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Urea assisted hydroxyapatite (HAp) mineralization was performed on scaffolds composed of
a major fraction of multiwall carbon nanotubes (MWCNT, 85 wt.%) and a minor one of chitosan
(CHI, 15 wt.%). The MWCNT/CHI scaffolds were synthesized through a cryogenic process (so

called ISISA, ice segregation induced self-assembly) that allowed the achievement of macroporous
monoliths whose structure resembled a chamber-like architecture in the form of interconnected
MWCNT/CHI sheets arranged in parallel layers crossed by pillars. The mineralized architectures
were composed of flower like hydroxyapatite (HAp) crystalline clusters of ca. 1 pm, homogeneously

distributed throughout the internal surface of the scaffold macrostructure. HAp mineralized
MWCNT/CHI scaffolds were characterized by X-ray diffraction (XRD), infrared spectroscopy
(FTIR) and scanning and transmission electron microscopy (SEM and TEM, respectively).
Calibrated energy dispersion X-ray spectroscopy (EDS) and selected-area electron diffraction
(SAED) were also performed in the transmission electron microscope to further HAp
characterization. Preliminary in vitro experiments demonstrated the suitability of HAp mineralized

MWCNT/CHI scaffolds for bone tissue growth.

Introduction

The huge demand for tissue engineering scaffolds has recently
promoted substantial efforts toward biomimetic mineralization
in hydrogel matrices, both natural and synthetic ones. The
nucleation process seems to be initiated at the organic-inorganic
interface, the organic component providing a nucleating matrix
for the inorganic mineral."** In natural processes, the mineral-
binding proteins are responsible for the modulation of the
mineralization process by either preventing nucleation through
the complexation of ions in solution or stabilizing precursor
particles and preventing particle agglomeration by surface
binding. In synthetic processes (hence, in the absence of
proteins), bone like properties have also been engendered
successfully. In both cases, the dissolution of calcium phosphate
precursor and subsequent re-crystallization is the general trend
followed by complete mineralization and, eventually, by bone
tissue formation.*?

There is quite a list of self-assembled organic superstructures
forming 3D architectures to template inorganic materials with
controlled morphologies. Most of these scaffolds have organic
nature (e.g., supramolecular gels,® natural polymers like gelatin,”
collagen® or chitosan (CHI),® polymer blends like poly
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(a-hydroxyester) and poly(lactide-co-glycolide),’® hydrophilic
block copolymers,'-'> polymer hydrogels like PHEMA and
derivates,’* polyaspartates,’ or linear aspartic acid rich
peptides,’> among others) but some others may also have inor-
ganic/ceramic nature (e.g., opals of CaO-Si0O,'¢). Less usual is the
use of carbon nanotubes (CNT) as substrates for mineralization
purposes, with just a couple of works growing hydroxyapatite
(HAp) on single-wall and multi-wall carbon nanotube (SWCNT
and MWCNT, respectively) films,'”-*® but none (to our knowl-
edge) on CNT scaffolds.

We have recently reported on the preparation of MWCNT/
CHI scaffolds through a cryogenic process (so called ISISA, ice
segregation induced self-assembly).’® ISISA is a simple and
versatile bottom-up process, based on the unidirectional
immersion of a colloidal aqueous suspension into a liquid
nitrogen bath. The process has demonstrated its suitability for
the preparation of inorganic, organic and hybrid macroporous
monoliths and fibers by freeze-drying different hydrogels and
aqueous colloidal suspensions.?® Moreover, the process is highly
biocompatible (i.e. it begins from an aqueous suspension and
runs in the absence of further chemical reactions, avoiding
potential complications associated with by-products or purifi-
cation procedures) so that we have been able to immobilize
proteins, liposomes (e.g., membrane structures that mimics that
of cells) and even bacteria within the resulting scaffolds.*®**!
Moreover, we have recently demonstrated the suitability of
MWCNT/CHI scaffolds for tissue engineering purposes, in
particular, for the ectopic formation of bone tissue in muscle
tissue after implantation of the scaffold with rhBMP-2 (a potent
osseoinductor protein that promotes the differentiation of non-
differentiated cells towards osteoblastic lineage) adsorbed on
its macrostructure.™ Besides collagen expressing cells, the
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incorporation of HAp precursors would also be of help for bone
tissue regeneration. Thus, the preparation of mineralized
MWCNT/CHI scaffolds also containing HAp precursors and/or
crystals is of interest to complement our previous work with
rhBMP-2.

