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Herein, we developed honeycomb-like scaffolds by combining poly (D, L-lactic acid) (PDLLA)with a high amount
of graphene/multi-walled carbon nanotube oxides (MWCNTO-GO, 50%w/w). From pristinemulti-walled carbon
nanotubes (MWCNT) powders, we produced MWCNTO-GO via oxygen plasma etching (OPE), which promoted
their exfoliation and oxidation. Initially, we evaluated PDLLA and PDLLA/MWCNTO-GO scaffolds for tensile
strength tests, cell adhesion and cell viability (with osteoblast-like MG-63 cells), alkaline phosphatase (ALP, a
marker of osteoblast differentiation) activity and mineralized nodule formation. In vivo tests were carried out
using PDLLA and PDLLA/MWCNTO-GO scaffolds as fillers for critical defects in the tibia of rats. MWCNTO-GO
loading was responsible for decreasing the tensile strength and elongation-at-break of PDLLA scaffolds, although
the high mechanical performance observed (~600MPa) assures their application in bone tissue regeneration. In
vitro results showed that the scaffoldswere not cytotoxic and allowed for osteoblast-like cell interactions and the
formation ofmineralizedmatrix nodules. Furthermore, MG-63 cells grown on PDLLA/MWCNTO-GO significantly
enhanced osteoblast ALP activity compared to controls (cells alone), while the PDLLA group showed similar ALP
activity when compared to controls and PDLLA/MWCNTO-GO. Most impressively, in vivo tests suggested that
compared to PDLLA scaffolds, PDLLA/MWCNTO-GO had a superior influence on bone cell activity, promoting
greater new bone formation. In summary, the results of this study highlighted that this novel scaffold
(MWCNTO-GO, 50% w/w) is a promising alternative for bone tissue regeneration and, thus, should be further
studied.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

In the context of the biomedical field, poly (lactic acid) (PLA), a well-
known aliphatic polyester, has been strongly highlighted over the years
due to its outstanding properties over other commonly used polymers
[1–3]. PLA is a biocompatible and biodegradable polymer, which dis-
plays easy processability and renewability [1,3]. Since 1970, the U.S.
omaterials Innovation Research
School, Cambridge, MA 02139,

com (A.O. Lobo).
Food and Drug Administration (FDA) has approved this polyester as a
raw material for the manufacturing of a wide range of products,
allowing for their contact with biological human fluids.

Four distinct and chiral macromolecules can be prepared from the
two isomers of lactic acid, namely L-lactic and D-lactic acids (Fig. 1a).
Among the four chiral macromolecules of PLA, PLLA [poly (L-lactic
acid), Fig. 1b] [4,5] and PDLLA [poly (D, L-lactic acid), Fig. 1d] [6–8]
have received special attention for biomedical applications due to
their promising properties. Nevertheless, due to the amorphous nature
of PDLLA, this polymer presents a faster and more controllable in vivo
degradation profile than PLLA, which is typically semicrystalline [9,
10]. Xiao et al. had reported that the half-life of PDLLA (at 37 °C and in
normal saline) was around 2–3 months, while for PDLA and PLLA, the
half-life increases to 4–6 months [11].
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Fig. 1. Chemical structures of (a) the stereoisomers of lactic acid, (b) poly (L-lactic acid), (c) poly (D-lactic acid) and (d) poly (D, L-lactic acid).
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In this context, several researchers have been studied the in vitro and
in vivo degradation of PDLLA, establishing that the co-products generat-
ed from its degradation are natural metabolites that are further elimi-
nated by the human organism [11,12]. At the end, the final
degradation of PLA generates essentially CO2 and H2O, both neither
toxic nor carcinogenic [11,12]. For this particular reason, there has
been extensive research on the use of PDLLA in fields such as drug deliv-
ery and tissue engineering [6–8,13,14].

Frequently, conventional polymers, such as PLA, do not meet the re-
quirements for both surface and bulk properties for application in or as
biomaterials. In this context, surface modification of known materials,
which already have a proven biofunctionality, is a key strategy for pro-
ducing novel clinically applicable biomaterials. Conversely, if a polymer
surface does not meet the suitable properties for a target application,
mostly undesired surface events may occur. In this context, the modifi-
cation of polymeric surfaces using carbon nanotubes (CNT) has been
demonstrated to be an excellent approach to achieve the desired
physico-chemical, mechanical and biological properties [15–17]. More-
over, the use of plasma-functionalized CNT has been greatly highlighted
as a feasible way to increase the oxygen functionalities, such as
\\C_O\\OH,\\OH,\\C_O and\\C\\O; therefore, a significant in-
crease in the polymer matrix-CNT adhesion interface is achieved
when plasma-modified CNT are used instead of pristine-CNT [10,17,18].

