
surface morphologies of samples were examined by SEM, as
shown in Fig. 3a-c. The images showed the bulk surface-nano-
structure of PCLNT-4 films, which is very similar to that of pure
PCL film (Figure 3). Although the existence of carbon nano-
tubes inside of the composite film could be easily confirmed

(a) Backscattering - no zoom

20% i
N l_
mm -

0%
0 mm 20 mm 40

(b) Backscattering - no zoom

20% |
10% i
\//.mwwmmma -
0%
0 mm 20 mm 40 mm

Figure 2. Homogeneity and dispersion stability of (a) MWCNT-CI
and (b) PCLNT-4 solutions in THF.
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Figure 3. High resolution SEM images of PCLNT-4 film. (a) before
and (b) after burning; (c) Raman and (d) UV-vis-NIR spectra of PCL
and PCLNT-1 ~ 4.
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from the color difference, however, it was difficult to examine
their dispersion status from microscopic methods including
transmission electron microscopy (TEM). To confirm the pre-
sence of carbon nanotubes, a portion of the polymer matrix was
burnt out at 300 °C. The SEM image clearly revealed the pre-
sence of MWCNTSs which were uniformly and densely dispersed
in the polymer matrix (Figure 3b, including inset).

To measure the relative differences in the carbon nanotube
concentrations in PCLNT-1 ~ -4, a Raman spectrometer was
employed (Figure 3c). As expected, the Raman spectra of
PCLNT-1 ~ -4 clearly showed several characteristic peaks at
ca. 1290 (D band), 1600 (G band), and 3168 cm . The origin of
the third band at ca. 3169 cm ' which has been observed also
in Raman spectrum of pristine MWCNTs is not clear. How-
ever, what is certain is that the magnitudes of the bands become
larger in proportion to the increasing amount of nanotubes. These
results clearly indicate that the concentration of MWCNTSs in
the composites is tunable simply by adjusting the used quan-
tity of the MWCNT-CI/THF solution. The UV-vis-NIR absorp-
tion spectra of PCL and PCLNT-1 ~ -4 are shown in Figure 3d.
The spectrum of PCL exhibits a characteristic absorbance with
a maximum at 212 nm, whereas the bands with maxima in the
spectra of PCLNT-1 ~ -4 are consistently shifted up to 278 nm
as the MWCNT-contents increase. Moreover, for the compo-
sites with higher MWCNT-contents, the characteristic absor-
bance is more and more slowly decreased in intensity till to
reach the near-infrared region.

As shown in Figure 4a, the thermal stability of PCLNT 1-4
was investigated by thermogravimetric analysis (TGA). The
decomposition curves of the neat PCL and the CNT-deriva-
tive, used as references, showed intensive weight-loss in the
range of 200 - 400 and 500 - 600 °C, respectively. PCLNT 1-4
were found to be decomposed between 200 and 400 °C with
slightly different patterns. In general, increased carbon nanotube
content reduced the rate of decomposition as shown in the
inset. The thermal stability increased even in the presence of
small amount of MWCNT-CI which suggests the homogeneous
dispersion in the composites. Differential scanning calorimetry
(DSC) was used to observe the melting behavior of neat PCL
and its nanocomposites during heating at a rate of 10 °C/min
(Figure 4b). The melting temperatures (Tm) of PCLNT 1 and
2 were 60.94 °C and 60.54 °C, respectively, while that of the
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Figure 4. (a) TGA thermograms and (b) DSC curves of MWCNT-CI,
PCL, and PCLNT 1-4.
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Table 3. Tensile strengths and elastic modulus of PCL and PCLNT
films

CNT content Tensile strength Elastic Modulus

(wt %) (MPa) (MPa)
0 17.0 44.7
0.25 19.2 76.8
0.5 19.1 72.1
0.75 17.3 69.5
1 19.8 75.2

neat PCL was 61.07 °C. Conversely, the Tm of composites
with higher CNT contents (PCLNT 3 and 4) increased to 61.5
and 61.89 °C, respectively.

The mechanical properties of the composites were evaluated
by applying a tensile stress at room temperature. The tensile
strengths of the PCL and PCLNT films are summarized in
Table 3. The presence of MWCNT-CI generally led to increased
tensile strength and elastic modulus of the samples. Indeed,
even in the presence of relatively small amount of nanotubes
(0.25 - 1.0 wt %), the strength increased by about 13%. The con-
tents at 0.25 - 0.5 wt % were proven to be the most effective in
improving the mechanical strength of PCL. In terms of elastic
modulus, the presence of MWCNT-CI generally led to increased
by 55.5 - 71.8%. The clear improvements even due to such a
small content of nanotubes may demonstrate the homogeneous
dispersion of MW CNT-CI within PCL matrix.

Cell Responses. To find biomedical applications of the pro-
duced PCLNT nanocomposites in direct interaction with tissue
cells, the cell viability test was performed as a first criterion.
Pre-osteoblastic cells (MC3T3-E1) were cultured on PCL and
the composite PCLNT-4 for periods of up to 7 days, and the
cell proliferation result was compared with that of pure PCL.
Cells grown on the PCL and PCLNT-4 after 3 days of culturing
were stained and the nuclei of viable cells were revealed by

PCLNT-4
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Figure 5. (a) Fluorescence microscopic images of cell growth on PCL
and PCLNT-4 for 3 days of culturing and (b) cell proliferation level
quantified by MTS method during culturing for up to 7 days.
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fluorescence microscopy (Figure 5a). More viable cells appeared
to be present on the PCLNT-4 nanocomposites as compared
with those on pure PCL. The cell proliferation level was quan-
tified by MTS method (Figure 5b) during culturing up to 7 days.
Cell proliferation was better on the PCLNT-4 nanocomposite
than on the pure PCL and the difference was significant at 7
days. At least from the results, the produced nanocomposites are
considered to provide favorable substrate condition for tissue
cells to adhere, spread and proliferate. Further assessments on
cellular or tissue responses to the PCLNT composites in relation
with tissue specific applications are currently underway.

Conclusion

Novel nanocomposites composed of PCL and MWCNTs
were developed using the chemically-modified MWCNTs that
could be effectively dispersed in non-aqueous solvents. PCL
was smoothly dissolved in the nanotubes solution, resulting in
the formation of highly clean and homogeneous composite solu-
tions without agglomeration of the nanotubes. The concent-
ration of nanotubes in the nanocomposites was tunable simply
by adjusting the used quantity of the MWCNT-Cl solution. In
the presence of relatively small amount of MWCNT-CI (0.25 -
0.5 wt %), the strength increased by about 34.4%. According to
cell viability test, the nanocomposites are considered to provide
favorable substrate condition for tissue cells to adhere, spread
and proliferate. The approach to using the chemically-modified
MWCNTs is considered to open a new door to the class of CNT-
added polymer nanocomposites, including those for biomedical
applications.
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