In this work, mineralization of MWCNT/CHI scaffolds with
HAp crystals was performed through a wurea assisted
process.**?*?* Thermal treatment of urea aqueous solutions at
90 °C promotes urea decomposition into carbon dioxide and
ammonia as main by-products. Ammonia release causes
a gradual pH rise that, for aqueous solutions also containing
calcium and phosphate salts (in stoichiometric ratio), results in
HAp crystals precipitation. In the presence of MWCNT/CHI
scaffolds (i.e. for scaffolds soaked in the urea aqueous solution),
the resulting HAp crystals precipitated on the internal surface of
the scaffold macrostructure. The experimental conditions
required for homogeneous or heterogeneous distribution of HAp
crystals throughout the internal MWCNT/CHI macrostructure
were studied. The resulting HAp mineralized MWCNT/CHI
scaffolds were characterized by FTIR, XRD, SEM, EDX, TEM
and electron diffraction. Preliminary in vitro experiments
demonstrated the suitability of HAp mineralized MWCNT/CHI
scaffolds for viability and proliferation of preosteoblastic C2C12
cells which, in the presence of the recombinant human protein
BMP-2 (thBMP-2), could even differentiate towards collagen
expressing cells.

Experimental
Materials

Chitosan (CHI, Batch #04607JB, Av. Mol. Wt. 440 KDa), HAp
(reagent grade, powder), urea (reagent grade, 98%), glutaralde-
hyde (GA, 50 wt.% in water) and MWCNT (diameter 110-
170 nm, length 5-9 pum) were purchased from Sigma-Aldrich.
Water was distilled and deionized.

Preparation of MWCNT-CHI buffered suspensions

CHI solutions (1 wt.%) were prepared by dissolving CHI flakes
(0.5 g) in 50 mL of an aqueous solution of acetic acid (0.05 M, pH
5.5). MWCNTs were functionalized by refluxing 500 mg of
MWCNTs in 25 mL of nitric acid (14 M) at 130 °C for 6 hours.
The resulting functionalized MWCNTSs were repeatedly washed
with distilled water until complete nitric acid removal, and left to
dry. Functionalized MWCNTs (90 mg) were sonicated and
vigorously stirred in 1.5 mL of CHI solution (1 wt.%) to obtain
a homogeneous dispersion.

ISISA processing for MWCNT/CHI scaffolds preparation

The suspensions (1 mL) were collected in insulin syringes and
dipped (at 5.9 mm/min) into a cold bath maintained at
a constant temperature of —196 °C. The unidirectionally frozen
samples were freeze-dried using a ThermoSavant Micro-
modulyo freeze-drier. The resulting monoliths kept both the
shape and the size of the insulin syringes (in this particular case)
and of any container where the suspensions might be collected
prior to freezing.

Urea assisted mineralization of MWCNT/CHI scaffolds

Prior to mineralization, MWCNT/CHI scaffolds were exposed (at
room temperature and for 24 hours) to GA vapors for CHI cross-
linking and structure reinforcement. After GA vapor exposure,
the MWCNT/CHI scaffolds were aerated for a further 24 hours.
Two slightly different procedures were followed for mineraliza-
tion. Procedure (a) was based on the under-vacuum soaking of
a monolithic portion of MWCNT/CHI scaffold in 5 mL of an
acidic aqueous solution of HAp (15 mg/mL, pH 2.5) containing
urea (2 M). The solution was heat treated at 90 °C for different
times (4, 8 and 12 hours). Procedure (b) was also based on the
under-vacuum soaking of a monolithic portion of MWCNT/CHI
scaffold in SmL of an acidic aqueous solution of HAp (15 mg/mL,
pH 2.5) containing urea (2 M). However, the soaked MWCNT/
CHI scaffold was taken out of the HAp solution after 40 minutes,
and heat treated at 90 °C for 4 and 12 hours.

Sample characterization

The morphology of MWCNT/CHI scaffolds was investigated
using a Zeiss DSM-950 scanning electron microscope. The
morphology of HAp crystals was investigated by a 200-KeV
JEOL JEM-2000FX electron transmission microscope (TEM),
while the selected area electron diffraction (SAED) was used to
show the crystallinity of the sample, and calibrated energy
dispersion X-ray spectroscopy (EDS) was used to identify the
Ca/P ratio of a selected area of the sample. Fourier transform
infrared spectra (FTIR) were recorded in a NICOLET 20 SXC
FTIR. XRD patterns were obtained in a Bruker D8 Advance
diffractometer using CuKo radiation (step size, 0.05°; counting
time, 3.5 sec). The chemical analyses were performed by induc-
tively coupled plasma atomic emission spectrometry (ICP-AES),
using a Thermo Jarrell Ash model Iris Advantage
spectrophotometer.

