We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



19

Marine-Based Carbon and Silicon Carbide
Scaffolds with Patterned Surface for Tissue
Engineering Applications

Miriam Lépez-Alvarez, Julia Serra,
Alejandro de Carlos and Pio Gonzalez
University of Vigo

Spain

1. Introduction

This chapter deals with the development of bioinspired biomaterials based on carbon and
silicon carbide (SiC) both derived from marine resources, specifically, from the sea rush
Juncus maritimus Linnaeus. These three dimensional scaffolds with interconnected
hierarchical porosity and a patterned surface, both preserved from the natural plant of
origin, constitute a promising approach for tissue engineering.

In the last decade, a broad range of solutions have been developed for each particular
function in tissue regeneration, as devices with high mechanical stability for large bone
defects in load-bearing long bones or injectable materials for craniofacial surgery. The
fabrication of patterned surfaces on biomaterials, especially focused on parallel channels,
is another of the proposed solutions that is having a increasing interest in the last years.
The need to promote an oriented growth of bone tissue, which presents in long bones, an
aligned orientation of calcium phosphate crystals is one of the potential applications
thought for these patterned surfaces. Thus, this oriented growth of osteoblasts will
provide a bridge for bone regeneration in disrupted areas in order to correct defects in
this type of bones and will improve the distribution of forces in load-bearing implants by
guiding the growth of bone tissue in certain areas or in certain directions (Wiemann et al.,
2007; Wise et al., 2008).

Different materials such as hydroxyapatite, silicon, polystyrene, polycaprolactone, etc. have
been patterned for the same purpose using laser techniques, electrospinning or others,
resulting in expensive processing protocols (Wise et al., 2008). Cells and extracellular matrix
(ECM) fibrils in most natural tissues are not random, but exhibit well-defined patterns and
specific spatial orientation. The variability in dimensions and distribution of channels on the
patterned surfaces to mimic the natural biostructures that have, furthermore, a network of
micro and nanoscale pores and channels, is required to optimize the flow of the cell growth
medium, products of metabolism and waste. This is extremely difficult and very expensive
to replicate artificially (Green et al., 2003; Huebsch & Mooney, 2009; Lakes, 1993) and has led
to the inspiration in nature, where structures with a complex and hierarchical organization
abound. Thus, the biodiversity that characterizes the marine environment represents an
enormous potential for the acquisition of novel microstructures.
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The use of biostructures derived from the marine environment for their application as
biomaterials is very recent. For instance, several authors have proposed in the last years, the
use of different marine species like coral skeletons, sea urchins and sponges as three-
dimensional biomatrices (Abramovitch et al., 2006; Green et al., 2008, Cunningham et al.,
2009). The results have confirmed that the three dimensional topography and the surface
parameters of these materials influence positively in the cell differentiation. Topography
and composition of the material have been proven to affect cellular functions, such as
adhesion, growth, motility, secretion and apoptosis.

Apart from the patterning, scaffolds should have an internal structure designed with a
predetermined density, pore shape, and size, with appropriate interconnection pathways.
High porosity levels are necessary to support migration and proliferation of osteoblasts and
mesenchymal cells, bone tissue ingrowth, vascular invasion, nutrient delivery, and matrix
deposition in empty spaces. In fact, the main critical factor affecting bone formation is the
presence of a combined macro- and microporosity, since macropores (size >100 pm) have a
critical impact on osteogenic outcomes, promotion of vascularization, and mass
transportation of nutrients and waste products (Wang et al., 2000), while micropores (size
around 10 pm) favor capillary formation. Currently, it is commonly accepted that 3D
scaffolds should also contain nanoporosity to allow diffusion of molecules for nutrition and
signaling (Ratner, 2004). Pore interconnection also plays a key role in the overall biological
system, since it provides the channel for cell distribution and migration, allowing efficient in
vivo blood vessel formation. Furthermore, pore wall roughness contributes to increase the
surface area, protein adsorption, and ion exchange (Yang et al., 2008; Bettinger et al., 2008).
Following these considerations, open structure-based scaffolds with appropriate pore size,
interconnectivity, and total porosity should be modeled and developed in order to provide
in vivo blood vessel invasion and neobone tissue ingrowth within the scaffolds. The
proposed sea rush Juncus maritimus Linnaeus has a vascular system uniformly distributed
throughout its section that provides a hierarchical interconnected porosity, with channels
distributed along the entire plant. As an added value, this plant presents a surface
patterning in the upper epidermal layers with channels aligned in the direction of the
plant’s growth (Dawes, 1998).