In recent work [6], we reported for the first time, the preparation of
PDLLA scaffolds with such a high loading of a superhydrophilic
graphene/multi-walled CNT oxides (MWCNTO-GO, 50/50, w/w, pro-
duced by oxygen-plasma functionalization) and we performed a wide
range of characterizations, including thermal, electrochemical and in
vitro studies. Our main results indicated: (i) a notable increase in the
conductivity of PDLLA after MWCNTO-GO loading (~5 orders of magni-
tude); (ii) a reduction in PDLLA hydrophobicity after MWCNTO-GO in-
corporation (advancing contact angle decreasing from 68 to 46°); (iii)
PDLLA/MWCNTO-GO scaffolds promoted significant cellular adhesion
with no cytotoxicity effect using L-929 mouse fibroblasts; and (iv) re-
duced bactericidal activity.

In contribution to all of the aforementioned properties, we also
showed in previous work that after high loading of MWCNTO-GO in a
PDLLA matrix, our novel nanocomposite demonstrated enhanced bone
bioactivity (after submerging in simulated body fluid for 14 days) com-
pared to controls (plain PDLLA). The honeycomb-like surface of PDLLA/
MWCNTO-GO may have favored initial apatite nucleation, which was
further evidenced by the precipitation of a compact layer of globular hy-
droxyapatite and calcite crystals (as evaluated by SEM). To support our
conclusions, FTIR results identified a higher presence of carbonate vibra-
tionalmodes, aswell as beingmore intense, in the PDLLA/MWCNTO-GO
scaffolds; also, the carbonate/phosphate area ratio increased from 0.209
to 3.356 after MWCNTO-GO loading, pointing out the pronounced bone
bioactivity due to nanomaterial incorporation. All of these results dem-
onstrated the high potential of this novel scaffold for numerous biomed-
ical applications, which has motivated a further investigation on its in
vivo potential for bone regeneration [6].

Herein, we present the production and in vitro aswell as in vivo char-
acterization of a recent novel porous honeycomb-like scaffold based on
PDLLA loaded with high amounts of MWCNTO-GO (50/50 w/w)
intended for bone regeneration. MWCNTO-GO were produced via oxy-
gen plasma treatment on pristine MWCNT, which promoted its



Fig. 3. Stress–strain curves of PDLLA and PDLLA/MWCNTO-GO scaffolds.

Fig. 2. TEM micrographs of (a) entangled MWCNTO-GO and (b) details of walls and bamboo-like structures showed no defects and impurities. SEM micrographs of (c) smooth PDLLA
membranes and (d) a highly porous and rough PDLLA/MWCNTO-GO scaffold. (e) details of the honeycomb-like PDLLA/MWCNTO-GO scaffolds (circle at d). (a) Scale bar = 500 nm;
(b, c, d, e) Scale bars = 20 μm.
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exfoliation and oxidation, further generating a superhydrophilicmateri-
al that is highly dispersible in liquid medium. These novel PDLLA/
MWCNTO-GO scaffolds enhanced alkaline phosphatase (ALP) activity
from osteoblast-like MG63 cells when compared to PDLLA. This could
be attributed to the roughness and macro-porosity exhibited by the
PDLLA/MWCNTO-GO scaffolds.We also observed that all scaffolds stim-
ulated osteoblast differentiation due to mineral deposits formed by os-
teoblasts on the PDLLA/MWCNTO-GO scaffolds. Interestingly, PDLLA/
MWCNT-GO scaffolds promoted lamellar bone formation after
2 weeks of implantation. All of these characteristics highlight and moti-
vate the use of these novel nanobiomaterials for numerous orthopedics
tissue engineering applications.

2. Experimental

All chemicals used in this work were purchased from Sigma
Aldrich®, unless another source is mentioned. Puracbiochem
(Netherlands) graciously provided us the PDLLA pellets used in this
work [FDA approved, PLD 9620 – copolymer of L-lactide and D-lactide
(96/04)].