In vitro cell culture assays

The in vitro assays with MWCNT/CHI scaffolds were conducted
on monoliths with cylindrical shape (dimensions: 7 mm diameter
and 2 mm thickness). Monoliths were exposed to overnight UV
light irradiation for sterilization. Every monolith was placed into
a 24-well cell culture plate well (16 mm diameter, from Corning
Incorporated Costar). C2C12 cells (muscle myoblast, mouse,
ATCC CRL 1772, Manassas, Virginia) were seeded onto scaf-
folds (2 x 10° cells per scaffold). The seeded scaffolds were
cultured in DMEM medium also containing 10% fetal bovine
serum and antibiotics (100 U/ml penicillin and 100 pg/ml strep-
tomycin sulfate) and studied after 4 days of culture by environ-
mental scanning electron microscopy (ESEM) using a Phillips
XL30ESEM  microscope.  3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide (MTT) in vitro toxicology and cell
proliferation assays were performed (on both the MWCNT/CHI
scaffolds and the culture medium at the plate well eventually
squeezed from the scaffolds) by adding reconstituted MTT (a 1/
10 dilution; 40 pI. MTT in 400 pL. medium) to the cell culture
medium. After incubation for 2.5 h, 440 pL of MTT solubiliza-
tion solution were added and the absorbance at 570 nm was
measured in a Microplate Reader (Biotek FL-600). The absor-
bance at 690 nm was also measured as background.
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Cell differentiation on MWCNT/CHI scaffolds

C2C12 cell differentiation was induced by using a recombinant
human bone morphogenetic protein-2 (rhBMP-2, from Noricum
Inc.). thBMP-2 was obtained through genetic engineering tech-
niques using BL21 (DE3), an E. coli bacterial expression system.
rhBMP-2 was purified and refolded to active form, prior to use.
rhBMP-2 (200 pg) was dissolved in a buffered solution and
dropped onto the scaffold surface (ca. 1.5 cm?). After solvent
evaporation, C2C12 cells were seeded onto the scaffold surface as
described above, and allowed to grow in culture medium. The
alkaline phosphatase (ALP) activity of cells was tested after
4 days of culture. For this purpose, the culture medium was
removed, the plate wells were washed with PBS (200 pL) and 100
pL/well of lysis buffer (50 mM Tris pH 6.8, 0.1% Triton X-100, 2
mM MgCl,) was added. The resulting samples (10 pL) were
assayed by using p-nitrophenylphosphate in 2-amino-2-methyl-
1-propanol buffer as a substrate (total volume of 100 pL) at 37
°C for 10 min. Afterwards, the reaction was stopped with 100 uL
of 0.5 M NaOH and the absorbance was measured at 450 nm on
a Microplate Reader (Biotek FL-600).

Results and discussion

As mentioned above, the preparation of MWCNT/CHI scaffolds
has been described in detail elsewhere.'® Briefly, MWCNTs (6 wt.
%) were dispersed in an aqueous solution of acetic acid (0.05 M,
pH 5.5) also containing CHI (1 wt.%) (see Scheme in Fig. 1).
CHI, a polysaccharide composed mainly of g-(1,4)-linked
2-deoxy-2-amino-D-glucopiroxane units, is the deacetylated
product of chitin (poly N-acetyl-D-glucosamine, a well known
natural biopolymer). Among other different polymers and
surfactants, CHI has been found to be an efficient agent for CNT
dispersion. This hybrid composition was very attractive for our
purpose, given that it provided anionic Ca®*-binding sites of
great utility for mineralization purposes. The MWCNT/CHI
suspension was frozen by unidirectional immersion into a liquid
nitrogen bath. Subsequent freeze-drying resulted in self-sup-
ported monoliths mostly composed of MWCNTs (~85%), the
cross-sectional view of which resembled a chamber-like archi-
tecture in the form of interconnected MWCNT/CHI sheets
arranged in parallel layers crossed by pillars (Fig. 1a).

