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ABSTRACT: Tissue engineering is an innovative interdisciplinary field in which bioengineers and life scientists try to regenerate and
reproduce natural tissues through the use of biodegradable structures, called scaffolds, with the aim of mimicking the specific tissue
extracellular matrix (ECM). Carbon nanotubes (CNTs) offer a natural platform for obtaining composite microfabricated scaffolds
thanks to their excellent mechanical properties and their good biocompatibility. In this study, we microfabricated three-dimensional
(3D) scaffolds by mixing poly(i-lactic acid) (PLLA) and multiwalled carbon nanotubes (MWCNTs) for bone tissue engineering. We
measured their mechanical properties and studied their biocompatibility with human fetal osteoblasts (hFOB 1.19). The 3D microfab-
ricated PLLA/MWCNTs nanocomposite scaffolds showed higher stiffness and cell viability than the pure 3D microfabricated PLLA
scaffolds. The results of this preliminary work suggest that biopolymer/CNT microcomposites and nanocomposites could be used as
effective building blocks to replace ECMs in bone tissue engineering applications. The final goal is the creation of innovative scaffolds

for implants and tissue regeneration. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 129: 528-536, 2013
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INTRODUCTION

A central theme in the design of tissue engineering scaffolds is
to understand the relationship between the scaffold properties
and biological functions." During tissue development, cells con-
stantly decode and release different morphogenetic factors to
their surroundings. In response to these, cells activate their cell
processes [proliferation, differentiation, migration, degradation/
production of the extracellular matrix (ECM), etc.]. On the ba-
sis of our knowledge of cellECM interactions in native tissues,”
it should be possible to design scaffolds that are able to pro-
mote tissue formation through systematic changes in one or
more chemical and/or physical properties. Living cells and tis-
sues, however, are not simple linear systems. The complex role
that ECM structures play in the generation of cellular and tissue
processes can be thought of as a multiband signal to which dif-
ferent cell types may exhibit radically different sensitivities.” In
bone structure, the ECM allows the optimal distribution of me-
chanical stresses to stimulate bone cells to activate their cell
processes and to induce local points where the stress is greater
than that at failure.

© 2012 Wiley Periodicals, Inc.
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There are several approaches to bone tissue engineering, but all
involve one or more of the following key ingredients: harvested
cells, recombinant signaling molecules, and three-dimensional
(3D) matrices.* The most commonly used approach involves
seeding cells and signaling molecules (e.g., protein growth fac-
tors) in highly porous biodegradable matrices (or scaffolds) pre-
formed into the shape of the desired bone.” Once the seeded
cells are cultured and colonize the matrices, they are implanted
directly on the defect to induce and direct the growth of new
bone.

Normally, cells are cultured in an artificial environment, where
they can adhere and replicate to form larger colonies of cells for
applications such as diagnostic testing.® These colonies, how-
ever, do not become organized into tissues or organs that could
then be implanted back into the patient.” Cell colonies need
external cues or signals to grow into functional 3D tissues or
organs.® In the body, cells are constantly subjected to mechani-
cal, electrical, structural, and chemical cues that signal the cells
about what they should be doing. If these signals are not prop-
erly received or processed because of disease or trauma, the cells
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dedifferentiate (i.e., become nonspecific cell types), become dis-
organized, and eventually die.’

A valid approach is to combine different materials to produce a
composite structure. Composite scaffolds are expected to be
physically and biologically superior to single-material based scaf-
folds, so the properties of a composite scaffold may be tuned by
the mixture of different materials in various percentages.'® The
composition, the relative ratio of constituent materials, and the
scaffold porosity can affect bone formation. Usually, an increase
in the solid material present in the scaffold (lower porosity),
caused by a decrease in the pore height and pore width, is one of
the bases of improved mechanical behavior in composite scaf-
folds."" Hydroxyapatite (HA) has been used as a primary material
in combination with another material, such as tricalcium phos-
phate (TCP), poly(lactic-co-glycolic acid) (PLGA), or chitin, to
produce various composite scaffolds.'* It was reported that scaf-
folds with different ratios of HA to TCP loaded with MSCs
showed different extents of bone formation in vivo."”> Composites
in which the HA/TCP ratio was designed to coordinate scaffold
degradation with tissue deposition seemed optimal for the pro-
motion of the greatest ectopic bone formation."?