2.1. MWCNT preparation and further functionalization of MWCNTO-GO

First, we synthetized the MWCNT followed by purification,
functionalization and exfoliation to generate MWCNTO-GO. Briefly,
MWCNTwere prepared using a mixture of camphor (90% w) and ferro-
cene in a thermal chemical vapor deposition furnace at 850 °C for up to
1 h [19]. Next, we performed the purification using 10 M hydrochloric
acid for up to 1 h at 100 °C [19]. To generateMWCNTO-GO, the incorpo-
ration of oxygen-containing groups and simultaneous exfoliation of
MWCNT were carried out in a pulsed direct-current plasma reactor
with an oxygen flow rate of 1 sccm, at a pressure of 150 mTorr,
−700 V, and pulse frequency of 20 kHz [19].

High resolution transmission electron microscopy (HRTEM, FEI
Tecnai G2 F20 microscope) was performed to identify the walls,
bamboo-like structures and presence of probable contaminants inside
the MWCNT-GO tubes. For this, the MWCNTO-GO powders were dis-
persed in 50 mL of water under sonication (Vibracell Sonics, 500 W,
20 kHz, probe amplitude adjusted to 40%) for 15min, and then deposit-
ed on a copper grid (300 mesh).

2.2. Preparation of PDLLA and PDLLA/MWNCTO-GO scaffolds

Neat PDLLA (control scaffolds) was prepared by dissolving the poly-
mer pellets at 10%w/v in chloroform. For the PDLLA/MWCNTO-GO scaf-
folds, we dispersed MWCNTO-GO powder (50% w/w) in a PDLLA
solution (10% w/v in chloroform) under ultrasound irradiation
(1200 J mL−1, 57W) at 40 °C for 120 min. Both solutions were dropped
into square molds (5 mm × 5 mm × 1 mm) and dried for 12 h at room



Table 1
Tensile properties of PDLLA and PDLLA/MWCNTO-GO mats.

Sample⁎
Elastic modulus
(MPa)

Tensile strength
(MPa)

Elongation at
break (%)

PDLLA 679.1 ± 88.9a 19.6 ± 1.2b 22.3 ± 3.8d

PDLLA/MWCNTO-GO 597.3 ± 106.4a 16.0 ± 2.0c 6.3 ± 0.5e

⁎ Means followed by the same letter in the columns do not differ by a Tukey's test at 5%
probability.
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temperature. After drying, the scaffolds were functionalized using oxy-
gen plasma to enhance the wettability of scaffolds [20].

A Field Emission Scanning Electronic Microscope (FE-SEM, FEI In-
spect F50), operated at 10 kV, was used to characterize themorphology
of scaffolds. Before analysis, all samples were previously coated with a
thin gold layer (~10 nm) in order to improve micrograph acquisition.
Parameters such as porosity and pore size were evaluated using ImageJ.

2.3. Mechanical properties

A Dynamic Mechanical Analyzer (DMA Q800, TA Instruments) was
used in tension mode to perform mechanical tests of the scaffolds ac-
cording to ASTM D 882-12 with few modifications. Specimens
(15 mm × 6.4 mm × 0.15 mm) were cut from each scaffold and
preconditioned at 25 °C and 50% of relative humidity for 24 h before
tests. The initial distance between the grips was set at 5 mm and the
measurements were carried out at 25 °C with a ramp strength of
1 N min−1 up to 18 N using a preload strength of 0.01 N. Five scaffolds
were tested for each group and the elastic modulus (MPa), tensile
strength (MPa) and elongation-at-break (%) were determined.

2.4. In vitro evaluation - cell culture

Initially, scaffoldswere placed intowell plates and sterilized in abso-
lute ethanol followed by UV exposure for 3 h. Before cell culture, the
scaffolds were immersed for 24 h in 1 mL of Dulbecco's Modified
Eagle Medium (DMEM). All in vitro tests were carried out using MG63
osteoblast-like cells (Cambrex Bio Science Walkersville, Inc.) and re-
peated 3 times to ensure reproducibility. Cells were cultured in a Mod-
ified Eagle'sMedium (Gibco-Life Technologies, NY, USA) containing 10%
fetal bovine serum (Gibco), 100 mg mL−1 streptomycin (Gibco), and
100 mg mL−1 penicillin (Gibco) at 37 °C in a humidified atmosphere
of 5% (v/v) CO2. Then, MG63 cells were seeded at a density of 2 × 104

cells/well in 24-well plates on the top of each scaffold (PDLLA and
PDLLA/MWCNTO-GO). Culture plates (TCP) were used as controls for
all in vitro analysis.

