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Abstract

Poly(e-caprolactone) (PCL) is an aliphatic polyester widely used for biomedical
applications but lacks the mechanical properties desired for many load-bearing orthopedic
applications. The objective of this study was to prepare and characterize PCL composites
incorporating multiwall carbon nanotubes (MWNTs) with different surface functional groups.
PCL composites were prepared by melt-mixing with three different types of MWNTs:
pristine (pMWNT), amine functionalized (aMWNT), and carboxyl functionalized (cMWNT).
Melt rheology and scanning electron microscopy indicated good dispersion of the nanotubes
in the matrix. Tensile strength and elastic modulus of the polymer was significantly increased
by the incorporation of MWNTs and further enhanced by favorable interactions between PCL
and aMWNTs. Thermal analysis revealed that MWNTs act as heterogeneous nucleation sites
for crystallization of PCL and increase polymer crystallinity. Incorporation of functionalized
MWNTs increased surface water wettability of PCL. Osteoblast proliferation and
differentiation was significantly enhanced on functionalized composites. aMWNT
composites also exhibited best bactericidal response. This study demonstrates that surface
functionalization of MWNTs profoundly influences the properties of PCL and amine-
functionalization offers the optimal combination of mechanical properties, osteogenesis and
antimicrobial response. These results have important implications for designing

nanocomposites for use in orthopedics.

Keywords: Polymer nanocomposites; Multiwall carbon nanotubes; Osteoblasts;

Osteogenesis; Antimicrobial surface
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1. Introduction

There are growing incidences of chronic, degenerative diseases globally largely
driven by sedentary, stressful modern lifestyles and age-related injuries with increasing life
spans '. As a result, there is an ever-increasing demand for therapies that can facilitate
regeneration and replacement of damaged tissues . Globally there is huge demand for
bioactive materials for bone tissue engineering (BTE). Ideally, for BTE application a bone
substitute material minimally should be biocompatible and osteoconductive to enhance new
bone growth * . In recent years, several types of bioactive materials such as bioactive glass,
hydroxyapatite, B-tricalcium phosphate, glass ceramics, etc., have been used for BTE, but
these materials tend to be brittle and many are non-biodegradable °.

With progressive advancement in the field of tissue engineering, interest has shifted to
the use of synthetic biodegradable polymers as scaffold materials °. These synthetic polymers
are gaining attention because they can offer structural integrity and mechanical strength, and
eventually slowly degrade leaving behind newly formed tissue which is expected to take over
the mechanical loads °. Many synthetic biodegradable polymers have been used as scaffolds
for tissue engineering, among which poly(e-caprolactone) (PCL) has been extensively studied
® PCL is a semicrystalline, hydrophobic polymer with a slow degradation rate. PCL also
exhibits excellent bioresorbability and biocompatibility. However, PCL lacks mechanical
properties desired for use in load-bearing applications limiting its use in orthopaedics °.

There are various routes available to improve the mechanical properties of a polymer
but one the most effective ways is by reinforcing the soft matrix with hard nanoparticles "'°.
Among the many possible nanofillers, multiwall carbon nanotube (MWNT) reinforcement
has been shown to effectively strengthen polymers due to its good mechanical properties " '*
" In a recent review various aspects of polymer/CNT composites have been addressed 2.

MWNT-polymer composites are being increasingly studied for potential use in biomedical
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applications °. Zhang et al. showed that the addition of MWNTs in polylactic acid (PLA)
improved mechanical properties but inhibited growth of fibroblast on the composite surface
' Pan et al. reported that bone marrow derived stem cell osteogenesis was enhanced in PCL
scaffolds with the incorporation MWNTs . Studies have also shown that the use of surface
functionalized MWNTs, surfactant-coated MWNTs and MWNTs decorated with block co-
polymers help in better dispersion and polymer-nanotube interfacial interactions. This results
in more effective stress transfer to MWNTSs resulting in improved mechanical properties of
the composites 7. Lin et al showed that carboxylated MWNTSs were better dispersed than
MWNTs in poly(lactic-co-glycolic acid) (PLGA) '8 Better nanoparticle dispersion resulted in
further improvement in mechanical properties of the polymer. Other studies have reported
that functionalization of MWNTs leads to reduced cytotoxicity in contrast to non-
functionalized and surfactant-coated nanotubes ' .

However, the role, if any, of surface functional groups of MWNT fillers on the
physical properties and biological response to biomedical polyesters has not been studied.
Thus, the aim of this study was to systematically evaluate the effect of using functionalized
MWNTs in PCL and compare with non-functionalized MWNT-reinforced PCL and neat
polymer. We hypothesized that the presence of functional groups on the nanoparticles will
lead to differences in physical properties and biological responses. PCL/MWNT composites
containing 1% MWNTs were prepared by melt mixing and their thermal, rheological and
mechanical properties were characterized to study the effect of MWNT functionalization.
Osteoblast attachment, proliferation and mineralization along with bactericidal property were

studied to characterize potential differences in biological response.
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2. Materials and Methods

2.1. Materials

Chemical vapor deposition-synthesized, thin purified MWNTs: pristine (pMWNT),
~COOH functionalized (cMWNT) and ~NH, functionalized (aMWNT) were obtained
commercially (Nanocyl CA). Table 1 presents average diameter, length, aspect ratio and
percentage functionalization of the different MWNTs. pMWNTs were processed to enhance
their dispersion by dissolving in dimethylformamide (DMF, Merck) followed by probe
sonication (Hielsher, Ultrasound technology) and vacuum drying overnight at 80°C.
cMWNTs and aMWNTs were used as received without further treatment. PCL (average
molecular weight M, = 45,000 g/mol, Sigma-Aldrich) obtained in pellet form was dried

overnight in a vacuum oven at 30°C prior to preparing composites.