The particular motivation for this work was to engineer two different porous scaffolds of
carbon and silicon carbide with a patterned surface. Both materials have been already
proven as biocompatible. The use of carbon in the biomedical industry dates back to the late
sixties when the unique blood compatibility of pyrolytic carbon as well as its physical and
mechanical properties allowed, since 1968, its use in heart valve components (DeBakey-
Surgitool). This material has also been applied as a coating on vascular grafts and recently,
carbon has experienced an increasing interest in the form of nanotubes and nanofibers
(Goémez et al., 2007; Harrison & Atala, 2007). The application of silicon carbide obtained
from wood precursors in the biomaterials field derived from its potential to exceed the
demand in orthopedic materials due to its inherent characteristic of being chemically inert
and therefore resistant to aggressive chemical and mechanical environments, also with the
interconnected and hierarchical porosity preserved from the plant vascular system (Borrajo,
2006). Several in vitro studies have demonstrated its biocompatibility with excellent results
in proliferation and osteoblastic activity with different cell lines, as well as in vivo tests with
implants in femur of rabbit where it has been shown penetration of bone tissue into the
porous structure of the bio-inspired silicon carbide (de Carlos et al., 2006; Lépez-Alvarez et
al., 2010; Gonzalez et al., 2009).
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2. Scaffolds fabrication

Several techniques can be followed for the fabrication of ceramics. More specifically, for the
silicon carbide obtaining, the sintering with or without applying pressure over silicon
carbide powder and carbon, the chemical vapour deposition (CVD) by a gas containing
carbon and silicon, or the compacted by reaction over carbon and silicon carbide particles,
are the most commonly used. Other technique, the fabrication by pyrolysis and reactive
infiltration with molten silicon from plant precursors, is the selected in this work. This one
implies lower processing temperatures than in the sintering protocols, the substitution of
silicon carbide powder by silicon powder and the plant precursor, both cheaper and higher
velocity of fabrication than in the protocols with gas reactions as in chemical vapour
deposition (Borrajo, 2006).

Thus, the bio-inspired carbon scaffolds obtained from the sea rush Juncus maritimus
Linnaeus were fabricated by submitting the plant to air drying for several days and then
introduced in a pyrolysis furnace inside an alumina melting pot. The pyrolysis process
consisted in the thermal decomposition of the plant precursor (Maity et al., 2010; Singh et al.,
2003; Varela-Feria et al., 2002) by a gradual increase in temperature of 2°C/min up to 500°C.
The furnace was then maintained at that temperature for 10 minutes, followed by a gradual
decrease of 20°C/min down to room temperature. This process was followed for the
conversion of the structural carbon in the form of cellulose in the plant into solid carbon.
Once obtained the carbon scaffolds, due to its marine origin, the removal of salts (sodium
chloride and potassium chloride) was seen as necessary. Samples were subjected to
ultrasonic baths of 60 minutes with warm milli-Q water.

According to the literature (Tang & Bacon, 1964) and under the hypothesis of low heating
slopes (2°C/min in our case) this process is explained by four phases. The first one is the
evaporation of absorbed water at 150°C. This water loss leads to the second phase, the
breaking of the structure of cellulose between 150 and 240°C. The third one is the
decomposition of organic polymers, mainly hemicellulose, due to the breaking of C-C and
C-O bonds between 240 and 400°C, resulting in the release of carbon monoxide, carbon
dioxide and water. Finally, the decomposition of cellulose and lignin at a high rate from
290°C until 400°C and more slowly up to the final 500°C, takes place. Therefore, it is at a
temperature higher than 400°C that the induced thermal decomposition is accompanied by
the restructuring of the carbon atoms, releasing residual hydrogen and eliminating defects,
causing an increase in the degree of crystallinity (Tang & Bacon, 1964; Borrajo, 2006; Byrne &
Nagle, 1997). However, Pappacena et al. (Pappacena et al., 2009) demonstrated recently that
after subjecting wood to a one hour pyrolysis process with temperatures between 400 and
2500°C, the obtained carbon is always turbostratic and not graphite even if higher
temperatures tend to slightly increase the degree of crystallinity.