In recent years, bone scaffolds have been realized with compos-
ite materials based on carbon nanotubes (CNTs).!*'> CNTs
offer a natural platform for obtaining composite microfabri-
cated scaffolds because of their excellent mechanical and electri-
cal properties, coupled with a good biocompatibility."® The
extraordinary mechanical properties of CNTs make them very
attractive and promising as reinforcing fillers for the production
of a new generation of tissue substitutes. Experimental data
reveal that CNTs dispersed in a polymer matrix significantly
improve its mechanical properties.'”

Although mechanical reinforcement was the initial motivation
for their use, there is evidence that CNTs can accelerate and
direct cell growth. The topic of the biocompatibility of CNTs is
still an openly debated issue that needs further investigation.
The chemical inertness of CNTs allows them to have a quite
low toxicity, except for inhalation-related toxicity. However, it is
fundamental to purify nanotubes from metal catalysts and
graphite particles because they have been shown to be responsi-
ble, at least in part, for the toxicity in the preparation of
CNTs.*! Several in vitro studies have examined the interactions
between CNTs or nanocomposites and animal or human cells.
It has been shown that a collagen matrix with embedded single-
walled carbon nanotubes (SWCNTs) sustained a high cell viabil-
ity of smooth muscle cells.”> Zanello et al.*> examined the pro-
liferation and function of osteoblast cells seeded onto five differ-
ently functionalized CNTs.

CNTs have also been used to create electrically conductive poly-
mers and tissue scaffolds with the capacity to provide controlled
electrical stimulation. It has been reported that current-conducting
CNT/polymer composites promoted various osteoblast cell func-
tions. With the application of alternating current to these nano-
composites, increases in the osteoblast proliferation of 46% and in
the calcium deposition of 307% have been observed.** This result
suggests that CNT-based composites may be used to stimulate
bone formation. In a previous study, we used impedance techni-
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ques to measure the effects of media and cell cultures on CNT
composite films. We showed that cell adhesion could be distin-
guished by the interpretation the results of the impedance charac-
teristics.”> In the presence of cells, impedance changes were
around eight times that without cells. Thus, the use of CNTs
could be correlated with adhesion, spreading, and changes in the
cell density. Considering recent publications, we feel that the use
of CNTs for tissue engineering appears to be a challenging but,
on the other hand, potentially rewarding perspective for the devel-
opment of a novel generation of engineered biomaterials.

In this article, we describe the design, fabrication, and testing of
3D cell scaffolds based on poly(r-lactic acid) (PLLA)/multiwalled
carbon nanotubes (MWCNTs) composites for bone tissue engi-
neering. We selected specific microstructural topologies to
improve the overall mechanical properties of the scaffolds and to
mimic the topological features of bone tissue with MicroCT scans
of sponge bone. The composite materials were processed with a
pressure-activated microsyringe (PAM) microfabrication tech-
nique that allowed the direct formation of the desired micro-
structures. Uniform films (used as control samples) and PAM
scaffolds were mechanically tested to measure their stiffness as
functions of the MWCNT concentration and the different topolo-
gies. The PLLA/CNT ratio in the composite scaffolds was tuned
to reproduce the mechanical behavior of bone tissue on the basis
of the results obtained from mechanical testing. Cell testing was
performed with human fetal osteoblasts (hFOB 1.19) cells to ana-
lyze whether the composite material and scaffold were able to
induce cell differentiation into mature osteoblast phenotypes.