2.2. Preparation of PCL/MWNT nanocomposites

Nanocomposites of PCL/MWNT were prepared by melt mixing. 1 wt% (MWNT to
PCL ratio) of the respective MWNTs was mixed with PCL using a conical twin screw
microcompounder (Haake Mini lab II) at 80°C with rotating speed of 60 rpm under nitrogen
supply for 20 min to form nanocomposites of PCL/pMWNT, PCL/cMWNT and
PCL/aMWNT . Melt extruded strands were compress-molded using a laboratory scale hot
press at a pressure of 30 kgf/mz, melting temperature 80°C and holding time of 2 min into

circular discs (5 mm diameter X 0.5 mm height).
2.3. Physical and chemical characterization

Surface morphology of neat PCL and its PCL/MWNT nanocomposites was analyzed
using a scanning electron microscope (SEM). The extruded strands were cryo-fractured in
liquid nitrogen. Cryo-fractured samples were mounted on an aluminium stub and sputter-

coated with gold prior to imaging (FEI Sirion XL30 FEG).
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Thermal properties were characterized by differential scanning calorimetry (DSC,
Mettler-Toledo DSC). The samples were heated from 25°C to 100°C, held for 3 min, cooled
to 25°C, and reheated to 100°C to eliminate prior thermal history, at 10°C/min under argon
atmosphere. The degree of crystallization (X.) of samples were calculated as follows: X, =
(AH. / AHp)* 100, where AH. is the heat of crystallization of the sample and AHj is heat of
fusion of a fully crystalline material (AHy, for PCL was taken as 139.5 J/g) 2 X-ray
diffraction (XPERTPro, PANalytical) patterns were recorded at ambient temperature using a

Cu Ka radiation source (40kV and 20mA) in the 26 range of 10° to 40°.

The viscoelastic properties of neat PCL and its nanocomposite were measured by a
stress controlled rheometer (Discovery Hybrid Rheometer, DHR-3, TA Instruments) using
parallel plate geometry (25 mm diameter). The samples of 1 mm thickness were melted at
70°C for 5 min in the fixture to remove residual thermal history, and subsequently small
amplitude oscillatory shear (SAOS) were carried out. The dynamic strain sweep
measurements were carried out apriori to ensure that the strain amplitude was within the
linear viscoelastic region. Isothermal dynamic frequency sweep measurements were
performed on all samples from 0.01 rad/sec to 100 rad/sec at 70°C under inert N, atmosphere

to prevent thermal degradation.

Uniaxial tensile tests was performed in accordance with ASTM standard D368 type
V. Tensile tests (MicroUTM-Mecmesin) were performed at room temperature using 100 N
load cell at a cross head speed of 5 mm/min. Data are presented as mean + S.D. from five
independent measurements. The elastic modulus of the sample was calculated using the initial
linear part of the stress—strain curve and tensile strength was taken as the stress at which

facture occurred.
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Sessile drop water contact angle goniometry (OCA 15EC, Dataphysics) was used to
assess surface wettability. Ultrapure water (Sartorius Arium) was used as the probe liquid.

The contact angles reported represent the mean for three independent measurements.

Surface topography of neat PCL and its nanocomposite discs used for cell studies
were measured using an atomic force micoscope (AFM, Bruker Dimension Icon) in tapping
mode at resonance frequency of about 300 kHz - 410 kHz. Surface information was

expressed as height images from 1.5 X 1.5 umz AFM scan.

2.4. Biological studies

MC3T3-E1l subclone 4 mouse osteoblasts (ATCC, USA) were cultured in alpha-
minimum essential medium (a-MEM, Gibco, Life Technologies) with 10% (v/v) fetal bovine
serum (FBS, Gibco, Life Technologies) and 1% (v/v) penicillin- streptomycin (Sigma) in 5%
CO, atmosphere at 37 °C. Medium was changed every 3 d until cells were 80% to 90%
confluent. The cells were passaged using 0.25% trypsin (Gibco) and serially subcultured.

Passage 3 cells were used for all studies reported here.

Compression molded discs (5 mm diameter X 0.5 mm height) were placed in 96 well
polypropylene plates (Sigma, non-surface treated) to minimize cell attachment to the bottom
of the wells. The well-plates containing the discs were sterilized using ethylene oxide
(Anprolene gas sterilizer, Andersen) and degassed for 4 d under vacuum prior to cell seeding.
0.2 mL medium containing 5 X 10° cells were added to each well and cultured as described
above with media changes every 3 d. Three plates were used for this study for measuring cell
response at 1 d, 6 d, and 10 d after seeding. Each plate contained at least five samples each of
PCL, PCL/pMWNT, PCL/aMWNT, and PCL/cMWNT wherein at least three samples were
used for DNA quantification and two samples were used for nuclear staining. This

experiment was repeated thrice independently.
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Picogreen dsDNA quantification kit (Invitrogen) was used to quantify DNA content
on the sample 2233 To collect the DNA, 0.2 mL lysate solution (0.2 mg/ml proteinase K and
0.02% sodium dodecyl sulfate) was added for 24 h at 37°C. 0.1 mL of the lysate was
transferred to a fresh 96 well-plate and mixed with equal volume of the picogreen dye
solution. Fluorescence intensity was measured using 485 nm excitation and 520 nm emission
in a fluorescence spectrophotometer (Synergy HT, BioTek). DNA content was calculated
from a standard plot generated by serial dilutions of a DNA solution of known concentration.
A total of fourteen samples (n > 3 for three independent experiments) were used to measure

DNA content for each composite.

Cells were fixed with 3.7% (mass/volume) formaldehyde in PBS for 15 min,
permeabilized with 0.2% TritonX-100 for 5 min and stained with 6.6 uM Alexa Fluro 546
(Invitrogen) for 1 h and 14.3 mM DAPI for 15 min for actin filaments and nuclei,
respectively. Stained cells were imaged in the blue and red channel using an inverted
fluorescence microscope (Olympus [X-71). Imagel software was used to calculate cell area
and aspect ratio. An outline of the cell was created to measure its area and an ellipse was

fitted to calculate aspect ratio.