To obtain the bio-inspired silicon carbide scaffolds, the carbon scaffolds were covered by the
optimized amount of pure silicon powder and infiltrated, under vacuum conditions, at
1550°C during 30 minutes. Silicon melting point was exceeded (1410°C) and let it flow
through the interconnected porosity reacting with carbon. That temperature was achieved
by following a gradual heating ramp of 10°C/min up to 1200°C and of 5°C/min from 1200 to
1550°C. After the 30 minutes of permanence the furnace temperature was decreased by a
well-controlled ramp of 10°C/min to room temperature and the silicon carbide (SiC)
ceramics were obtained. It has been proven in the literature that the final structure of SiC
depends on the temperature achieved, obtaining the form [-SiC at temperatures around
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1550°C, while hexagonal polytypes (a-SiC) are obtained at 2200-2500°C (Dressler & Riedel,
1997).
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Fig. 1. Diagram of the fabrication process

Carbon graphite structure and -SiC cubic poly-type are represented in Figure 2 (a) and (b)
respectively.
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Fig. 2. Chemical structure of graphite (a) and p-SiC (b).

3. Physicochemical properties

Different techniques based on the interaction between a visible light beam (optical
microscopy and Interferometric profilometry), high energy beam of electrons (SEM), X-ray
beam (EDS/XRF/XRD) or a infrared radiation source (FTIR) and the atoms that constitute
the material permit the evaluation of its morphology and chemical composition. At the same
time the mercury’s strong surface tension prevents its penetration into a porous material by
capillarity so that it is used to measure the pore distribution in the sample by applying
pressure (mercury porosimetry) (Ishizaki et al., 1998).

The morphology of the marine plant Juncus maritimus presents in cross section the vascular
bundles with pores of 20-25 pm that correspond to the xylem and of < 5 um which are the
phloem, and both of them distributed through the whole section of the plant communicating
the central section with the most external layer of the epidermis of the plant (Figure 3 (a)).
Therefore, abundant porosity with variable pore sized and homogeneously distributed and
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interconnected with the epidermis and between them guaranteed by the vascular system
constituents is presented in this marine plant. At the same time, the surface of this sea rush
presents a macro-patterning with channels of around 100 pm in width oriented in the
plant’s growth direction and, within each macrochannel, a micro-patterning with channels
of around 7 pm oriented in the same direction (Figures 3 (b) to (d)). Arranged in rows on
both sides of the macrochannels are the stomata, which correspond to oval-shaped pores
used by the plant to regulate the gas exchange and water loss (Dawes, 1998), with a size of
around 30 pm in diameter (Figure 3 (c)).
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Fig. 3. SEM images of the sea rush Juncus maritimus in cross section (a) and surface
patterning (b-d).

The carbon scaffold obtained from this sea rush preserved the double patterning with the
macro and microchannels and the stomata observed previously in the natural plant as
shown in Figure 4 (a). On the other hand, the silicon carbide scaffold showed the
preservation of the natural microstructure after the ceramics processing, especially the
macropatterning together with an increase at the surface roughness along the channels,
mitigating the micro-channels topography, as consequence of the silicon carbide crystals
formed on them (Figure 4 (b)). In both micrographs a detail at higher magnification (x4000)
of each surface is shown, it is particularly interesting the p-SiC cubic poly-type crystal image
in the Figure 4 (b). Three-dimensional images of the patterned surfaces of both materials
obtained by interferometric profilometry showed by representing the variations in profile
with blue for lower regions and red for the higher ones, the macro-pattern with parallel
channels distributed along the surface in both materials (Figures 4 (c) and (d)). Profile
variations along the channels in the silicon carbide surface as consequence of the SiC crystals
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can be observed in Figure 4 (d). When compared both surfaces in terms of the arithmetic
average of the roughness profile (Ra), the values were 1.6 um for the carbon and 3.5 um for
the silicon carbide pieces.