Among different strategies reported for mineralization,***® we
applied the urea assisted method (i.e. thermal treatment at 90 °C
of an acid aqueous solution of HAp and urea which, at such
a temperature, fully decomposes to carbon dioxide and
ammonia) for scaffold mineralization.?** Fig. 2 shows how the
rise in pH (caused by ammonia coming from urea decomposi-
tion) resulted in a calcium and phosphorus concentration
decrease in the solution as consequence of HAp precipitation.
Complete precipitation occurred at ca. 4 hours for pH 6.5.
Longer thermal treatments resulted in partial dissolution of
precipitates and re-crystallization, as revealed the presence of
a minor fraction of phosphorus in solution for reaction times
above 4 hours. Nonetheless, the formation of carbonated HAp*’
was almost negligible even for reaction times of 12 hours (see
FTIR spectrum in Fig. 3). TEM micrographs of HAp crystals
obtained after mineralization for 4 and 12 hours revealed iden-
tical morphologies (e.g., flower like crystals), the latter being

25,26
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Unidirectional
freezing at 77K

MWCNT/CHI 3D
architecture

GA
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MWCNT/CHI 3D
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— >

—
Freeze-drying

Urea assisted

d
for 4 hours

Fig. 1 Top row: Schematic representation of the cryogenic process
followed for the preparation of MWCNT scaffolds and of the subsequent
processes followed for GA architecture reinforcement and HAp miner-
alization (HAp crystals are represented as grease open circles). Middle
row: SEM micrographs of MWCNT/CHI scaffolds (a) and HAp
mineralized MWCNT/CHI scaffolds (b). Bars are 20 pum. Bottom row:
SEM (c) and TEM (d) micrographs show a detail of HAp crystals on the
MWCNT forming the scaffold. Bars are 10 and 1 pm, respectively.
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Fig. 2 Time evolution of calcium (solid circles) and phosphorus (open
circles) relative concentration (left y axis), and pH (half-filled circles, right
y axis) of the solution due to urea decomposition at 90 °C. Dashed arrows
help for visualization of the Ca and P concentration and pH at 4 hours.

larger than the former (3.75 versus 2.5 um, respectively; see
Fig. 4) most likely due to the above mentioned dissolution/re-
crystallization processes.

In our case, the method followed for the mineralization of
MWCNT/CHI scaffolds was analogous to that described above;
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Fig.3 FTIR spectrum of the precipitate resulting after 12 hours of urea
decomposition. Phosphate groups in HAp show P-O stretching bands at
ca. 1040 and 1090 cm™' (v3) and bands at ca. 962-985 (v;) of lesser
intensity. The vy O-P-O bending mode appears in the range 570-630
cm™'. The low intensity of the bands observed at 1420, 1460 and 880 cm™!
indicates traces of carbonates at the HAp crystals.

Fig.4 TEM micrographs of HAp crystals resulting after mineralization
for 4 (left) and 12 hours (right). Bars are 500 nm.

it was based on the immersion of the scaffolds in an acidic
aqueous solution of HAp (15 mg/mL) containing urea (2 M) at
room temperature, which, thereafter, was heat treated at 90 °C
for 4 hours. Unfortunately, the MWCNT/CHI macrostructure
collapsed under these conditions due to dissolution of CHI that
interconnects the MWCNTSs (not shown). Note that CHI exists
as a cationic polyelectrolyte in acidic aqueous solutions and it is
highly soluble. Actually, CHI only precipitates for pHs greater
than 6. Thus, robustness improvement of the MWCNT/CHI
macrostructure was required prior to mineralization. Rein-
forcement of the MWCNT/CHI architecture was achieved by
cross-linking of the CHI linear chains with GA. The cross-link-
ing chemistry of CHI with GA is well known and involves Schiff
base formation.?® Note that chemical modification of this poly-
saccharide polymer can be easily performed by covalent attach-
ment of molecules to its amino and/or hydroxyl groups. The
extent of the cross-linking can be easily controlled since it is
proportional to the reaction time and the concentration of the
cross-linker.?® Thus, the MWCNT/CHI scaffold resulting after

GA treatment was quite stable under the experimental conditions
used for urea assisted mineralization (Fig. 1b). Note that the
MWCNT scaffold structure exhibited some minor shrinkage (ca.
10%) after GA treatment (i.e. some reduction of the micro-
channels size can be observed in Fig. 1b as compared to Fig. 1a),
most likely as a consequence of CHI cross-linking.

