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Spirulina is produced from pure cultures of the photosynthetic prokaryotic cyanobacteria Arthrospira. For many years research
centers throughout the world have studied its application in various scientific fields, especially in foods and medicine. The biomass
produced from Spirulina cultivation contains a variety of biocompounds, including biopeptides, biopolymers, carbohydrates,
essential fatty acids, minerals, oligoelements, and sterols. Some of these compounds are bioactive and have anti-inflammatory,
antibacterial, antioxidant, and antifungal properties. These compounds can be used in tissue engineering, the interdisciplinary field
that combines techniques from cell science, engineering, and materials science and which has grown in importance over the past
few decades. Spirulina biomass can be used to produce polyhydroxyalkanoates (PHAs), biopolymers that can substitute synthetic
polymers in the construction of engineered extracellular matrices (scaffolds) for use in tissue cultures or bioactive molecule
construction. This review describes the development of nanostructured scaffolds based on biopolymers extracted from microalgae
and biomass from Spirulina production. These scaffolds have the potential to encourage cell growth while reducing the risk of organ

or tissue rejection.

1. Introduction

Tissue engineering, the interdisciplinary field that combines
techniques from cell science, engineering, and materials sci-
ence, has the potential to reconstitute damaged tissues and
organs using cells that are supported on scaffolds where the
components of the extracellular matrix can segregate during
tissue and organ formation. It is important to choose a scaf-
fold material that stimulates cells to produce structures [1];
therefore, much research has been carried out on natural
organic materials. The natural compounds that are incor-
porated into the scaffolds can act as a substratum for cel-
lular growth by stimulating cell growth and anchoring with
lower risk of tissue rejection when compared with synthetic
sources.

Spirulina is a prokaryotic microalga, order Cyanophy-
ceae, division Cyanophyta (Cyanobacteria). It has a distinc-
tive arrangement of multicellular cylindrical trichomes in an
open helix throughout its length. The helical shape of the
trichomes is characteristic of the genus, but the length and
size of the helix vary with species [2]. In 1981, the Food and
Drug Administration (FDA) declared “Spirulina is source of
protein and contains several vitamins and minerals. It can be
legally marketed as a food or a food supplement if it is pre-
cisely defined and free from contaminants and adulterants”
and is categorized by the FDA as “Generally Recognized as
Safe” (GRAS) [3].

Spirulina biomass stimulates important biological proc-
esses and exhibits antiallergenic, antibacterial, antifungal,
anti-inflammatory, antioxidant, and immunomodulating
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properties [4]. Thus, Spirulina LEB 18 biomass incorporated
into scaffolds stimulates cell growth and tissue regeneration
[5-7].

Nanofiber scaffolds have the potential to be used in tissue
engineering because they can reproduce the structure and
function of the native extracellular matrix [8]. Electrospun
scaffolds have attracted attention because of their characteris-
tics: they have a high surface area in relation to fiber diameter,
a high porosity that stimulates cell growth and connections
between cells, and good nutrient diffusion and they encour-
age angiogenesis/vascularization during tissue regeneration
[9].

The synthetic polymers normally used to produce nano-
fiber scaffolds can be replaced by Spirulina biopolymers,
which are biodegradable and biocompatible with cells and
tissues [5]. Spirulina biomass can be added to the polymer
solutions used in nanofiber production to produce scaffolds
that incorporate Spirulina’s properties; this is possible because
electrospinning does not involve extreme temperatures or pH
that would reduce the biological activity of the biomass or
its nutrients. Depending on the solvent used to prepare the
polymer, the internal components (proteins, fatty acids, and
biopolymers) of the biomass can be made available within the
scaffolds to stimulate cells or tissues [4].

Polyhydroxyalkanoates (PHAs), a family of biopolymers
that includes polyhydroxybutyrate (PHB), can be extracted
from various microorganisms, including Spirulina, and used
to provide atoxic biocompatible scaffolding for human tissue
and organ culture. Low molecular weight PHB has been
detected bound to human serum albumin and low-density
lipoproteins. It degrades into (R)-f-hydroxybutyric acid, a
naturally occurring mammalian metabolite present at serum
concentrations of 3mgdL™" to 10mgdL™" in adult humans
and presents no health risks. The fact that PHB degrades into
such atoxic compounds may explain its biocompatibility with
cultured cells and tissues. Not only do Spirulina biopolymer
nanofiber scaffolds have a lower risk of rejection in human
tissue culture but they also contain advantageous bioactive
compounds that are present in the Spirulina biomass [10, 11].