Fig. 4. SEM (a, b) and interferometric profilometry images (c, d) of a carbon scaffold (a, c)
and a silicon carbide scaffold (b, d) both obtained from the sea rush Juncus maritimus.

The XRF analysis reveals that the composition of the C scaffold is of carbon in a percentage
of 95.98% of the total mass (Table 1). Values of around 1% oxygen and sodium were
detected, with close percentages of chlorine and potassium. Phosphorus and magnesium
were also detected in concentrations of 0.241 and 0.150%, respectively. Calcium, sulfur,
silicon and aluminum were detected in trace amounts (<0.01%). The SiC scaffold has a
percentage in silicon of 69.64% and in carbon of 29.78%. In the remaining 0.58%, the most
abundant element is oxygen and aluminum (1-0.1%) followed by, iron, calcium, chlorine,
potassium, titanium, sulfur (0.1-0.01%) and, in trace concentrations (<0.01%), magnesium,
nickel and zinc.

The presence of carbon in both materials comes from the natural plant, where the majority
of the elemental composition is attributed to C, H and O, elements that can correspond to
both structural compounds such as cellulose and lignin and other non structural organic
matter (C-C, C-H, O, N, S, P, halogens...) in a total percentage of 93.958%. Chlorine,
potassium and sodium are easily attributed to the most abundant sea salts, sodium chloride
and potassium chloride, present in the natural plant in a percentage >1% for chlorine and
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potassium and in the range 1-0.1% for sodium. Phosphates and silicates are nutrients found
in the marine environment. Regarding the presence of zinc, this element is a micronutrient
in the plant included in the structure of several enzymes what leads to attribute its presence
to its own metabolism but, at the same time, the ability of this marsh plant to accumulate
trace metals found in the sediment (bioaccumulation), such as cadmium, copper and zinc
(Almeida et al., 2006), has been proven. The presence of aluminum is away from expected
composition in this specie and can only be explained by its incorporation from the collection
area. It should be noted the total absence of nitrogen that could be explained by one of the
ecological requirements of this plant, a nitrogen-poor soil.

The comparison with the natural sample shows that the composition of the C scaffold has
been greatly enriched in carbon with the removal of organic matter, while the presence of
chlorine and potassium has been significantly decreased after subjecting the samples to
several ultrasonic washes. Calcium, sulfur, silicon and aluminum were also considerably
reduced and the presence of iron, zinc and nickel was no longer detected. In the case of
SiC it was reduced the percentage of all elements, except silicon and it was detected the
titanium for the first time. The presence of oxygen confirmed the formation of oxides with
silicon or other elements. The composition of the SiC scaffold with oxides of different
elements in smaller concentrations supposes a closer approximation to the living tissue
composition, where the traces constituents are proven to benefit the cellular activity
(Cousins, 1995).

%) C H O Cl K Na Si Al ] Ca Fe P Mg Ti Ni Zn
Natural 3798 3188 5279 1710 1790 0400 0606 0220 0190 0490 0130 0100 0084 0.088 0220
Cscal. 9598 1.091 0333 0603 1010 0065 0008 0073 0.042 D241 0.150

SiCscaf. 29.78 0.216 0.038 0.015 69.64 0130 0014 0052 0.091 0007 0016 0003 0003

Table 1. Elemental composition of the natural plant, carbon and silicon carbide scaffolds
measured by XRF.