The 3-[4,5-dimethylthiazol-2-yl]-2,5- diphenyltetrazolium bromide
(MTT), alkaline phosphatase activity (ALP) and quantification of matriz
mineral production assays were used to evaluate the cell viability, oste-
oblastic differentiation and bone-like nodule formation.
Fig. 4. Osteoblast-like MG63 cells formed mineralized nodules after 14 days
2.4.1. MTT assay
After 7 days of cell culture, the supernatants extracted from each

group were placed in culture medium containing the MTT solution and
then were incubated in a humidified atmosphere at 37 °C, for 4 h, to
form purple formazan crystals [21]. Next, the wells were washed with
PBS and 1 mL of acidified isopropanol (0.04 N HCl in isopropanol) was
added to eachwell to solubilize the formazan crystals. Then, each solution
was transferred to a 96-well plate and colorimetric analysis was per-
formed for each well using an EL808IU spectrophotometer ( 570 nm,
Biotek Instruments, Winooski, VT, USA). The data were expressed as OD
and values were represented as the average (n = 3).

2.4.2. Alkaline phosphatase activity
ALP activity was evaluated after cell incubation for 3 days by

thymolphthalein monophosphate substrate hydrolysis (Labtest
Diagnóstica, Belo Horizonte, BR) in accordance with the manufacturer's
recommendations. All procedures were performed as described by
Rodrigues, et al. [18]. The ALP activity was expressed as OD and the
values represented as mean ± standard deviation (n = 3).

2.4.3. Mineralized bone-like nodule formation
PDLLA and PDLLA/MWCNTO-GO scaffolds were allowed to contact

MG63 cells for 14 days (in a 96-well plate). Next, thewells werewashed
three times using Hank's solution at 37 °C, and fixed with 70% ethanol,
for 1 h, at 4 °C. After fixation, the wells were washed twice with PBS
and stained for 1 h with 2% Alizarin red (pH 4.2). After the incubation,
the wells were washed with deionized water. The newly-formed
bone-like nodules on the scaffolds were stained and a phase contrast
microscopy (Model Axiovert 40C, Carl Zeiss Microscopy GmbH, Jena,
Germany) was used to capture the images.

2.5. In vivo evaluation

In vivo studies were carried out using four adult male rats weighing
300 g each. The rats were supplied by the Animal Center of Sao Jose dos
Campos School of Dentistry, which were kept in cages, fed with
commercial pet food (Guabi Nutrilabor) and water ad libitum. This
study was approved by the Ethics in Research Committee of UNICAMP,
Campinas, Brazil (ZIP:3253-1/Brazil).

Before surgery, PDLLA and PDLLA/MWCNTO-GO scaffolds were ster-
ilized using ethanol (70%), followed by 2 h of UV irradiation. All surgical
procedures were in agreement with the Ethical Principles for Animal
Research established by the National Council of Animal Experimenta-
tion Control (CONCEA). The rats were anesthetized by applying an in-
tramuscular injection of xylazine chloride (0.04 mL/100 g body
weight, Anasedan, Bayer, SP, Brazil) associated with Ketamine chloride
(0.08 mL/100 g body weight, Dopalen, Agrbands do Brazil Ltda, SP,
Brazil).

After skin shaving and antiseptic treatment of the tibia, an incision
was made in the skin and muscle from the medium third of the left
and right tibias. The monocortical defects were initially made using a
. (a) Control group, (b) PDLLA, and (c) PDLLA/MWCNTO-GO scaffolds.