This review describes the progress made in tissue engi-
neering when Spirulina biomass and biopolymers are used in
the production of nanostructured scaffolds that promote cell
growth while decreasing the risk of tissue and organ rejection.

2. Tissue Engineering

Since its beginnings, this field has focused on the develop-
ment of biological substitutes for the recuperation, regen-
eration, or substitution of defective tissues [12]. Permanent
implants often result in chronic inflammation, which can lead
to severe clinical complications. Implants developed using
biomaterials could be a viable alternative to reestablish the
normal functions of damaged tissues and organs [13].

The process of using tissue engineering to restore or sub-
stitute tissues or organs damaged by accidents, congenital
defects, or diseases involves the in vitro propagation of viable
cells attached to biological or synthetic supports, known
as scaffolds [6]. After cellular cultivation, the scaffold is
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implanted into the patient and degrades when the new organ
or tissue is formed [13-15].

2.1. Scaffolds. Scaffolds are three-dimensional structures that
guide tissue development in situ at the site of interest depend-
ing only on the growth of the surrounding tissue [16]. The
scaffold should be selected according to the type of repair
and the tissues or organs to be reconstituted, and the scaffold
surface is selected according to the desired interactions
between the cells and the scaffold [13, 17].

For effective tissue reconstruction, scaffolds must con-
form to specific requirements. High porosity and pore inter-
connectivity are fundamental characteristics for increasing
the available specific surface area, which is important not only
for cell anchorage and the internal growth of tissues but also
for facilitating the distribution and transportation of oxygen,
nutrients, and cellular residues [18].

The degradability is a parameter closely related to the sol-
ubility of the molds. If the solubility is too high, the scaffolds
will be reabsorbed by the body fluids too quickly without
accompanying tissue regeneration. However, if the solubility
is too low, it will remain for too long in the body and impede
regeneration. Therefore, the degradability is associated with
the stability of the biomaterial in vivo and an appropriate time
is extremely important for proper regeneration [6].

The nature of the scaffold’s surface can also affect cellular
responses that influence the speed of formation and quality
of new tissue [17]. The most appropriate scaffold material
should be biocompatible and biodegradable, so that it is non-
immunogenic to avoid further surgical intervention when
tissue regeneration is complete [19]. Scaffolds are designed to
have a cell structure that is similar to the natural ECM and
therefore have characteristics that are suitable for cell culture.

3. Extracellular Matrix

The extracellular matrix (ECM) is a component of the
connective tissue. It is produced by cells and supports the
morphological organization and physiological functions that
occur during tissue formation [20, 21]. ECM produces the
biochemical and biomechanical signals necessary for tissue
morphogenesis, differentiation, and homeostasis [22].

Due to their versatile properties, decellularized extracel-
lular matrices have been widely used as a source of biological
scaffolds in tissue engineering and regenerative medicine
[23-29]. The most important limitations in regenerative med-
icine are the shortage of autologous tissue and organ donors
and the negative immunological responses and pathogen
transfer whenever allogeneic or xenogeneic tissues or organs
are used [30, 31]. Another advantage of scaffolds obtained
from decellularized tissues and organs is the retention of the
structure of the original tissue and organs.

Scaffolds made using the electrospinning process mimic
the natural extracellular matrix’s mechanical and architec-
tural characteristics, enabling the anchoring and migration
of cells. Growth factors, drugs, viruses, and proteins can be
incorporated in the matrix. The microalga Spirulina is a good
choice for incorporation in the production of scaffolds [6].
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It is important to choose a scaffold material that stimulates
cells to produce structures of the correct format and size. Such
scaffolds are generally developed from synthetic polymers,
which can be incompatible with human cells [1]. Therefore,
much research has been carried out on natural organic
materials.

3.1. Extracellular Matrices Made of Natural or Synthetic Poly-
mers. Polymers are the raw materials for scaffold production
in tissue engineering, and several types of biodegradable
polymers are utilized in the development of artificial skin,
surgical sutures, vascular grafts, bone joining devices, and
controlled-release pharmaceuticals [32].