To study mineralization, MC3T3 cells (5 x 10°/well) were added in a 96 well plate
containing nanocomposites discs as above and incubated in growth media for 1 d. Growth
media was replaced with osteogenic differentiation media (growth media supplemented with
50 pg/ml ascorbic acid and 10 mM B -glycerophosphate **). Medium was refreshed every 3 d.
Cells were fixed with 3.7% formaldehyde solution at 14 d and 21 d. Calcium deposition was
analysed by staining with 2% Alizarin Red S (ARS) (Sigma). Fourier transform infrared
(FTIR) spectroscopy was measured from 650 cm™ to 4000 cm™ to analyse the presence of

calcium phosphate. For quantification, the stain was desorbed with 0.5 ml of 5% SDS in 0.5
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N HCL for 30 min at room temperature =. 150 pl of solubilised stain was collected in a 96

well plate, and absorbance was measured at 405 nm using a spectrophotometer.
2.5 Antibacterial test

E.coli (MG 1655) were cultured in sterile Luria Broth (LB) media overnight at 200
rpm and 37 °C. The E.coli was harvested by centrifugation at 3000 rpm for 10 min. The
collected pellet was suspended in phosphate buffer saline (PBS) and the optical density (OD)
of the suspension was adjusted to 0.5 at 600 nm. This suspension culture was used as

inoculums for further work.

The direct contact test was used to assess the antibacterial properties of PCL and the
composites. 50 pl of the bacterial suspension was added to a 96 well polystyrene plate with
sterilized discs as described above for osteoblast studies. Empty wells without discs were
used as controls. 200 pl of LB media was added to each well and incubated at 37 °C with
constant shaking at 50 rpm. The growth of suspended bacteria in contact with the different
surfaces was evaluated at O h, 1 h, 3 h, 5h, 8 h, 12 h, 18 h and 24 h by collecting 200 pl of
the suspension and measuring the OD at 600 nm using a spectrophotometer. All
measurements are reported as mean + S.D. for n > 3. To image adherent cells, samples were
fixed with 2.5% glutaraldehyde for 1 h, dried and sputter-coated with gold prior to SEM

imaging.
2.6. Statistical analysis

For statistical analyses, 1-way ANOVA (analysis of variance) with Tukey’s test for
multiple comparisons was used. Differences were considered statistically significant if p <

0.05 and are indicated by symbols in the figures.
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3. Results

3.1. State of MWNT dispersion

SEM micrographs (Fig. 1) of cryo-fractured surfaces of neat PCL and the different
PCL/MWNT nanocomposites show the state of dispersion MWNTs in the PCL matrix.
MWNTs are seen as white specks indicated by the arrows. Higher magnification images are
presented as insets in figures 1(b)-1(d). Figs 1(b) to 1(d) show uniform dispersion of the

different types of MWNTs in PCL.

3.2. Thermal and XRD analyses

DSC was used to analyze melting and crystallization behavior of neat PCL and its
different nanocomposites. Melting endotherm for PCL shown in Fig. 2(a) indicates that the
melting temperature (Ty,) of neat PCL is 55.4 °C and those of the composites lie in the range
of 56°C to 58°C. Fig. 2(b) presents the crystallization exotherms for neat PCL and the
PCL/MWNT composites. Table 2 compiles the thermal properties of PCL, PCL/pMWNT,
PCL/cMWNT and PCL/aMWNT nanocomposites. Crystallization temperature (T.) and the
degree of crystallization (X.;) of PCL increased with addition of MWNTs. All the
nanocomposites showed T, of approximately 42°C. However, differences in the heat of
crystallization (AH,) are evident from changes in the width of the crystallization peaks. XRD
patterns (Fig. 3) indicate the presence of two strong diffraction peak at Bragg angle 20 =
21.2° and 23.5°. These peak positions remain unchanged in the composites. However, the

intensity of the peaks increased in the composites compared to neat PCL.

3.3. Rheology

Rheological properties of the nanocomposites were measured in the linear viscoelastic

regime limited to a narrow strain region. The storage modulus (G') and complex viscosity
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(#*) obtained from the dynamic frequency sweep measurements for neat PCL and the
nanocomposites are shown in Figs. 4(a) and 4(b), respectively. The dependence of G' on w
attenuates at lower frequencies on addition of MWNTSs to PCL. This leads to restrained large-
scale polymer relaxations in the presence of MWNTs. In addition, frequency-independent
plateaus for G’ for w < 1 rad/s in the presence of 1 wt % pristine and amine-functionalized

MWNTs suggest that rheological percolation was achieved (Fig. 4(a)).

3.4. Tensile test

The stress-strain curves for neat PCL and PCL/MWNTs composites are presented in
Fig. 5(a). Figs. 5(b) and 5(c) compile elastic modulus and tensile strength, respectively, for
the different samples calculated from stress-strain plots. Addition of MWNTs in PCL
significantly increased both elastic modulus and tensile strength of PCL. The elastic modulus
of PCL increased by 30% from 337 MPa + 8§ MPa to 439 MPa + 13 MPa on addition of
pMWNTs. Equivalent addition of cMWNTs and aMWNTs led to 13% (382 MPa + 7 MPa)
and 29% (435 MPa = 12 MPa) increase in moduli, respectively. Similarly, the tensile strength
of neat PCL (15.2 MPa + 0.8 MPa) increased significantly by 21% (18.5 MPa = 0.8 MPa),
14% (17.3 £ 1.3 MPa) and 28%, (19.4 + 0.9 MPa) for composites of pMWNTs, cMWNTs,
and aMWNTs, respectively. Stress-strain curve also shows that addition of MWNTs in PCL

matrix led to decrease in elongation as composites became more brittle (Fig.5(a)).