EXPERIMENTAL

Polymer

The biodegradable polymer used in this study was PLLA (NP
Pharm, Bazainville, France), prepared at concentration of 0.2 g/
mL in a chloroform solution. We examined the surface and bulk
properties of PLLA spin-coated films and microfabricated scaf-
folds in an earlier study.”® We showed that the surface charge den-
sity, dielectric constant, morphology, contact angle, porosity, and
elastic modulus of the polymer were suitable for cell adhesion.*®

CNTs

In this study, we used MWCNTs to fabricate the PLLA/CNT
composite scaffolds because of their suitable mechanical proper-
ties. In particular, MWCNTs present a higher elastic modulus
than SWCNTs;>” this allows the realization of rigid composite
scaffolds with mechanical properties similar to those of bone
structure. Vertically aligned forests of CNTs were synthesized
with a thermal chemical vapor deposition system consisting of a
two-stage tube furnace. The furnace accommodated a quartz
tube 30 mm in diameter and 1000 mm long with a 200-mm
preheating zone and a 500-mm heating zone. The temperature
of the preheating zone was 80°C, and the heating zone was
maintained at 825°C. The CNTs were grown on SiO, substrates
with a floating catalyst technique. A mixture of Fe catalyst (fer-
rocene) and a carbon source (toluene, 0.02 g/mL) was injected
in the preheating zone at a rate of 5 mL/15 min. Argon was
used as a carrier gas for the solution at a flow of 800 sccm. The
grown CNTs were about 800 nm long and had an outer diame-
ter ranging from 15 to 50 nm. After growth, the CNTs were
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Table I. Acronyms of the Nanocomposite Suspensions and Their Final

Concentrations
PLLA final CNT final
concentration  concentration  CNT relative

Abbreviation (mg/mL) (mg/mL) weight (%)
PLLA 100 0 0

PLLA-A® 100 6.25 11

PLLA-B 100 12.5 20

PLLA-C 100 37.5 42

#This solution was used for the microfabricated scaffolds.

removed from the substrates with a razor blade and were dis-
persed in solution.

Film and Scaffold Fabrication

To obtain a uniform dispersion of CNTs in the polymer matrix,
we used a dual-solvent approach similar to the one described in
our previous work.”® With this method, multiwalled CN'Ts were
dispersed in benzene with a pulsed sonicator (Vibracell, Sonics,
Milan, Italy) for 1 min at 1 Hz in 3D concentrations: 12.5 mg/
mL (solution A), 25 mg/mL (solution B), and 75 mg/mL (solu-
tion C). Then, the three solutions were mixed with PLLA in a
1:1 ratio and sonicated. This resulted in three suspensions with
the concentrations and acronyms provided in Table I. The three
CNT-PLLA suspensions were tested together with pure PLLA
polymer for comparison. Suspensions B and C were selected on
the basis of the mechanical properties of their spin-coated films.
The selection was based on the stiffness of the final suspension
(chosen to closely approximate the mechanical behavior of
bone) and its viscosity (chosen within a range that allowed
PAM fabrication). The PLLA-CNT suspension flat films were
realized by a spin-coating technique (Suss Microtech, Neuchatel,
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Switzerland). The PLLA-A solution (0.1 g/mL PLLA and 12.5
mg/mL CNT) was used because of its known characteristics,
which allowed the realization of high-fidelity structures.”

The PAM deposition method was described previously.”® It
consisted of a stainless steel microsyringe with a capillary tip of
5-20 mm, through which the suspension was extruded by the
application of pressure from a compressed and filtered air sup-
ply. To improve the extrusion properties, 2 mL of Tween was
added to each milliliter of suspension; this helped us maintain a
uniform dispersion during the deposition process.