These materials can be classified as natural polymers
(including polysaccharides such as alginate, chitin and chi-
tosan, and starch and hyaluronic acid derivatives); proteins
(such as collagen, fibrin gel, and soy and silk proteins); syn-
thetic polymers (such as poly(lactic acid) (PLA), poly(glycolic
acid) (PGA), and polycaprolactone (PCL)) [1, 33]; and micro-
bial polymers (biopolymers) (such as polyhydroxyalkanoates
(PHASs)).

Synthetic polymers are available in potentially unlim-
ited amounts. Their physicochemical properties can be
controlled, with their degradation rates and mechanical
properties subject to chemical modification [34]. However,
many synthetic scaffolds have hydrophobic surfaces that
hinder cell recognition by native cells. Natural and microbial
polymers are biologically recognized, which makes it easier to
reproduce the properties of the tissues to be regenerated, such
as their mechanical and cellular anchoring properties [18].

4. Nanotechnology and Scaffold Development

Cells interact with their environment via thousands of nano-
metric interactions. In tissues and organs, cells are located in
three-dimensional microenvironments surrounded by other
cells and the extracellular matrix. The ECM contains collagen
and elastin, which are organized in nanostructures with
specific bioactive functions that regulate cellular homeostasis.
An essential stage of scaffold development is the creation of
synthetic microenvironments that facilitate the formation of
a three-dimensional structure to control cell behavior and
promote specific cell interactions [35].

Nanotechnology has been used in several biomedical
applications, including pharmaceutical transport, biologi-
cal detection, disease diagnosis, clinical images resolution,
and scaffold development [36]. Nanometric tissue engineer-
ing can produce biomaterials that regulate the interactions
between cells and their microenvironments by the emission
of molecular signals [37, 38]. The biometric and physico-
chemical properties of nanomaterials enable them to stimu-
late cell growth and regenerate injured tissue [39].

Developing nanofiber scaffolds using the electrospinning
process enables the reproduction of the principal extracel-
lular architecture and makes it easy for the cells to unite to
tissue because such scaffolds have similar mechanical prop-
erties to natural structures [5]. Several authors have studied

the application of nanofiber scaffolds in various processes,
including the rebuilding of nerves [40] and brain tissue [41],
the transport of pharmaceuticals through oral mucosa [42],
and the cultivation of stem cells [6].

4.1. Production of Nanostructured Scaffolds via Electrospin-
ning. The greatest challenge in the area of tissue engineering
is the development of scaffolds that reproduce nanometric
tissue architecture. The electrospinning process is the most
widely adopted technique for the formation of polymer
nanofibers [39], due to the repeatability of this method and
the simplicity of scaling it up.

Nanostructured scaffolds obtained via electrospinning
have been attracting attention due to their high porosity.
They contain interlinked voids that can increase both cellular
development and the connections between cells as well as
nutrient diffusion, angiogenesis, and vascularization during
tissue regeneration [9]. Electrospinning produces nanofibers
with a diameter of between 3 nm and 1000 nm and it can be
used to process several types of polymers [15, 43].

Electrospinning is carried out by applying a high voltage
to a polymer solution in a process that results in nanofiber
formation and lengthening due to electrostatic repulsion. The
polymer solution is fed at a constant flow rate through a
capillary charged with a high voltage (10 kV to 30 kV). When
the electric field attains enough energy to overcome surface
tension at the tip of the capillary, a “Taylor Cone” forms
and the nanofibers are deposited in a stationary or rotating
collector where the solvent evaporates and the nanofibers
collect [44, 45].

Many parameters influence this process, including the
properties of the polymers, the solvent, and the environment.
Some of these parameters are viscosity, elasticity, conduc-
tivity, solution flow rate, surface tension, capillary diameter,
distance between the capillary tip and the collector, pol-
ymer concentration, temperature, humidity, and air flow
rate [33]. In addition, the manner in which the nanofibers
are collected can influence their orientation, with the fibers
being deposited either randomly or in alignment [8]. Electro-
spinning can be accomplished under laboratory conditions
to produce a sterile product and can easily be scaled up
[46]. Another advantage is the possibility of incorporating
growth factors, drugs, viruses, proteins, and other properties
into the nanofibers. Thus, Spirulina is a good candidate for
incorporation into scaffolds [6].