3.5. Surface wettability and roughness

Static water contact angle on surface of PCL and its nanocomposites are compiled in
Fig. 6. Incorporation of functionalized MWNTs in PCL led to a decrease in contact angle.
Contact angle of PCL increased significantly from 78.9° + 0.3° to 84.1° + 2.8° with
reinforcement with pMWNTs. There was a significant decrease in water contact angle to

71.9° £ 0.6° and 73.8° £ 0.4° with addition of cMWNT and aMWNT, respectively. Surface
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topographies of neat PCL and its nanocomposite discs used for cell studies characterized by
AFM are presented in Fig. 7. AFM results shows that arithmetic roughness (R,) was 1.9 nm
for PCL, and increased to 4.5 nm, 3.9 nm, and 3.1 nm for PCL/pMWNT, PCL/cMWNT and

PCL/aMWNT discs, respectively.

3.6. Osteoblast response

To evaluate these composites for potential use in orthopedics, osteoblast response to
the composites was systematically studied in vitro and compared with neat PCL. Cell
attachment (1 d) and proliferation (6 d and 10 d) were quantified by assaying the DNA
content and qualitatively assessed by imaging fluorescently-stained nuclei. DNA content was
taken as a measure of cell numbers. Fig. 8 shows DNA content on PCL, PCL/pMWNT,
PCL/cMWNT and PCL/aMWNT discs at 1 d, 6 d and 10 d of MC3T3-E1 cell culture. DNA
content at 1 d was marginally but statistically-significantly higher on PCL than the three
composites suggesting that fewer cells attached to the composites than on neat PCL. The
DNA content increased on all samples from 1 d to 6 d and then further at 10 d. Note that the
DNA content approximately doubled from 1 d to 6 d but there was smaller increase
(approximately 15% to 20%) from 6 d to 10 d. Statistical analyses (p < 0.05) indicate that the
DNA contents at both 6 d and 10 d on PCL/cMWNT and PCL/aMWNT were similar and
significantly higher (approximately 10% to 15%) than on PCL/pMWNT and PCL, both of

which were statistically similar.

Fig. 9 presents fluorescence micrographs of MC3T3-E1 cell nuclei cultured on PCL,
PCL/pMWNT, PCL/cMWNT and PCL/aMWNT discs at 1 d, 6 d and 10 d. After 1 d culture
few nuclei were seen on all the substrates. The number of nuclei increased on all samples
from 1 d to 6 d and then further at 10 d indicating that the osteoblasts were proliferating on

all surfaces. These results corroborate the findings of the DNA assay. There was little
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discernable difference between the different samples at a given day possibly due to the
relatively small differences as quantified by the DNA assay. In contrast, the changes between

1 dto 6 d or 10 d were more significant both visually and as revealed the DNA assay.

Fluorescence micrographs were used to characterize morphology of the osteoblasts on
PCL and PCL/MWNT composites at 1 d (Fig. 10). Quantitative evaluation of spread area and
aspect ratio revealed statistically significant differences in osteoblast morphology on PCL
was higher compared to the nanocomposites. Cells assumed a rounded (aspect ratio of 1.0 to
1.5) and well spread (large surface area) morphology on PCL surfaces. The cells were
rounded but less well spread (smaller surface area) on PCL/pMWNT. The cells were
significantly more elongated (aspect ratio of 2.5 to 3.5) and less spread (smaller surface area)

on PCL/aMWNT and PCL/cMWNT surfaces.

The chemical nature of the mineral deposited by the differentiating osteoblasts was
confirmed by FTIR. Characteristic phosphate group peaks at 995 cm™ and 1077 cm™ and the
shoulder at 1015 cm™ seen on PCL/aMWNT disks at 21d Fig. 11(a) indicate calcium
phosphate deposition %6 Quantification of ARS staining revealed higher calcium deposition
on functionalized MWNTSs composites discs (Fig. 11). Mineralization increased from 14 d to
21 d on all surfaces (Fig. 11). The eluent collected from PCL/aMWNT composite showed
significantly higher absorbance than the cMWNT composite which was significantly higher

than from other surfaces indicating largest calcium deposition on PCL/aMWNT composites.
3.7. Antibacterial Test

E.coli were used to investigate potential bactericidal property of neat PCL and the
different PCL/MWNT composites discs by direct contact test *’. Fig. 12 shows changes in
OD for E.coli growth with time. OD of bacterial culture increased linearly up to 3 h on neat

PCL and all three nanocomposites with no significant differences. However after 5 h
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PCL/aMWNT, PCL/cMWNT, PCL/pMWNT composites showed lower OD compared to
neat PCL and the blank control (Fig. 12). Functionalized MWNT composites showed better
antibacterial properties that neat PCL and PCL/pMWNT. PCL/aMWNT composite showed
least OD compared to PCL, PCL/pMWNT and PCL/cMWNT. Fig. 13 (a-d) shows SEM
micrographs of bacterial cells adhered to PCL and its nanocomposites at 8 h. SEM images of
bacteria covering the nanocomposites surface showed rough surface morphology compared to
those on PCL. Cells on PCL/cMWNT and PCL/aMWNT composites showed irreversible

membrane damage as shown in Fig. 13 insert.

4. Discussion

PCL is a polyester widely used for biomedical applications but lacks the mechanical
properties desired for orthopedic use. The specific objective of this study was to prepare and
characterize PCL/MWNT- composites for orthopedic applications. We hypothesized that the
presence of functional groups on MWNTs could lead to interactions with the polymer
backbone thereby leading to differences in composite properties as well biological response.
In this study, the nanofiller content was fixed 1 wt% for the three different types of MWNTs
(PMWNT, aMWNTs, and cMWNT) because previous studies have shown that this fraction
can improve mechanical properties " 2* without inducing significant cytotoxicity *°. In this
study, melt mixing was used to prepare the composites as it offers a solvent free, green route
for fabrication *°. Moreover, melt mixing affords faster processing than solution based
techniques and is thus popular industrially for preparation of polymer blends and
nanocomposites.