SEM micrographs of HAp mineralized MWCNT/CHI scaf-
folds (Fig. 1b and c) suggested the formation of discrete calcium
phosphate clusters homogeneously adhered to the internal
structure of the MWCNT/CHI 3D architecture. HAp crystal
adhesion was ascribed to favorable electrostatic interactions
between Ca** ions and CHI. The formation of spherical aggre-
gates of ca. 1.0-1.2 pm built of plate like HAp crystals (shown in
detail in Fig. 1c and d) is typical for crystalline apatite growth on
bioactive glasses and polymer substrates (both natural and
synthetic) using simulated body fluid mineralizations.? Inter-
estingly, the HAp crystal size was significantly lower than for
those obtained in solution, a typical feature of crystals mineral-
ized on 2D and 3D supports.’® The crystalline nature of the
calcium phosphate clusters was corroborated by XRD; i.e.
characteristic diffraction peaks matching those of crystalline
apatites were assigned in Fig. 5). XRD also exhibited the main
characteristic peaks for CNT at 26.5° and 54.3° (Fig. 5). Cali-
brated energy dispersion X-ray spectroscopy (EDS) analysis
performed on the internal structure of HAp mineralized
MWCNT/CHI scaffolds revealed a Ca/P ratio of 1.6 (in good
agreement with that of HAp) throughout the monolith section
(Fig. 6). This result confirmed the homogeneous distribution and
the high affinity integration of the mineral into the 3D macro-
structure. ICP-AES furthermore corroborated the above
mentioned composition. The fractured samples did not lead to
delamination of any mineral domains, suggesting good mineral—
scaffold interfacial adhesion strength. Such a good interfacial
adhesion (besides GA cross-linking) resulted in a significant
improvement of robustness of the HAp mineralized MWCNT/
CHI scaffolds (in terms of mechanical properties) as compared to
the non-mineralized ones. Further details on this issue will be
provided in a forthcoming paper.

Prolonged urea assisted mineralization processes (8 and 12
hours) resulted in a radial heterogeneous distribution of HAp
crystals (see SEM of cross-sectioned MWCNT/CHI scaffolds in

1600F -y
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1200 | |
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p =
> 800f §
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£ 400} =
| ¥
0_
20 30 40 50 60

20 (degrees)

Fig. 5 XRD of HAp mineralized MWCNT/CHI scaffolds. Character-
istic HAp and MWCNT diffraction peaks are marked with solid and
dashed lines respectively.
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homogeneous
no different zones

Fig. 6 Low magnification SEM micrographs of HAp mineralized MWCNT/CHI scaffolds with cylindrical (a, b) and cubic (c) shapes. White dashed
lines indicate the perimeters of cylindrical and cubic monoliths. Urea assisted HAp mineralization was performed for 4 (a) and 12 (b, ¢) hours. Arrows
indicate the bright monolith zone at which HAp concentrates. Bars are 500 um for (a) and 1 mm for (b, c).

Fig. 6). Interestingly, the radial heterogeneity occurred no matter
what the monolith shape (Fig. 6). This was corroborated by the
appearance of a bright zone that, eventually, mimics the
periphery of both cylindrical and cubic monoliths. A close
inspection of cylindrical samples allowed the visualization of up
to three zones with different HAp contents depending on the
radial distance to the most inner zone of the monolith (Fig. 7a—c).
The inner monolith (zone 1) exhibited an intermediate HAp

content (Fig. 7a) that, eventually, increased at the bright zone
(zone 2). Actually, zone 2 was the one with the greatest HAp
content (Fig. 7d—e), with clusters of ca. 5 um. Finally, HAp was
depleted at the circle crown zone (zone 3) between the bright one
and the outer side of the monolith (Fig. 7b). The occurrence of
this radial HAp distribution should be ascribed to the calcium/
phosphorus mass demanded by the large crystalline clusters (ca.
25 um, Fig. 7c) growing at the external side of the monolith; i.e.