The vertical position of the syringe was controlled by the z
motor of a three-axis positioner, whereas the substrate was
mounted on the x and y axes and moved relative to the syringe.
Purposely written software allowed almost any type of structure
to be deposited in sequential layers simply by the translation of
a black and white jpeg or bitmap image into a sequential list of
linear coordinates; this could be used to direct the position of
the x and y motors. For example, in earlier studies, we micro-
fabricated layers consisting of spiral, square, hexagonal, and
octagonal grids and fractal branches.’ The line width of the
deposited structure could be modulated by variation of the
polymer viscosity, deposition speed (the velocity of the x and y
motors), tip diameter, or applied pressure.*

For this study, we realized four types of scaffolds composed of
layers with different geometrical structures. The first scaffold
consisted of a square grid layer, the second scaffold consisted of
a hexagonal grid layer, the third scaffold consisted of a tessella-
tion of octagonal and rhomboidal elements, and the last scaffold
consisted of a three-layer assembly that combined all of the pre-
vious geometries in the sequential layers. This bonelike scaffold
was shown to closely mimic the microstructure of bone.** All
four scaffolds are shown in Figure 1. The scaffolds were depos-
ited on 3 x 3-cm” clean glass slides. The two-dimensional grids

(b)

Figure 1. Light microscopy of the PAM PLLA/MWCTs nanocomposite scaffolds with different topologies and their respective computer-aided design

drawings: (a) hexagonal, (b) square, and (c) octagonal cell grids and (d) 3D bonelike scaffold obtained by the composition of the aforementioned three

different layers. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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(1 cm®) were composed of square, regular hexagonal, and octag-
onal elements with side lengths of 500 um and line thicknesses
of 50 um.

To fabricate the 3D scaffolds, we deposited a water-soluble poly-
meric spacer (2 mg/mL, Hydrofilm, Lucca, Italy) of about 10—
20 pum on top of the first layer of the PLLA-CNT suspension.
After drying, we deposited a second identical layer of PLLA-
CNT suspension, slightly shifted with respect to the first layer,
and then a second polymeric spacer. This procedure was
repeated for all three layers to produce the final structure. At
the end of the microfabrication process, the scaffolds were
dipped in water to dissolve the polymer spacer and lift them off
of the substrates. After this process, the scaffolds were dried and
could be used for the experiments.

Mechanical Tests

Stress—Strain. The mechanical properties of the scaffolds and
films were measured with an isotonic transducer (model 7006,
UGO Basile Biological Research Apparatus, Comerio (VA),
Italy), where the applied force had a resolution of 1 mN. The
scaffolds and films with dimensions of 2 ¢cm in length and 0.5
cm in width were specifically fabricated for the measurements.
Images of each scaffold were recorded through an optical
microscope equipped with a digital camera to obtain data on
the initial dimensions and geometry. Two small strips of trans-
parent acetate (5 x 2.5 mm?) were glued to either side of one
end of the scaffold, and a small hole was pierced in the trans-
parency to attach the sample to the transducer lever. The other
end was held firmly by a small clamp. The applied force acted
along the direction of the maximal length of the structures, and
the structures were subjected to tension.

During the stress—strain tests, the applied weights were changed
every 3 min, and then, the elastic modulus of each structure
was calculated from the slope of the initial linear portion of the
resulting curve.

Creep tests were performed with the same instrument and the
application of a load corresponding to a strain of 5% of the
maximum elastic strain of the structure under dry conditions.
The load was applied for 1 h, and the relaxation was analyzed
for a further 1 h after its removal. Ten samples were used per
test.

Nanoindentation Test. Nanoindentation tests were performed
on both the PLLA and PLLA/MWCNT scaffold surfaces with a
flat punch with a diameter of 97 um in an MTS Nano G200
(Agilent). Nanoindentation tests provided information on the
mechanical responses on the surfaces of the scaffolds. The eval-
uation of the surface stiffness of the different scaffolds was
important in relation to cell adhesion and proliferation. The
nanoindentation tests included in this study were performed at
three different strain rates: 0.01, 0.1, and 1 s .