Effective dispersion of MWNTs in a polymer matrix depends on the prevention of
formation of agglomerated bundles of individual nanoparticles *'. Increased dispersion can be

achieved either by sonication techniques to break agglomerated MWNTSs or by surface
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functionalization of MWNTSs which may facilitate dispersion and interactions of MWNTs in
polymer matrix ****. During melt mixing it is critical to maintain stable uniform dispersion of
MWNTs and this can be achieved by optimizing operating parameters for processing of the
PCL/MWNT composite **. SEM micrographs in Fig. 1 show that all the MWNTs were well
dispersed in PCL matrix with no observable aggregates. This may be attributed to the
following: (i) sonication of pMWNT prior to melt mixing helped in breaking agglomerated
PMWNTs, (ii) surface functionalization of aMWNTs and cMWNTs resulted in good
dispersion and compatibility with PCL, and (iii) optimal choice of operating parameters for
melt mixing minimized secondary agglomeration during processing.

Thermal analysis revealed that the addition of MWNTs in PCL matrix did not affect
Tm significantly indicating that the reinforcement of PCL matrix by MWNTs did not change
the crystal structure of PCL 3537 (Fig. 2). This was corroborated by XRD analysis (Fig. 3).
Two strong diffraction peaks at 20 = 21.2° and 23.5° were observed for PCL corresponding
to the (110) and the (200) lattice planes of orthorhombic crystalline form **. These peaks
were also observed for the composites. The crystallization exotherms revealed that the
addition of MWNTs in PCL matrix caused an in increase in T.. It is likely that the MWNTs
act as nucleating agents for crystallization of PCL ** *. Nucleating action of MWNTs in a
polymer matrix depends on the interaction between the polymer and MWNT surfaces *'.
Interactions between surface functional groups of MWNTs with PCL chains will cause the
nanofiller to act as a more effective nucleating agent, thereby, shifting T, to a higher
temperature /. Comparison of thermal properties for the different samples (Table 2) shows
that % crystallinity increased for all the nanocomposites. This indicates that well-dispersed
MWNTs not only induced heteronucleation but also act as effective site for PCL to nucleate

*2_ Interestingly, XRD patterns of the nanocomposites (Fig. 3) displayed the same diffraction
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peaks as PCL but with higher intensity suggesting that the nanocomposites have higher
crystallinity in comparison to neat PCL **. Thus, XRD data corroborates the DSC results.

Melt rheology of these composites (Figs. 4(a) and 4(b)) revealed that rheological
percolation was achieved in PCL/pMWNT and PCL/aMWNT composites. From the complex
viscosity behaviour it can be seen that MWNTSs led to strong yield stress especially at lower
frequencies indicating physical gelation ) Attaining rheological percolations with
reinforcement of MWNTs in PCL matrix can be attributed to uniform dispersion of MWNTs
in PCL matrix shown by SEM images (Fig. 1). A plausible explanation of this could also be
the higher aspect ratio of pMWNT *° which results in the restriction of movement of PCL
chains. Thus, PCL/pMWNT composite showed high storage modulus than neat PCL (Fig.
4(a)). cMWNTs with lower aspect ratio (Table 1) exhibited lower modulus. In contrast,
PCL/aMWNT showed rheological properties similar to those of PCL/pMWNT composites
although the aspect ratio aMWNTs was the lowest among all the three MWNTs used. This is
indicative of the presence of strong interfacial interactions between PCL and aMWNTs in the
melt putatively between the amine groups of aMWNTs and the ester groups of the polymer
chains. These findings can also be corroborated from the low frequency complex viscosity
(n*) plot (Fig. 4(b)). On addition of pMWNTs and aMWNTs, #* considerably increased at
low frequencies. Moreover, the Newtonian plateau of viscosity plots disappeared, suggesting
strong shear thinning behaviour **. This indicates the formation of percolation network, also
evident from frequency sweep for G'.

Tensile tests revealed that incorporation of MWNTs in PCL significantly improved
elastic modulus and strength of all of the composites (Figs. 5(b) and 5(c)). However,
pMWNTs and aMWNTs were most efficient in improving the mechanical properties of PCL.
Improvement in mechanical property of nanocomposites depends primarily on the dispersion

of the nanoparticle, its aspect ratio and strong filler-matrix interactions " **. Increase in the
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elastic modulus and tensile strength of PCL with addition of MWNTSs are attributed to (i)

uniform dispersion of stiffer MWNTs in PCL matrix **

as shown by SEM images of
PCL/MWNT (Figs. 1(b) — 1(d)), and (ii) increase in crystallinity of PCL with addition of
MWNTs as shown by DSC (Table 2), thereby strengthening the mechanical property of the

matrix ¢,

Enhancement in mechanical strength by mechanism of stress transfer between
MWNTs and PCL is influenced by effective interaction between filler and matrix, and the
length of nanotube *’*°. Such interactions were evidenced by rheological percolation for
PCL/pMWNT composite having longer pMWNT in PCL matrix (Fig. 4(a)), and favourable
interaction between aMWNTs and PCL. Filler particles with a larger aspect ratio are believed
to be better suited for effective load transfer in polymer composites *’. In order to maximize
mechanical properties of a composite, long nanotubes with higher aspect ratio are desired
because composites mechanical properties directly depend on total surface area, which in turn
depends on aspect ratio °. As a result, PCL/pMWNT composites incorporating longer
PMWNTs (higher aspect ratio, Table.1) showed higher modulus and strength. Interestingly,
PCL/aMWNT showed mechanical properties similar to those of PCL/pMWNT composites
although aMWNTs had shorter length and lowest aspect ratio among all the three MWNTs
due to the presence of strong interfacial interactions between PCL and aMWNT as observed
in rheology (Fig. 4). A lower elastic modulus and tensile strength of PCL/cMWNT compared
to PCL/pMWNT and PCL/aMWNT nanocomposites is due to the lack of strong interfacial
interactions between the hydrophilic cMWNTSs and the hydrophobic PCL matrix *. Taken
together, uniform dispersion and favourable interaction of aMWNTs with PCL resulted in
effective improvement in mechanical property PCL/aMWNT composite.