5. The Spirulina (Arthrospira) Microalga

Phytoplankton are aquatic photosynthetic photoautotrophs
characterized by the presence of various colored pigments
[47]. Photosynthetic phytoplankton include the eukaryotic
algae and the prokaryotic cyanobacteria. Biotechnological
processes based on phytoplankton have come to the fore due
to their potential to produce a wide range of byproducts,
including carbohydrates, lipids, minerals, pigments, proteins,
and vitamins [48], many of which are natural products, have
a high nutritional value, and are commercially important
[47].
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FIGURE 1: Spirulina LEB 18 (a) and culture at the Laboratory of Biochemical Engineering (b).

Spirulina is the common name for the product produced
from pure cultures of the photosynthetic prokaryotic cyano-
bacteria Arthrospira, the natural habitat of which is alkaline
lakes. Spirulina was originally given this name due to the
spiral nature of its filaments (Figure 1(a)) and was thought
to be eukaryotic algae. However, it was later found to be a
prokaryotic cyanobacterium belonging to the genus Arthro-
spira. In South America, it has been cultivated as a food
supplement since the time of the Aztecs, about 400 years ago
[49].

Medical and nutritional studies about Spirulina have
proliferated since the 1970s, because it is a good source of high
quality protein (the concentration of which can reach 70%
of the biomass), vitamins (B12 and provitamin A), minerals
(especially iron), phenolics, and essential fatty acids [50]. For
many years, Spirulina has been investigated for application
in several fields, especially for use in foods and medicine.
It is thus frequently used as a nutritional supplement and is
generally regarded as safe when cultivated under conditions
of appropriate hygiene. Toxicological studies have demon-
strated that Spirulina is safe for human consumption.

Spirulina has been produced on a large scale in several
countries for application as a food supplement and a phar-
maceutical product [5]. In Germany (BlueBiotech Interna-
tional GmbH) and the United States (Cyanotech, Eathrise
Nutritionals, and Phycobiologics) Spirulina is cultivated on
a commercial scale for use as dietary supplement [2]. Clinical
studies have demonstrated that Spirulina biomass has ther-
apeutic properties and that it may be used to treat allergies
[51], cancer [52], and HIV [53] and for the reduction of LDL
cholesterol [54, 55]. It has also been reported to stimulate the
immune system and intestinal lactobacilli, reduce hyperlipi-
demia and obesity, and counteract the effects of radiation,
drugs, and heavy metals [48, 56]. Noninsulin dependent
diabetics have shown a reduction in hypoglycemia when
Spirulina was added to their diet [55].

Since 1996, the Laboratory of Biochemical Engineering
(LEB) of the Federal University of Rio Grande (FURG),
Brazil, has been running a research program on the cultiva-
tion of microalgae and other phytoplankton (Figure 1(b)).

5.1. Spirulina LEB 18 Biopolymers Used in Nanostructured
Scaffolds. The first step in tissue reconstruction consists of
the selection of the support material for the cells. During
this phase, consideration must be made regarding the type
of lesion being repaired along with its location in the body
and the extension of the lesion. Permanent implants can
cause inflammation, which, although a normal response to a
foreign body, can result in more severe clinical complications
such as tissue contraction [13].

Collagen-based scaffolds are currently substituted by
supports produced from biodegradable polymers [57]. Bio-
degradable microbial polymers have potential application in
the formation of nanostructured scaffolds. Such polymers
include the polyhydroxyalkanoates (PHAs), a group of about
150 polymers that has been attracting medical interest.
This group includes polyhydroxybutyrate (PHB), poly(3-
hydroxybutyrate) (P3HB) and its copolymers, poly(4-hy-
droxybutyrate) (P4HB), 3-hydroxyvalerate (PHBV), and 3-
hydroxyhexanoate (PHBHHXx) [58]. The most studied poly-
mer of the group is PHB, which is biodegradable, thermo-
plastic, and easily processed, making it a good candidate for
the development of biodegradable scaffolds [59].