Cell Culture. hFOB 1.19 (ATCC) presents a temperature-
switching gene that regulates proliferation and differentiation.
In particular, cells exhibit rapid proliferation when they are cul-
tured at 33.5°C, whereas no proliferation occurs at 37°C. At
this temperature, these cells express alkaline phosphatase activity
and a mature osteoblastic phenotype.’®
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Cells were grown in a controlled atmosphere (5% CO,, tempera-
ture = 34°C) in a 1:1 mixture of Ham’s F12 and Dulbecco’s modi-
fied eagle medium (DMEM) (Invitrogen) with 2.5 mM 1-gluta-
mine (without phenol red) supplemented with 10% fetal bovine
serum (Hyclone, 925 West 1800 South Logan, Utah 84321), 0.3
mg/mL G418, and 1% antibiotics (penicillin—streptomycin, Gibco,
Life Technologies Corporation, Milan, Italy). After thawing, the
cells were routinely split (1:4) every 2-3 days. The cells incubated
at 39.5°C showed rapid differentiation into mature osteoblasts.

Before cell seeding, the scaffolds and films were sterilized in
70% ethanol for 2 h, washed in phosphate-buffered saline (PBS)
and 70% ethanol for 2 h, placed under UV irradiation for 10
min for each side, and incubated for 10 min with a 0.3% mu-
rine collagen solution, in acetic acid (Sigma-Aldrich Italia, Mi-
lan, Italy) for 2 h, and then in a complete cell culture medium
for 1 h. The medium was then discarded, and the hFOB 1.19
cells were detached with 0.25% trypsin in 1mM ethylene dia-
mine tetraacetic acid and plated (in triplicate) onto the samples
and in 24-well polystyrene tissue culture plates as controls at a
density of 3 x 10* cells/cm®. To assess the CNT cytotoxicity,
spun films for each solution were used in the cell culture experi-
ments. As far as the PAM scaffolds were concerned, the biocom-
patibility was assessed only on the microfabricated three-layer
structures that mimicked the bone microstructure.

Viability Assay and Measurement of Cell Density

After incubation (for 24, 48, and 72 h), the culture medium
was removed from each well; 200 uL of CellTiter-Blue reagent
(0.1 mg/mL in DMEM without phenol red) was added to each
sample. The multiwelled plates were incubated at 39.5°C for at
least 4 h. Viable cells continuously converted resazurin to reso-
rufin, thereby generating a quantitative measure of viability and
cytotoxicity. After that time, the multiwelled plate was read
spectrophotometrically (Tecan Infinite M1000, Tecan, Manne-
dorf, Switzerland) at 560 and 690 nm, and the cell viability was
quantified. The measured values are expressed as a percentage
over that of the control cultures (tissue culture plates), and the
data reported here represent the means and standards deviations
obtained from at least three different experiments.

To measure the density of cells adhered on the composite struc-
tures, after culturing times of 24, 48, and 72 h, the cells adhered
on the scaffold were detached with a 1% trypsin solution in PBS,
and the cell suspension was analyzed with a Burker chamber,
Magapor, Zaragozza, Spain. For each sample, three measurements
of cell suspension were performed.

Scanning Electron Microscopy (SEM)

For the SEM analysis, all of the culture specimens were fixed in
2% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4), postfixed
in 1% osmium tetroxide, dehydrated in increasing ethanol con-
centrations, critical point dried (CPD) dried, mounted on alu-
minum stubs, and gold-sputtered. All specimens were observed
with a Philips XL20 microscope (SEMTech Solutions, Inc 6 Ex-
ecutive Park Drive, North Billerica, Ma 01862).

Statistical Analysis
Statistical analysis was performed with an analysis of covariance for
a comparison of trends (Matlab Statistics Toolbox, The
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Figure 2. Elastic modulus values of the composite spin-coated films as a
function of the MWCNT concentration. The errors were on the order of 5%.