Water-wettability of its surface is believed to play a critical role in determining

biological response to a material. Hydrophobicity of PCL is one of the major limitations of its
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use as a tissue scaffold. Incorporation of MWNTs to PCL can influence water-wettability
through potential changes in surface roughness and through the availability of functional
groups on the surface. Surface functionalization of MWNTSs results in increase in the surface
energy of MWNTs due to the presence of the polar groups on MWNT surface °'. Presence of
polar components on functionalized MWNTs induces dipole-dipole and dipole-induced
dipole interactions 3! This may lead to increased wettability or a decrease in water contact
angle with addition of functionalized MWNTs to PCL matrix. Thus, water contact angles on
PCL/aMWNT and PCL/cMWNT were found to be lower than PCL or PCL/pMWNT (Fig. 6).

The interactions of cells to designed scaffolds are sensitive to surface topography °*
>3 AFM analysis revealed that PCL/MWNT nanocomposites had higher surface roughness
compared to neat PCL (Fig. 7). Change in surface roughness can be attributed to uniform
dispersion of MWNTSs in polymer matrix and their specific interaction with polymer **.
Increase in polymer crystallinity can also result in increase of surface roughness *>. As a
result, all nanocomposite surfaces were rougher than PCL due to good dispersion of MWNTSs
in PCL matrix (Fig.1) and the resultant increase in crystallinity (Table 2). Results also
indicate that the increase in surface roughness scaled with the length of MWNTs (Table 1).
PMWNTs being the longest resulted in the largest roughness in the PCL composites followed

by cMWNT and aMWNT nanocomposites.

Biomaterial surface properties play a key role in cell attachment, proliferation,

357 In this

morphology and differentiation by modulating intracellular signalling events
study, osteoblast attachment and proliferation to the different substrates were compared (Figs.
8 and 9). Cells attached and proliferated on all the four substrates. Although cell attachment
to the composites was marginally lower in contrast to the neat polymer, significantly more

osteoblasts were observed at 6 d and 10 d on the functionalized-MWNT composites due to

differences in cell proliferation. Thus, the addition of functionalized MWNTs to PCL resulted
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in enhanced cytocompatibility of the polymer " °*. Cell response to material substrates are
influenced by many properties including its chemical properties and physical cues from the
surface to the cells. The presence of MWNTs and their functionalization lead to differences
in surface chemistry, nanoscale roughness, etc. potentially inducing changes in protein
adsorption % Here increased aspect ratio and cell proliferation on the functionalized-MWNT
composites may be attributed to increased surface water wettability (Fig. 6) and surface
roughness (Fig. 7). Wettability and rough surface profoundly influence protein adsorption to

60, 61

the surface , an important event in the biological response to materials. Osteoblasts have

been observed to attach more to hydrophilic surfaces than to hydrophobic surfaces °'
Differences in surface topography are also known to influence cellular response by changes
in focal adhesions and cell signalling pathways involved in mechanotransduction °*. These
differences are often associated with changes in cell morphology. Cell morphology has been
predictably used an early marker of cell fate 63.64 T this, cells were assumed an elongated
morphology on functionalized MWNT composites in contrast to the more rounded
morphology on PCL and PCL/pMWNT surfaces (Fig. 10). In a recent study it was reported
that human bone marrow mesenchymal stem cell osteogenesis was associated with an
elongated, highly-branched morphology in contrast to the rounded morphology of cells that
proliferate but did not differentiate ®. A similar trend is observed here for elongated
osteoblasts on functionalized MWNT composites that differentiated more in contrast to the
rounded cells on PCL and PCL/pMWNT. Quantitative analysis of calcium deposition by the
osteoblasts (Fig. 11) revealed highest osteogenesis on PCL/aMWNT compared to on neat
PCL and the other composites. It has been reported that functional groups on a surface
modulate the conformation of adsorbed protein which affects osteogenesis through changes
in integrin binding independent of cell proliferation °°. Amine and hydroxyl groups on the

biomaterial surface were found to enhance osteogenic differentiation in contrast to surfaces
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presenting carboxyl and methyl groups °. These findings reported previously are
corroborated by the resulted presented herein. Taken together, results of this study elucidate

the role of amine group on MWNT fillers in increasing the osteoconductivity of PCL.

Bacterial infections continue to be a major clinical challenge associated with the use
of biomedical implants and a cause for device failures leading to morbidity and mortality
aside from increased health care costs. Whereas increased osteoblast activity on surfaces of
the functionalized MWNT composites is desired, it is desirable to minimze bacterial
attachment and growth. Direct contact test indicated that functionalized MWNT composites
impart bactericidal property to PCL surfaces (Figs. 12 and 13). The enhanced bactericidal
nature of the MWNT composites can be attributed due to synergetic effect caused by physical

7 Studies have shown that

and chemical interaction between polymer and nanoparticles
bactericidal property of nanoparticles is related to cell membrane disruption by oxidative
stress ®*7!. Another mechanism by which carbon nanotubes show bactericidal property is
through cell membrane disruption on direct contact with bacteria 67,72, (Fig. 13). The
highest bacterial resistance of PCL/aMWNT was associated with extensive cell membrane
lysis on the composite surface. It is well reported that quaternary ammonium imparts
bacterial resistance to a surface by disrupting the bacterial membrane leading to cell lysis '*.
Although less effective than quaternary ammonium, primary amine groups are also reported

to be effective in reducing cell increasing bacterial resistance "°. Thus, it appears that the

presence of amine groups on MWNT fillers can also increase the bacterial resistance of PCL.