Fig. 5. (a) Cell viability of PDLLA and PDLLA/MWCNTO-GO scaffolds after 7 days. Values expressed asmean±SD (n=3). (b) ALP activity of PDLLA and PDLLA/MWCNTO-GO scaffolds after
3 days. *Values were expressed as mean ± SD (n = 3). Means followed by the same letter do not differ by the Tukey's test at 5% probability.
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Ø2.0 mm bone cutter (code 795.203 Titanium Fix®, São José dos
Campos, SP, Brazil), followed by Ø2.5 mm, Ø3.0 mm and Ø3.5 mm
helical cutters (code 795.121, Titanium Fix®, Sao Jose dos Campos, SP,
Brazil). An electrical motor was used at 1600 rpm under constant irriga-
tion with abundant 0.9% sodium chloride solution. Sterilized mini-rolls
of scaffolds (3.5 mm diameter) matching each group were placed into
Fig. 6. Histology of bone repair from bone defects after 2 weeks of PDLLA scaffold implantation
interior of the defectwith permeated cells ( ), formation of newbone connecting into the defect
( ) interface showing intimate contact between them, and dye particle impregnation ( ); an
the defects. As standardization, for all animals, PDLLA/MWCNTO-GO
scaffolds filled a defect located at the left tibia while PDLLA scaffolds
filled a defect located at the right tibia. The sites were sutured using
no. 4-0 silk thread (Ethicon/Johnson & Johnson, São José dos Campos,
SP, Brasil) and swabbed with iodate alcohol. The rats were inspected
daily for clinical signs of complications or adverse reactions. The rats
: (a) panoramic view of the tibial defect, presence of immature trabecular bone filling the
area ( ) and dye particle impregnation ( ); (b) giant cells ( ) at the bone ( )-biomaterial
d (c) discrete inflammatory response infiltrates ( ) new bone trabeculae ( ).



Fig. 8. Scanning electron micrographs collected after 2 weeks of scaffold bone implantation. (A) PDLLA: panoramic view of the tibia defect, presence of immature trabecular bone ( ),
preexistent bone ( ), and defect area ( ). (B) PDLLA/MWCNTO-GO: panoramic view of the defect in the tibia, presence of immature trabecular bone ( ) filling the interior of the
defect ( ) and preexistent bone ( ).

Fig. 7. Histology of bone repair from the bone defect after 2 weeks of PDLLA/MWCNTO-GO scaffold implantation: (a) panoramic view of the defect in the tibia, presence of immature
trabecular bone filling the interior of the defect ( ) and bone migration into the tibia marrow bone ( ), and the connective tissue above of defect presented moderate fibroblast
numbers and many collagen fibers ( ), dye particles impregnating the tissue area ( ), and the biomaterial ( ); (b) the bone-biomaterial interface ( ) showing intimate contact
between bone and scaffold fragments ( ), also it was observed around the presence of cells ( ) and well-organized bone trabeculae ( ); and (c) discrete inflammatory infiltrates ( )
permeating new bone trabeculae ( ) exhibiting osteocytes ( ).
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were euthanized using an anesthetic overdose administered intramus-
cularly 2 weeks after surgery.

For histological analysis, the surgical sites were fixed in 10% neutral
buffered formalin. Specimens were then dehydrated for 12 days with a
graded series of alcohols. Tissue sections were stained with Toluidine
blue. SEMmicrographswere also acquired for the same slices to provide
more details about the implantation sections.

2.6. Statistical analysis

Results were expressed as mean ± standard deviation. Statistical
analyses were carried out using the open-source statistical program-
ming language R (v.3.3.0). Data were tested for normality and homoge-
neity of variances using the Shapiro−Wilks test of normality and an F
test. Statistical significance between different treatments was deter-
mined using analysis of variance (ANOVA) and a post-hoc Tukey's
test; p value ≤ 0.05 was used to determine significant differences.

3. Results and discussion

3.1. Material characterization

Fig. 2a shows the typical morphologies ofMWCNTO-GO.We noticed
that MWCNTO-GO showed entangled structures containing Fe nano-
particles inside the tubes (from the catalyst, white dots). Fig. 2b shows
that MWCNTO-GO had around of 50 walls (visual count) and presented
bamboo-like structures. Fig. 2c provided evidence that the raw PDLLA
membrane had a smooth and homogeneous surface, whereas the
MWCNTO-GO loading (Fig. 2d) promoted roughness and porosity on
the scaffold's surface. Fig. 2e shows that the PDLLA/MWCNTO-GO pre-
sented honeycomb-like structures with high macro-porosity and
roughness (details collected from the cross-section of Fig. 2d), both de-
sirable characteristics to promote guided bone tissue regeneration [22].