Both materials were analyzed by FT-IR (Figure 5). The main IR absorption bands can be
attributed to the following functional groups (Smith, 1999; Dragnea et al., 2001; Qian & Jin,
2006): C-H groups exhibit sharp peaks located between 2800 and 2960 cm! associated to C-
H> symmetric stretching (2860-2875 cm1), C-H, asymmetric stretching (2910-2930 cm) and
C-H3z symmetric stretching (2950-2960 cm-1). Moreover, well resolved peaks attributed to C-
H3 symmetric and asymmetric bending modes emerge at around 1380 and 1436 cm,
respectively. Carbonate groups can be identified by two absorption bands; the peak around
877 cm! associated to C-O bending vibration out-of-plane and 750 cm-! related to C-O
bending vibration in-plane. Other band at 1568 cm- can be associated to C=0O stretching
mode corresponding to carboxyle groups. The broad absorption band of absorbed water can
be observed in the range 3200-3700 cm! (water stretching vibration). The hydroxyl group (-
OH) has a stretching vibrational mode that appears at around 3571 cm! with a shoulder at
3550 cml. In the case of the IR analysis of SiC scaffolds (Figure 5(b)) and besides of the
previous described bands, new absorption peaks can be identified; SiC groups around 782
and 798 cm associated to Si-C stretching vibration mode and Si-O groups which exhibit
bands located around 1100 cm?, 800 cm? and 450 cm-! identified as symmetric stretching,
bending and rocking vibration modes respectively.
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Fig. 5. FTIR analysis of the carbon (a) and silicon carbide scaffolds (b).

Two different three-dimensional scaffolds are presented in this chapter with different
compositions but both made from the same natural plant precursor by following a relatively
simple manufacturing process. A scaffold per se implies a porous matrix designed to guide
the cells growth and to permit their ingrowth inside the matrix to favor the integration of
the new tissue formed and also its vascularization. In both scaffolds the porosity of the
original sea rush Juncus maritimus was preserved. However and due to the different
chemical structure of materials, scaffolds obtained differ in size and total percentage of
pores. The distribution of pores in the carbon scaffold (Figure 6) was measured, presenting a
percentage of total porosity estimated in a 63% with nanopores (0.03-0.2 pm in diameter),
mesopores (1-10 pm) and macropores (80-150 pm). Silicon carbide scaffolds presented a
double size-scaled porosity with mesopores between 1 and 50 pm of diameter and
macropores between 80 and 150 um and a percentage of total porosity of 48%. After the
infiltration with molten silicon in the ceramics processing, obviously, the nanoscaled pores
were clogged.

When gone in depth into the porous structures found in the human tissues, a great variety
was found even in the same type of tissue as, for instance, bone where the total percentage
of pores per volume varies from 50 to 90% in femoral trabecular bone and between 3 to 12%
in the cortical bone of the tibia. The same variety was observed in terms of pores sizes where
two requirements have been stated as the necessity of pores larger than 100 um to favor the
formation of bone tissue with high vascularity and oxygenation, and also pores with
diameters in the mesoscale (1-50 pm) or even nanoscale (<1pum) due to the recent results that
indicate the higher adsorption of proteins for the anchorage of the cells when these small
pores are present (Karageorgiou & Kaplan, 2005). Both scaffolds satisfy this hierarchical
requirement, being a priori more beneficial for tissue engineering the carbon scaffold respect
to the silicon carbide because of the nanopores presence.
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Fig. 6. Pore size distribution obtained by mercury porosimetry of a carbon scaffold (black
point) and a silicon carbide scaffold (white square).

4. Evaluation of the cell morphology

The first step in the evaluation of a material as biocompatible is the cell morphology study.
For testing the cell proliferation and alignment on the bio-inspired carbon and silicon
carbide scaffolds proposed, pre-osteoblasts from the cell line MC3T3-E1 (ECACC, UK) were
selected. This cell line was established from explants of mouse calvaria and it is considered
as a standard model for in vitro testing of osteogenesis. In defined conditions of culture these
cells differentiate to osteoblasts with the production of mature extracellular matrix and its
mineralization (Wang et al., 1999; Raouf & Seth, 2000). The alignment of this cell line once
differentiated to osteoblasts has been previously confirmed on different microgrooved
substrata (Wang et al., 2000). Finally, and unlike other cell lines such as Saos-2 or MG-63, the
selected cell line was not derived from osteosarcoma what implies a more adjusted to reality
behavior. Cells alignment and proliferation on both carbon and silicon carbide scaffolds
were analyzed by scanning electron microscopy.