Table 3 summarizes the key outcomes of this work on the use of functionalized
MWNTs as fillers in PCL matrix for orthopedic applications. Physical characterization
suggests that the incorporation of 1 wt% MWNTs enhances mechanical properties of PCL
with the highest improvements observed with the use of pMWNTs and aMWNTs. Biological

studies indicate that PCL/aMWNT and PCL/cMWNT composites were better substrates for
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proliferation and differentiation of osteoblasts than PCL and PCL/pMWNT. Antibacterial
property studies indicate that PCL/aMWNT and PCL/cMWNT composites showed better
bacterial resistance than PCL and PCL/pMWNT. Thus, surface functionalization of MWNTs
is critical for preparation of PCL nanocomposites for orthopedic applications and
PCL/aMWNT composites were optimal in terms of both superior mechanical properties and

biological outcomes.

5. Conclusions

This study highlights the critical role of surface functionalization of nanofillers in
biomedical polymers. The incorporation of MWNTs in PCL improved mechanical properties
of the composites and was enhanced by the presence favorable interactions between
aMWNTs and the PCL matrix. Cell studies indicate that aMWNTs increased osteogenesis.
Bacterial studies revealed that aMWNT was most effective in improving the bactericidal
property of PCL. Taken together, amine functionalization of MWNTs yielded PCL
composites with optimal combination of improved mechanical properties and desired

biological response.
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List of Tables:

Table 1: Average diameter, length and percentage functionalization of the MWNTs (as

provided by the supplier)

Average Average )
Aspect Ratio
MWNT Code No. | Diameter Length (L)
(nm) (d) | (um) (L)
Pristine
NC-7000 9.5 1.5 158
(PMWNT)
~COOH
functionalized | NC-3151 9.5 1.0 105
(cMWNT)
~NH,
functionalized | NC-3152 9.5 0.7 73
(aMWNT)
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Table 2: Thermal properties of PCL, PCL/pMWNT, PCL/cMWNT and PCL/aMWNT

nanocomposites determined from DSC analysis

Sample Tm (°C) | AH, (J/g) T.(°C) | AH . (J/g) | X (%)

PCL 55.4 51.9 324 49.9 35.8
PCL/pMWNT 57.1 53.9 42.3 53.7 38.5
PCL/cMWNT 56.7 52.1 40.1 52.6 37.7

PCL/aMWNT 57.3 54.8 42.4 57.1 40.9
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Table 3: Summary of mechanical properties and biological response to the different

nanocomposites

Mechanical | Osteoblast . Ba.c terial
Sample . . . Mineralisation resistance
properties | proliferation

PCL/pMWNT ++ 0 0 0
PCL/cMWNT + + + +
PCL/aMWNT ++ + ++ ++

where "0" indicates no significant difference, "+" indicates a small but significant

improvement, and "++" indicates a much larger significant improvement over PCL.
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Figure captions:

Figure 1: SEM micrographs of the cross sectional cryofractured surface of: scale bar = 5 pm

and inserts scale bar of = 1 um

Figure 2: DSC scans of (a) melting endotherm and (b) crystallization exotherm of PCL,

PCL/pMWNT, PCL/cMWNT and PCL/aMWNT nanocomposites

Figure 3 X-ray diffraction spectra of neat PCL, PCL/pMWNT, PCL/cMWNT and

PCL/aMWNT nanocomposites

Figure 4 Rheological data for PCL, PCL/pMWNT, PCL/aMWNT and PCL/cMWNT

nanocomposites: (a) storage modulus and (b) complex viscosity as a function of frequency

Figure 5: Mechanical properties of PCL and its nanocomposites: (a) representative stress-
strain curves, (b) elastic modulus and (c) tensile strength. Results are represented as mean +
SD for n = 5. Statistically significant difference (p < 0.05) compared to neat PCL and

PCL/cMWNT are indicated by * and *, respectively.

Figure 6: Water contact angle of PCL, PCL/pMWNT, PCL/cMWNT and PCL/aMWNT
nanocomposites surfaces. Results are represented as mean = SD for n = 3. Statistically
significant difference (p < 0.05) compared to neat PCL and PCL/pMWNT are indicated by *

and * respectively

Figure 7: Surface height topography obtained from AFM micrographs for sample: (a) PCL,

(b) PCL/pMWNT, (¢c) PCL/cMWNT, and (d) PCL/aMWNT

Figure 8: DNA quantification for osteoblasts cultured on the PCL and its nanocomposite

surfaces at 1d, 6d, and 10d. Results are expressed as mean £ SD for n = 14. Statistically
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significant differences (p < 0.05) compared to neat PCL and PCL/pMWNT at a given day are

indicated by the symbols * and ¢, respectively.