MathWorks, Inc. Natick, Massachusetts). A p value of less than
0.05 was considered to be statistically significant. Each data point is
represented as the mean and standard deviation of 10 samples.

RESULTS

Mechanical Tests

The Young’s moduli of the composite films as function of the
CNT concentration are reported in Figure 2. The results show
that the elastic modulus initially increased with increasing CNT
concentration until the concentration reached a critical value of
6.25 mg/mL. After this concentration, the elastic modulus
decreased rapidly, reaching values close to that of pure PLLA.
This behavior could have been due to the electrostatic nature of
CNT. When the CNT concentration was too high, the polymer/
CNT solution presented an inhomogeneous dispersion, which
led to an abrupt decrease in the elastic modulus and in increase
in the fragility.?>***®

Figure 3 shows how the stress—strain behavior of the scaffolds
was influenced by its topology. If we assumed that the scaffold
behaved similarly to a textile, when a load was applied to it,
there was first a rearrangement of its weft. The structure
responded by realigning the fibers in the direction of the
applied load. For this reason, there were differences between the
different geometries; in fact, because the octagonal grid had a
higher density of lines than the square or hexagonal grid, it pre-
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2 T
8 1
£ T I
g7 T 1
e I i
z s B —
2, —
2
= 3 —
=
2 |
1 —
L] T T T

Square Hexagonal Octagonal Bone PAM-
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Figure 3. Elastic modulus as a function of the type of PLLA/MWCNT
composite for various PAM scaffold topologies. The ¢ test showed that the
experimental data were statistically different (p < 0.05).
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Figure 4. Compression behavior of the PLLA and PLLA/MWCNT bone-
like scaffold.

sented greater resistance to deformation. The square grid was
the least stiff because it had the lowest density of lines. More-
over, the patterns with small line widths had lower yield stresses
than the ones with bigger line widths. Therefore, by changing
the geometry, we could modulate the mechanical properties of
the microstructures. The elastic modulus of the pseudo-bone
polymeric structure was an average of the three elastic moduli
of the single monolayers that composed it.

Nanoindentation Test. The results revealed the same behavior
for the PLLA and PLLA/CNT scaffolds, and this may have been
due to the fact that the low percentage of MWCNTs in the
composite scaffolds did not affect the viscoelasticity of the bio-
polymer. On the other hand, the Young’s modulus of the com-
posite PLLA/MWCNT scaffolds in comparison with that of pure
PLLA scaffolds was seven times higher, as shown in Figure 4.

Cell Test. All of the composite films showed good cell compati-
bility, with a value from the viability test of higher than 75%
with respect to the control [Figure 5(a)]. By analyzing the vital-
ity data obtained from the cells seeded onto the spun films, we
observed that the presence of CNTs affected the cell viability,
either on the film or on the scaffold. Moreover, the cells seeded
onto the scaffold with or without CNTs showed a larger viabil-
ity than those seeded onto the spun films. At different times,
the cell density statistically increased [Figure 5(b)], so this result
suggests that the cells on the PLLA/CNT scaffold were more via-
ble. Thus, the mechanical properties and the topology were two
important cues for the cell activity.

The SEM analyses revealed that the topology and CNT presence
had a noticeable influence on the film morphology. The SEM
morphological analysis of the osteoblasts grown on the spun
films showed that the cell shape and spreading were dependent
on the surface topography. On the PLLA/CNT spun films, the
cells tended to assume an elongated aspect and to extend along
protrusions to anchor themselves at distance on the smooth
surface [Figure 6(a)]. Osteoblasts cultured on the PLLA spun
films showed a more spheroid morphology and did not present
long protrusions [Figure 6(b)]. The features of the cells seeded
onto the PAM scaffolds with or without CNTs were comparable
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Figure 5. (a) Cell vitality and (b) cell density values of various spin-coated
PLLA and PLLA/CNT composites and 3D bonelike scaffolds. The ¢ test
showed that the experimental data were statistically different (p < 0.05).

to those seeded onto the PLLA/CNT films, whereas in the pores,
the cells were elongated and exhibited long protrusions [Figure

6(c,d)].