As it is shown in the SEM micrographs of both surfaces (Figure 7), pre-osteoblasts grew
aligned on both surfaces after 6 hours of incubation, by extending their filopodia along the
plant-derived pattern. Cells clearly proliferated following the orientation marked by the
channels, in addition, it can be appreciated how, after making contact with the surface of the
material, the cells reoriented their filopodia in the marked direction (see white arrows
Figure 7 (a)). Thus, the surface patterning promoted the alignment of pre-osteoblasts.

Once confirmed the cell alignment at short term, the seeded scaffolds were analyzed after
longer periods of incubation with the pre-osteoblasts. Figure 8 presents both scaffolds after 7
days of incubation. On the patterned surfaces of both materials (a) and (c) it can be observed
that cells have covered the whole macro-channeled surface and began to fill the spaces
between. The cells present healthy appearance, with the characteristic flat morphology,
adapting perfectly to the surface so that the micro-patterning underneath in the carbon
scaffold (a) and the crystalline morphology underneath in the silicon carbide (c) can be still
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distinguished. As a porous and three-dimensional scaffold it was also important to evaluate
the cell morphology in the cross section of the piece, where the porous structure is prevalent
and the patterning is absent. As it can be observed in images (b) and (d) both sections have
been also covered by the cells that grew appropriately inside the pores covering the cross
sections, without a determined orientation due to the patterning absence.
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Fig. 7. SEM images showing the morphology of MC3T3-E1 cells on the patterned surface of
a carbon scaffold (a, b) and a silicon carbide (c, d) after 6 hours of incubation.

The SEM micrographs of the carbon and SiC scaffolds after 28 days of incubation showed
the surface completely covered by a thick layer of cells. However, in both cases the macro-
patterning of the pieces was still clearly visible (a) and (c). Although after 28 days of
incubation, the cells grow on a layer of cells and not directly on the surface structure of
ceramics, it appears that they proliferate with a preferred orientation in the direction
marked by the structure of both materials.

5. Evaluation of the cell differentiation

The evaluation of the differentiation of cells to osteoblasts is required as a proof of their
functionality and of the suitability of the material. One of the most widely used tests consists
on the measure of the activity of alkaline phosphatase. Alkaline phosphatase is an enzyme
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responsible for removing phosphate groups of various types of molecules in an alkaline
environment. It is found in almost all body tissues, but its presence is particularly high in
bone, and its expression, characteristic of early differentiation of osteoblast cells.
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NE I \ 3 g 5 ~ " _\‘:\

Fig. 8. SEM images showing the morphology of MC3T3-E1 cells on the carbon piece at
patterned surface (a) and at the end of the scaffold in transversal section (b) and on the
silicon carbide at the patterned surface (c) and at the end of the scaffold in transversal
section (d) after 7 days of incubation.

To quantify osteoblastic activity and therefore evaluate the differentiation of MC3T3-E1 cells
to osteoblasts enzyme activity of alkaline phosphatase (ALP) was measured. ALP activity on
carbon and silicon carbide was evaluated over time (1, 7, 14, 21 and 28 days) using tissue
culture polystyrene (TCP) as reference material (Figure 10). The enzyme activity estimated
on carbon appeared with low values after 1 and 7 days of incubation followed by a dramatic
increase on day 14th and continuing to increase until day 28 of culture. The sharp increase at
day 14th suggested that the cells began to differentiate in that period. In the case of SiC the
pattern followed is the same but with a much less marked increase on day 14th, to increase
on day 21 and keeping up on day 28, but always in activity values lower than carbon (about
30% lower). The results for the reference material (TCP) followed the pattern found in the
literature and validated the experiment. The statistical analysis of the data revealed a
significant difference (p <0.05) between alkaline phosphatase activity on C and TCP
synthesized after 21 days of culture and SiC and TCP at 1 and 21 days of incubation (p
<0.01), and 28 days (p <0.05).
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Fig. 9. SEM images showing the morphology of MC3T3-E1 cells on the patterned surface of
a carbon scaffold (a, b) and of a silicon carbide scaffold (c, d), after 28 days of incubation.