Fig.7 Left column: SEM micrographs of cross-sectioned MWCNT/CHI scaffolds after HAp mineralization for 12 hours at different radial distances:
(a) the inner zone ring, (b) the outer zone ring and (c) the outer monolith side. Bars are 20 um for (a) and (b) and 50 um for (c). Middle column: Schematic
representation of the cross-sectioned HAp gradient concentration formed upon prolonged mineralization of the MWCNT/CHI scaffold. Right column:
SEM micrographs of cross-sectioned MWCNT/CHI scaffolds after HAp mineralization for 8 (d) and 12 (e) hours, at the radial distance of maximum
HAp concentration. Bars are 20 pum. SEM micrograph (f) shows a detail of the HAp crystalline cluster growth at the ring zone. Bar is 5 um.
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in a typical Ostwald ripening process, large crystals grow at the
expense of the smaller crystals by dissolution and re-crystalliza-
tion. However, Ca and P consumption by these large crystals was
eventually faster than Ca and P diffusion through the scaffold
macrostructure which, ultimately, caused Ca and P depletion at
the periphery of the monolithic macrostructure (zone 3).
Disruption of the homogeneous HAp gradient across the
monolith determined the formation of a crown of HAp crystal-
line clusters of ca. 5 pm at zone 2 (Fig. 7f). These crystalline
clusters were smaller than those formed outside the scaffold (due
to the above mentioned template effect of the MWCNT
macrostructure on the crystals growth), but larger than those of
ca. 1.2 pm (Fig. 1c,d) originally mineralized after 4 hours (due to
the above mentioned Ostwald ripening process).

The occurrence of crystal dissolution and re-crystallization
within the HAp mineralized MWCNT/CHI scaffold could be of
interest for bone tissue engineering purposes (as mentioned in the
introduction, it determines the scaffold suitability for in vivo
applications). However, the design of a procedure for homoge-
neous scaffold mineralization was also highly desired. For this
purpose, we performed a second attempt of mineralization
following a slightly different procedure (e.g., route (b) described
in the experimental part), i.e. the thermal treatment of the soaked
scaffold out of rather than in the soaking solution. Thus,
homogeneously distributed HAp crystals precipitated
throughout the whole 3D scaffold structure (no matter whether
mineralization is prolonged for 4 or 12 hours), due to the avoided
precipitation of HAp crystals outside the scaffold structure. The
HAp crystals were also flower like and ca. 1 pm in diameter
(Fig. 8), in the same range as those obtained by procedure (a) for
short reaction times (e.g., 4 hours). Actually, XRD and FTIR
spectrum of this sample are analogues to those shown in Figs. 3
and 5. The flower like crystals shown in Fig. 8 were analyzed by
SAED (Fig. 9). The obtained spotty ring SAED pattern was
characteristic of polycrystalline HAp crystals, in particular, of
agglomerated thin platelets elongated in the ¢ direction.’® As
a rule, the characteristic HAp spacing of 0.816 nm between (110)
planes is not seen in polycrystalline electron diffraction patterns
due to the high background intensity close to the central spot.
Thus, the closest spot (to the central one) on this SAED pattern
belonged to the (101) planes with do; = 0.530 nm. Some other
strong reflections belonging to (002), (210), (211), (202), (310),
(222) and (213) planes could also be observed with dyp, =
0.347 nm, d210 =0.319 nm, d211 =0.284 nm, dzoz =0.262 nm, d3]0

Fig. 8 SEM micrographs of cross-sectioned MWCNT/CHI scaffolds
after Hap mineralization for 4 hours following procedure (b). Bars are
(left) 10 pm and (right) 5 pm.

4 0.262
“~

i v
0.284
nm— 0.530 nm

4 0347nm ¢

Fig. 9 SAED pattern of agglomerated flower like polycrystalline HAp
formed by elongated platelet crystals and entrapped within the three-
dimensional architecture of MWCNT/CHI scaffolds.

= 0.228 nm, d>5; = 0.194 nm and ;3 = 0.185 nm (Fig. 9). ICP-
AES and EDS analysis also revealed a Ca/P ratio of 1.6, char-
acteristic of HAp.

Given the above mentioned controversy about CNT cytotox-
icity, we decided to study the proliferation and viability of pre-
osteoblastic C2C12 cells on HAp mineralized MWCNT/CHI
scaffolds. Environmental scanning electron microscopy (ESEM)
measurements permitted the visualization of cells with ca. 10—
20 um diameter (inset of Fig. 10) uniformly spread onto the
surface of scaffolds cultured for 4 days (Fig. 10). This result was
a clear indication of the efficient cell growth and proliferation on
the scaffold surface. In spite of the fact that most of the surface of
the HAp mineralized MWCNT/CHI scaffold was hidden
beneath such a confluent layer of cells, preservation (at least,
partial) of the scaffold patterned structure could still be distin-
guished, independent of the scaffold hydration in the cell culture
medium. The scaffold biocompatibility was further corroborated
by measurements of the metabolic conversion of 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT). This
assay is based on the ability of cell mitochondria to reduce MTT
into a formazan precipitate that can be dissolved in n-propanol.
The spectrophotometric quantification of the n-propanol