DISCUSSION

3D porous scaffolds promote new tissue formation by providing
a surface and a void volume that promotes the attachment,
migration, proliferation, and desired differentiation of connec-
tive tissue progenitors throughout the region where the new tis-
sue is needed.’®”” The most important variables in scaffold
design and fabrication are the material of which it is made, the
3D architecture, the surface chemistry, the mechanical proper-
ties, and the cell culture or physiological environment that regu-
lates its degradation.”®™*! Moreover, the influence of the poly-
mer scaffold architecture on the degradation process has been
largely debated in literature. For example, PLGA films degrade
faster than porous PLGA scaffolds because a lower porosity
accelerates the PLGA degradation process."> Researchers also
reported that the degradation of porous poly(r-lactic acid)
(PLLA) scaffolds in vitro is faster for thicker walls than thinner
ones because of the autocatalysis of lactic acid.*> When one
starts from these assumptions, it is important to choose the
right polymer and its related mechanical and structural proper-
ties according to the target tissue. In the case of bone tissue en-
gineering, scaffolds should degrade in concert with the forma-
tion of newly generated bone to provide a smooth transition
from scaffold to tissue.** Furthermore, numerous authors have
shown the properties of PLLA scaffolds that suggest that they
are suitable for tissue engineering applications.*>*® PLLA repre-
sents a very good choice for bone tissue engineering, where a
high mechanical strength and toughness are required.*”” This
polymer can be formed into films, fibers, tubes, and matrices
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with standard processing techniques, such as molding, extru-
sion, spinning, and solvent casting. Its total degradation time is
about 24 months. Although in our previous studies® we
observed the properties of polycaprolactone (PCL) polymer in
bone tissue engineering, we found that PCL showed a remark-
ably slow degradation rate (from 6 months up to 3 years).*
Thus, the need to choose a polymer with the right degradation
time coupled with the best mechanical properties. In this study,
we realized scaffolds with different topologies made up of PLLA
and CNTs and obtained, at the same time, a structure that
reproduced the typical geometrical features of the bone struc-
ture and mechanical properties more similar to those of native
bone. In this way, the structure could attract stem cells and
induce their differentiation toward the osteogenic phenotype.*
We showed that with a change in the ratio between the CNTs
and PLLA, the intrinsic mechanical properties of the nanocom-
posites films could be varied between 60 and 170 MPa under
tensile stresses, whereas in our previous study with PCL and
CNTs,” the mechanical properties could be varied between 10
and 75 MPa. Therefore, we believe that because of their
improved mechanical properties, the PLLA/CNT nanocompo-
sites are more suitable than PCL/CNT nanocomposites for bone
tissue engineering applications. We also found a limit in the
CNT concentration that could be added to the polymer matrix;
beyond this concentration, the elastic modulus decreased rap-
idly, reaching values close to that of pure PLLA. These results
were in agreement with former results on carbon black particles
in the PLLA matrix.’®”" Kim et al.>° showed that the applica-
tion of low shear forces could induce the agglomeration of ini-
tially well-dispersed carbon black particles, explaining that the
shear forces provided to the particles sufficient kinetic energy to
overcome the repulsive interactions of the electric double layers.
At the same time, agglomerates could be disrupted by high
shear forces. The massive aggregation of CNTs apparently
reduced the mechanical performance of the composites because
of the disruption of interfacial interaction between the CNTs
and the polymer matrix. We also observed that increasing the
loading amount of nanotubes in these composites caused a sig-
nificant increase in the stiffness, which eventually led to brittle
fracture, as indicated by a lower elongation at break. It is im-
portant to note that the protocol adopted for mixing the PLLA
and CNTs allowed us to obtain a uniform dispersion, similar to
those reported by Whulanza et al.”