Once differentiated to osteoblasts, cells appeared immersed in a complex network of fibers
producing the extracellular matrix, oriented in all directions, as seen clearly in Figure 11 (a)
corresponding to the surface layer of cells after 28 days in the carbon scaffold. These fibers
can be appreciated in more detail in the micrograph (b). Taking into account the incubation
period and the evident differentiation stage, these fibers could correspond to collagen. To
confirm that, a striation across the fiber and through the whole one, should be
distinguished. It can be detected a slightly striation along them (see arrow) however, this is
mitigated by the gold coating of the SEM sample preparation. Regarding the silicon carbide
surface after 28 days of incubation it can be observed how the cells start to secrete
extracellular matrix including complex networks of filaments (c) and (d).

As it is well known bone tissue is constituted by the presence of an organic part, with the
synthesis of extracellular matrix (collagen fibers) and a mineral part, production of calcium
phosphate. EDS analysis can be used to reveal the presence of calcium phosphate deposits.
Thus, the surface of the cell layer after 28 days of incubation on both C and SiC scaffolds
was analyzed and the EDS spectra are represented in Figure 12. The presence of calcium
was confirmed in several zones of the C scaffolds (Figure 12 (a, b)) and totally absent in the
SiC scaffolds (Figure 12 (c)). The calcium presence can correspond to the mineralized
extracellular matrix by the differentiated MC3T3-E1 pre-osteoblasts.

www.intechopen.com



Marine-Based Carbon and Silicon Carbide Scaffolds
with Patterned Surface for Tissue Engineering Applications 445

1 - day
12 H 7 days
] I 14 days
21 days
10 4 128 days
8

ALP (nmol mL"mm™®)

TCP c Sic

Fig. 10. ALP activity on C and SiC scaffolds after 1, 7, 14, 21 and 28 days of incubation.
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Fig. 11. SEM micrographs of the cell layer after 28 days on the surface of carbon (a, b) and
silicon carbide (c, d).
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(b)

Fig. 12. EDS spectra of the carbon (a, b) and silicon carbide (c) cell layer after 28 days of
incubation with MC3T3-E1. The site of interest analyzed, the general spectra and a
magnification at the calcium peak area of 84 counts are represented for each one. The
presence of gold comes from the SEM sample preparation

Apart from being attributed to the cells, the calcium presence at the carbon scaffolds could
be assigned to the composition of the material itself (since that it could be possible that the
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electron beam has penetrated deeper in the monolayer of the cells achieving the material) or
to the contributions of the culture medium of cells (MEM-alpha) that was renewed every
two days during culture. After 28 days the quantity of calcium deposited could be higher
enough to be detected by the EDS. Attending to the elemental composition (Table 1) calcium
was detected in the carbon scaffold in a percentage of 0.042% and in the silicon carbide the
percentage was similar (0.052%). The non-detection of calcium in the silicon carbide cell
monolayer discarded the first possibility related to the material composition. Regarding
with the second option, the calcium accumulation due to the culture medium contributions
was also discarded since both materials were incubated under the same conditions.
Therefore, taken into account the cells behaviour in both materials, the calcium detected on
the monolayer of cells in the carbon scaffolds could have been produced by osteoblasts.

6. Conclusion

Recent market studies confirmed the global annual growth for the biomaterials sector, due
to the aging of the population and to higher social welfare requirements. The pressing need
to provide solutions for the replacement, repair and regeneration of tissues and organs
brings new challenges. New disciplines such as tissue engineering and regenerative
medicine require the convergence of biological sciences, materials engineering and medicine
towards the design of scaffolds, with specific morphologies, which will be cultured with
cells from the patient in vitro to obtain the required living tissue to be implanted. The
variability required in the scaffolds properties comes from the specific tissue to engineer and
increases the costs of their production. Natural bio-structures offer an enormous potential
for the acquisition of microstructures and display the complex and hierarchical organization
required in the human organism. The two porous three-dimensional bio-matrices detailed in
this chapter aim to provide a promising potential solution for a specific application searched
in the bone tissue requirements and focused in the alignment growth by a directional
patterning.
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