It is well-known that themechanical properties of a biomaterial play
a great role in bone tissue engineering. Ideally, a biomaterial must sup-
port the bone tissue regeneration at the site of implantation and main-
tain sufficient integrity during both in vitro and in vivo cell growth.
Tensile strength of the membranes was determined through their de-
rived stress-strain curves (Fig. 3). The elastic modulus, elongation-at
break and tensile strength of the scaffoldswere obtained, and the corre-
spondingdata are displayed in Table 1. Clearly, afterMWCNTO-GO load-
ing, the values of tensile strength and the elongation-at-break
decreased, whereas the values of elastic modulus presented no signifi-
cant difference (p ≥ 0.05).We can attribute this behavior to theweak in-
teractions between the MWCNTO-GO and the polymeric molecular
chains. Thus, the polymer chains would not be able to transfer the
load to the MWCNTO-GO, resulting in decreased values of tensile
strength. Moreover, we can expect that MWCNTO-GO agglomeration
took part in some regions in the polymer matrix due to the decrease
in the elongation-at-break values. Similarly, Saligheh et al. [23] reported
that after addition of a high amount ofMWCNT into poly (butylene tere-
phthalate) (PBT) matrices ocurred a decrease in tensile strength of
electrospun membranes.

3.2. Biological assays

We performed several in vitro and in vivo assays to evaluate osteo-
blast functions and consequently the bone regeneration guiding ability
of our produced scaffold. Tipically, a mineral deposition is the last
phase of osteoblast differentiation, and alizarin red staining is a com-
mon method used to determine calcium deposition in a cellular matrix
[8,24–27]. Fig. 4b & c shows that all scaffoldswere able to induce nodule
mineralization compared to control groups (Fig. 4a). Nevertheless, we
did not observe any statistical differences between PDLLA (Fig. 4b)
and PDLLA/MWCNTO-GO (Fig. 4c) scaffolds, but we noticed that both
were able to stimulate osteoblast-like MG63 cells to produce more cal-
cified regions than the control (Fig. 4a).

We noted that all scaffolds acted directly at the final stage of osteo-
blast differentiation, which was evidenced by the mineralization of the
extracellular matrix, especially to PDLLA/MWCNTO-GO scaffolds. This
result was consistent with previous studies [14]. Fig. 5a shows that all
scaffolds were non-cytotoxic compared to controls (p N 0.05). Fig. 5b
shows theALP activity of control, PDLLA and PDLLA-MWCNTO-GO com-
posites. Briefly, the scaffolds presented higher ALP activities than the
control group. ANOVA one-way analysis confirmed a higher ALP activity
(at the level of p b 0.05) between all scaffolds. With time, the Tukey's
test confirmed a significant mean difference comparing controls to the
PDLLA and PDLLA-MWCNTO-GO composites.

All in vitro results were illustrative and could confirm the great po-
tential of PDLLA/MWCNTO-GO composites as candidate for biomedical
applications. As previously described, PDLLA is a biodegradable polymer
approved by the FDA. In this context, several techniques have been per-
formed to promote surfacemodification for improving cellular adhesion
and growth in/on polymers approved by FDA. The use of PDLLA as a
scaffold for bone regeneration has been already explored in previous
work [8,24–26]. However, herein we incorporated a high load of
MWCNTO-GO into a PDLLA matrix in order to evaluate in vitro osteo-
blast-like MG63 cell functions.

Some studies show a positive correlation between the number of vi-
able cells and high ALP activity [8,24–26]. Here, we performed a similar
study, but we found a consensus using both assays (Fig. 5a and 3b).
Whilemetabolic activity is a sign of osteoblast differentiation, ALP activ-
ity is a major characteristic of osteoblasts and it is regarded as an early
marker for osteoblast differentiation [40]. Thus, ALP activity has been
largely used to evaluate the development of new biomaterials for guid-
ed bone regeneration [30,36,37]. Our results indicated that both scaf-
folds, PDLLA and PDLLA/MWCNTO-GO, could induce osteoblastic
differentiation, such as observed in other studies [8,24–26].

We noticed that all scaffolds supported the final stage of osteoblast
differentiation. It was evidenced by osteoblast mineralization (Fig. 3b),
and also identified by Leal et al. [14]. Several papers have disagreed
about the use of MWCNT based materials as scaffolds for cell growth
[28–32] due to their superhydrophobicity and, as some have claimed,
they may be cytotoxic (possibly due to the incomplete reaction of
toxic catalysts used during their synthesis) [33–38]. Conversely, our re-
sults show and continue to support studies which highlight the positive
use of MWCNT in medicine.