For this study, we selected the nanocomposite with the highest
elastic modulus to microfabricate PAM scaffolds with different
geometries but always with the same porosity, around 65-70%.
Figure 3 illustrates how the intrinsic stiffness of the material
could be coupled to a given topology to enable modulation of
the gross mechanical behavior of the composite scaffold.

It is well known that the mechanical properties of fibrous mate-
rials and composites depend on the architecture of fibers.”® If
we assume that the scaffolds behaved similarly to a textile, when
a load was applied to them, first there was a rearrangement of
its weft. The structure first responded by aligning the filaments
in the direction of the applied load. For this reason, there was a
difference between the different geometries; in fact, because the
octagonal grid had a high density of filaments oriented in
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Figure 6. SEM micrographs of hFOB 1.19 cells cultured on the (a) PLLA/CNT spun film, (b) PLLA spun film, (c¢) PLLA/CNT 3D bonelike PAM scaf-

fold, and (d) PLLA 3D bonelike PAM scaffold.

several directions, it resisted deformation (ca. 8 MPa). On the
other hand, the square grid showed a decreased resistance (ca. 4
MPa) because it had a low filament density, with only two ori-
entations. The stiffness of the 3D bonelike scaffold fell between
the two extremes. Overall, the mechanical properties of the scaf-
folds were influenced first by the material employed and second
by the geometry of the scaffold. A more complex geometry
endowed more viscous properties to the scaffold and may be
more suitable for tissue engineering because these cells would
not be subject to mechanical shock upon loading and
unloading.

Furthermore, during the nanoindentation test, we observed that
the presence of CNTs increased the elastic modulus of the struc-
ture. Moreover, the nanoindentation tests performed at different
strain rates allowed us to analyze which elastic modulus the cell
perceived locally of the structure and also whether the compos-
ite scaffold could be easily indented by the cells. As it is possible
to see from Figure 4, only for shear rates higher than the physi-
ological ones did the composite structure become more rigid
than normally happens in the body.
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There have been several reports describing the influence of
CNTs on the behavior of different cells; however, the exact
mechanisms by which they act are still unclear. Our study
showed that altogether, the PLLA/CNT nanocomposites could
sustain osteoblast proliferation. Our data suggest that osteoblast
viability depended on the intrinsic rigidity of the substrate, as
reported by Discher et al.,”> but was also modulated by the
architecture and morphology of the substrate. The cell behavior
on the 3D bonelike scaffold was comparable to that on the con-
trol. Because the scaffold microstructure (porosity, mean pore
size, pore shape, interconnectivity, and specific surface area)>*>
and mechanical properties significantly influenced the cell
behavior (e.g., adhesion and growth), our observations con-
firmed that the proposed 3D bonelike scaffold may represent an
interesting physical support structure for bone tissue engineer-
ing applications.”®

CONCLUSIONS

In this study, we realized and characterized PLLA/CNT compos-
ite microfabricated scaffolds for bone tissue engineering
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applications using a PAM system The results obtained show
that the CNTs/polymer composites structures exhibited an
improvement in the mechanical properties that could be tai-
lored through changes in the topology of the structure. The
CNTs were effective reinforcements in terms of mechanical
strengthening in biodegradable scaffold applications. From cell
testing, we observed that the cell behavior on the 3D bonelike
scaffold was comparable with that on the control. On the basis
of these results, the CNT composite PAM scaffolds could repre-
sent a valid support for bone regeneration. Moreover, in future
studies, thanks to the high porosity of the PLLA/CNT scaffolds,
it could be reasonable to functionalize CNTs for drug-delivery
applications. In this context, the modification of the physical
properties and drug-delivery characteristics through the blend-
ing of three major polymers (PLLA, PLGA, and PCL) could fur-
ther improve the field of nanocomposite materials for bone tis-
sue engineering applications.
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