Figure 9: Fluorescent micrographs of cell nuclei on PCL, PCL/aMWNT, PCL/cMWNT and

PCL/pMWNT nanocomposite substrates (scale bar = 0.5 mm)

Figure 10: Osteoblast morphology on PCL, PCL/pMWNT, PCL/cMWNT and PCL/aMWNT
nanocomposites (scale bar = 50 um); (a) Aspect ratio and (b) Surface area. Statistically
significant differences (p < 0.05) compared to neat PCL and PCL/pMWNT are indicated by

the symbols * and ¢, respectively

Figure 11: (a) FTIR spectra of neat PCL and Mineralized PCL/aMWNT disc, (b)
Quantification of calcium deposition by Alizarin Red S staining on PCL and the
nanocomposites. Statistically significant differences (p < 0.05) compared to neat PCL,
PCL/pMWNT and PCL/cMWNT at a given day are indicated by the symbols *, ¢ and ®,

respectively

Figure 12: OD measurements for bacterial growth for neat PCL, PCL/aMWNT,
PCL/cMWNT, PCL/pMWNT nanocomposites and control. Statistically significant

differences (p < 0.05) compared to neat PCL, PCL/pMWNT and PCL/cMWNT shown for 12

h culture and are indicated by the symbols *, ¢ and ®, respectively

Figure 13: SEM micrograph of Escherichia coli adhesion to PCL, PCL/aMWNT,
PCL/cMWNT and PCL/pMWNT nanocomposites surfaces after 8 h culture; scale bar = 30

pm
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Figures

Figure 1: SEM micrographs of the cross sectional cryofractured surface of: scale bar = 5 um

and inserts scale bar of = 1 um
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Figure 2: DSC scans of (a) melting endotherm and (b) crystallization exotherm of PCL,

PCL/pMWNT, PCL/cMWNT and PCL/aMWNT nanocomposites
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Figure 3 X-ray diffraction spectra of neat PCL, PCL/pMWNT, PCL/cMWNT and

PCL/aMWNT nanocomposites



RSC Advances Page 34 of 43

108
—=—PCL —s—PCL
+ | |~ PCLIpMWNT —e— PCLIpMWNT
10" | —a— PCL/aMWNT —a— PCL/aMWNT
—v— PCL/ICMWNT 10° - —v— PCLICMWNT
~10%4 2
s 4
£ £10°73
& 3
2
10 103
a
1 01 T T T T T 1 02 T T T T T
0.01 0.1 1 10 100 0.01 0.1 1 10 100
o (rad s'l) 1

Figure 4 Rheological data for PCL, PCL/pMWNT, PCL/aMWNT and PCL/cMWNT

nanocomposites: (a) storage modulus and (b) complex viscosity as a function of frequency



Page 35 of 43

RSC Advances

25
a ——PCL
] —— PCL/cMWNT
—— PCL/aMWNT
20- —— PCL/pMWNT
©
o i
s T
7]
(7]
S 10
E i
5
o T T T T T T T T T T T T
0 5 10 15 20 25 30 35
Strain (%)
500 22
a . |b
#* + —
—_ | p T 20
o
& .
— :
3 400 M E,, 18 -
3 S ]
o ] » 16
= o
.‘g .a 4
& 300 E 14
w ]
j 12 4
PCL PCL/IpMWNT PCLICMWNT PCLIaMWNT PCL/DMWNT PCL/CMWNT PCL/aMWNT

Figure 5: Mechanical properties of PCL and its nanocomposites: (a) representative stress-

strain curves, (b) elastic modulus and (c) tensile strength. Results are represented as mean +

SD for n = 5. Statistically significant difference (p < 0.05) compared to neat PCL and

PCL/cMWNT are indicated by * and *, respectively.
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Figure 6: Water contact angle of PCL, PCL/pMWNT, PCL/cMWNT and PCL/aMWNT

nanocomposites surfaces. Results are represented as mean =+ SD for n = 3. Statistically

significant difference (p < 0.05) compared to neat PCL and PCL/pMWNT are indicated by *

and * respectively
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Figure 7: Surface height topography obtained from AFM micrographs for sample: (a) PCL,

(b) PCL/pMWNT, (c) PCL/cMWNT, and (d) PCL/aMWNT



Page 38 of 43

RSC Advances

TR
RIS 2%
* ¥ B SIS
s IS

s

%

PCL/pPMWNT PCL/cMWNT PCL/aMWNT

PCL

DNA quantification for osteoblasts cultured on the PCL and its nanocomposite

Figure 8

lly

14. Statistica

surfaces at 1d, 6d, and 10d. Results are expressed as mean + SD for n

day are

1ven

ficant differences (p < 0.05) compared to neat PCL and PCL/pMWNT ata g

signi

indicated by the symbols * and ¢, respectively.



Page 39 of 43 RSC Advances

PCL PCL-ahNNWWNT PCL eMNWNT PCOLpAIWNT

1d

6d

10d

Figure 9: Fluorescent micrographs of cell nuclei on PCL, PCL/aMWNT, PCL/cMWNT and

PCL/pMWNT nanocomposite substrates (scale bar = 0.5 mm)
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Figure 10: Osteoblast morphology on PCL, PCL/pMWNT, PCL/cMWNT and PCL/aMWNT
nanocomposites (scale bar = 50 pum); (a) Aspect ratio and (b) Surface area. Statistically
significant differences (p < 0.05) compared to neat PCL and PCL/pMWNT are indicated by

the symbols * and ¢, respectively
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Figure 11: (a) FTIR spectra of neat PCL and Mineralized PCL/aMWNT disc, (b)
Quantification of calcium deposition by Alizarin Red S staining on PCL and the
nanocomposites. Statistically significant differences (p < 0.05) compared to neat PCL,
PCL/pMWNT and PCL/cMWNT at a given day are indicated by the symbols *, ¢ and ®,

respectively
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Figure 12: OD measurements for bacterial growth for neat PCL, PCL/aMWNT,
PCL/cMWNT, PCL/pMWNT nanocomposites and control. Statistically significant
differences (p < 0.05) compared to neat PCL, PCL/pMWNT and PCL/cMWNT shown for 12

h culture and are indicated by the symbols *, ¢ and ®, respectively
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Figure 13: SEM micrograph of Escherichia coli adhesion to PCL, PCL/aMWNT,
PCL/cMWNT and PCL/pMWNT nanocomposites surfaces after 8 h culture; scale bar = 30

pum