Several papers have been published by our group reporting the use
of superhydrophilic MWCNTO-GO as is or in bioscaffolds in contact
with different cell lines [39–42]. In all of these studies, we have demon-
strated their non-cytotoxicity and tissue regeneration ability using ani-
mal models [43]. Recently, we demonstrated that PDLLA membranes
with low MWCNTO-GO content accelerated in vivo bone regeneration
and induced bone lamellar formation [43]. Herein, we advanced this
issue since we conducted in vivo studies with positive biological re-
sponses using high amounts of MWCNTO-GO in composites.

Fig. 6 and Fig. 7 show photomicrographs collected from in vivo bone
slides after 2 weeks of PDLLA (Fig. 6) and PDLLA/MWCNTO-GO
implantations (Fig. 7). Blue toluidinewas used to stain the histological sec-
tions. After 2weeks, the defectsweremainlyfilled by newbone trabeculae
permeated with cells, exhibiting a thin and delicate aspect and intimate
contact with both scaffolds ( , Figs. 6 & 7). We noticed that the use of
PDLLA scaffolds led to reduced bone formation compared to PDLLA/
MWCNTO-GO. This result is clearly attributed to the new bone formation
connected by a bridge between the implantation region and the edge of
the defect ( , Fig. 6a). Meanwhile, the bone defect filled by the PDLLA/
MWCNTO-GO scaffold promoted lamellar bone formation ( , Fig. 7a). It
is very illustrative and corroborates with the in vitro results, since there
was a migration of a new bone tissue into the marrow of the bone tibia,
suggesting more effective osteogenesis when PDLLA/MWCNTO-GO scaf-
folds were used.
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The newly formed bone self-organized due to the presence of osteo-
cytes in lacunae, osteoblasts delineating the trabeculae, and the
formation of marrow space. These aspects were observed in both scaf-
folds ( , Figs. 6c & 7c). Both photomicrographs showed highly organized
bone, Haversian systems, viable cells and no bone necrosis signals ( , Figs.
6b & 7b). Moreover, in Fig. 6b ( ), we identified giant cells between the
bone ( )-biomaterial interface ( ). We also observed a discrete inflam-
matory presence infiltrating into the surgical defect ( , Fig. 6c
and , Fig. 7c). A connective tissue lightly above the defect with
both moderate fibroblast numbers and many collagen fibers were
also identified ( , Fig. 7a). Likewise, we could identify small parti-
cles from the degradation of the scaffolds, especially when the de-
fect was filled with PDLLA ( , Fig. 6b and , Fig. 7a). All histological
sections showed black dots due to the impregnation of dye parti-
cles ( , Figs. 6b & 7a). This may be attributed to a high affinity be-
tween the degraded polymer and MWCNTO-GO nanoparticles with
blue toluidine (Figs. 6a & 7a & 6b).

Fig. 8 shows the SEMmicrographs collected from the same histolog-
ical slices previously presented (Fig. 6, Fig. 7). Clear differences are no-
ticed between PDLLA (Fig. 8A) and PDLLA/MWCNTO-GO scaffolds (Fig.
8B). The bone formation is more obvious when PDLLA/MWCNTO-GO
scaffolds were implanted than other groups. The defect area filled
with PDLLA/MWCNTO-GO formed one bridge between the edges of
the defect ( , Fig. 8B),whereas the defect areafilledwith PDLLA contin-
ued without bone tissue ( , Fig. 8A).

4. Conclusions

Three-dimensional porous bio-scaffolds were prepared combining
PDLLA with exfoliated and oxidized multi-walled carbon nanotubes
and graphene oxide (MWCNTO-GO). The MWCNTO-GO powder was
highly dispersed in a chloroform/PDLLA solution, allowing for a high
concentration (50/50 w/w). Such high concentration led to a honey-
comb-like scaffold with pore sizes ranging from 7 to 15 μm (in diame-
ter). Mechanical analysis revealed that MWCNTO-GO loading was
responsible for decreasing the tensile strength and elongation-at-
break. Despite this, the high mechanical performance of the PDLLA/
MWCNTO-GO scaffolds was still high enough to assure their application
in bone tissue regeneration. From the in vitro results, we clearly showed
that PDLLA/MWCNTO-GOwas cytocompatible and allowed for better in
vitro osteogenic differentiation (ALP activity andmatrixmineralization)
than controls. We showed that the honeycomb-like PDLLA/MWCNTO-
GO scaffolds induced more lamellar bone formation than smooth
PDLLA scaffolds, suggesting multiple potential uses of this scaffold for
bone regeneration purposes.
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