<

& e TP 1 X
AccV SpotMagn Del WD Fxp F————1 20um
(50X 40 1000« GSL96 0 62Tar

Fig. 10 ESEM micrographs of HAp mineralized MWCNT/CHI scaf-
folds seeded with C2C12 cells and cultured for 4 days (bar is 20 pm.).
Inset shows a detail of cultured cells adhered on HAp mineralized
MWCNT/CHI scaffolds (bar is 5 pm).
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Fig. 11 Top: MTT cytotoxicity assays for C2C12 cell seeded on the
surface of MWCNT/CHI scaffolds (pristine, GA treated and HAp
mineralized after GA treatment) and growth for four days. Bottom: ALP
activity of C2C12 cell growth for four days on the surface of MWCNT/
CHI scaffolds (pristine and HAp mineralized after GA treatment)
impregnated or not (negative controls) with rhBMP-2.

solution of formazan allowed us to monitor the vitality and
biochemical activity of cells seeded onto the patterned surface of
HAp mineralized MWCNT/CHI scaffolds. Interestingly, the
biocompatibility found for the mineralized scaffolds was in the
same range as that observed in our previous work for plain
MWCNT/CHI scaffolds (Fig. 11)."¢ Note that some partial lack
of biocompatibility due to the use of GA as cross-linking agent
was recovered after HAp mineralization. GA could indeed be
replaced by some other more biocompatible cross-linking agents
(e.g., genipin),®! but, in our case, its use was quite helpful to
emphasize the scaffold biocompatibility enhancement resulting
after HAp mineralization.

Moreover, the ability of adsorbed C2C12 cells to differentiate
towards collagen expressing cells in the presence of the
recombinant human protein BMP-2 (thBMP-2)** would make
HAp mineralized MWCNT/CHI scaffolds quite promising for
bone tissue growth. It is important to highlight that one must
attempt to mimic tissue properties (in terms of both structure and
composition) to really recover proper function and organization
of native tissues. For this purpose and taking advantage of the
affinity exhibited by different proteins to be adsorbed on CNT
(and in particular, for MWCNT),**-35 we adsorbed rhBMP-2 (a
protein that is a potent osseoinductor) on both MWCNT/CHI
and HAp mineralized MWCNT/CHI scaffolds (see experimental
for details). The preservation of thBMP-2 activity after adsorp-
tion and, hence, its capability to differentiate C2CI12 cells

towards the osteoblastic lineage was evaluated following the
emergence of ALP activity (an early osteogenic marker related to
matrix mineralization processes and absent in C2C12 cell line).3*
The ALP activity reached by cells adhered on mineralized scaf-
folds was in the range that we have recently reported for non-
mineralized scaffolds (Fig. 11)."*¢ This feature confirmed the
occurrence of differentiation of C2C12 cells adhered on HAp
mineralized MWCNT/CHI scaffolds. Negligible ALP activity
(Fig. 11) was obtained for both mineralized and non-mineralized
scaffolds without thBMP-2 (i.e., negative controls).

Conclusions

In summary, we have applied the ISISA process for the prepa-
ration of MWCNT/CHI scaffolds, the chemical composition and
macrostructure of which make them quite suitable for minerali-
zation purposes. Short mineralization times (e.g., 4 hours) are
recommended for the achievement of HAp crystalline clusters
homogeneously distributed throughout the scaffold macro-
structure. Mineralization for extended periods of time may result
(depending on the mineralization procedure) in crystal dissolu-
tion, mass diffusion throughout the monolith structure and
re-crystallization and, as a consequence, in the formation of
crystalline clusters of larger size than the original ones (5 pm
versus 1 um, respectively). Moreover, we have demonstrated the
in vitro suitability of HAp mineralized MWCNT/CHI scaffolds
for proliferation and viability of C2C12 cells which have also
been able to differentiate towards osteoblastic lineage in the
presence of rhBMP-2. Besides the above mentioned occurrence
of HAp crystal dissolution and re-crystallization across the
scaffold structure, the capability to mimic both bone structure
(trabecular type) and composition (HAp and collagen) should
make HAp mineralized MWCNT/CHI scaffolds quite promising
for bone tissue engineering purposes.
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