Human biocompatibility is one of the advantages of bio-
polymers compared with synthetic biodegradable polymers,
and they can be used to produce scaffolds that facilitate the
anchoring of implanted cells to the tissue that is being regen-
erated [60]. The United States Food and Drug Administration
(FDA) has approved PHB for food packaging. Furthermore,
because PHB is biocompatible with cells and tissues and is
easily absorbed by the human body it can be used in the
medical-pharmaceutical field for sutures, bone prostheses,
cardiovascular grafts, orthopedic pins, and implants, as well
as in tissue regeneration and repair [61]. Formulations of PHB
biopolymer can be used as a matrix for the development of
controlled-release medications such as hormones and other
pharmaceuticals. The sodium salt of PHB can also be used as
an anesthetic [62]. Neural stem cells have been produced in
PHB scaffolds and have the potential to repair central nervous
system lesions. PHB can also be used to regenerate bones,
cartilage [58], and nervous and cardiovascular tissues [63].
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FIGURE 2: Polyhydroxybutyrate biopolymer produced from the biomass of Spirulina strain LEB 18. Biopolymer before and after drying (a)
and scanning electron microscopy of the surface of PHB with 2,000x magnification (b).

PHAs are biodegradable and therefore they do not
produce any toxic substances during their metabolism. In
the environment, bacteria and fungi secrete an extracellular
depolymerase that readily degrades polymeric PHAs into
their monomers. In mammalian tissues, degradation prod-
ucts are absorbed through the cellular wall and metabolized
[64]. The degradation rate of PHAs depends on many factors.
Some factors, such as temperature, humidity, pH, and nutri-
ent supply, are related to the environment, while other factors,
such as additives composition, crystallinity, and surface area,
are intrinsic to the biopolymer [65].

During PHB synthesis, two acetyl-CoA molecules are
joined in a condensation reaction catalyzed by the enzyme 3-
(B-ketothiolase) to form acetoacetyl-CoA. This enzyme com-
petes for acetyl-CoA with several other metabolic pathways,
such as acetate and citrate formation and fatty acid synthesis
[66].

The product is reduced to 3-hydroxybutyryl-CoA in a
reaction catalyzed by acetoacetyl NADPH-dependent reduc-
tase. High concentrations of NADPH and NADH inhibit
the enzyme citrate synthase, which is responsible for feed-
ing acetyl-CoA into the tricarboxylic (TCA) cycle, making
acetyl-CoA available to 3-3-ketothiolase and enabling PHB
to be synthesized by the polymerisation of 3-hydroxybutyryl-
CoA units of by PHA synthase. The biosynthesis of PHB-HV
proceeds with precursors such as acetic, itaconic, propionic,
oleic, or valeric acid. Propionic acid is the valerate precursor
that is most commonly employed in PHB-HV biosynthesis
[66].

Polyhydroxybutyrate can be produced by prokaryotic
microorganisms such as Spirulina, where it functions as
carbon and energy reserve [67].

Since 2007, our team has studied PHB from microalgae.
These studies investigated different genera and species of
microalgae that produce this biopolymer, as well as physic-
ochemical characterization (scanning electron microscopy,
gas chromatography, thermal analysis, differential scanning
calorimetry, color, and opacity), optimization of the extrac-
tion/purification process, and applications of the biopolymer
in the development of biofilms, nanofibers, and nanocapsules
(Figure 2).

5.2. Physicochemical and Biological Properties and Stem Cell
Cultivation of the Scaffolds Made with the Incorporation of
Spirulina (Arthrospira) Biomass or Biopolymers Obtained from
the Microalgal Biomass. Since 2007, our team has studied the
development of nanofibers produced from PLA, polyethylene
oxide (PEO), and PHB extracted from LEB 18 and the
incorporation of LEB 18 biomass or some of its metabolites
(such as C-phycocyanin).

The formation of nanofibers via electrospinning is depen-
dent upon the properties of the solution used and the elec-
trical set-up. Morais et al. [5] observed that the addition of
Spirulina LEB 18 biomass to nanofibers results in a strong
increase in conductivity. Nanofibers with Spirulina LEB 18
biomass free of beads were produced with diameters of
107 nm (Figure 3(a)) [5].

The elasticity, tensile strength, and breaking elongation of
Spirulina LEB 18 PHB nanofibers were higher than those of
commercial PHB samples. The general finding is that nano-
fibers composed of Spirulina LEB 18 PHB have surpris-
ingly enhanced mechanical properties when compared with
nanofibers composed of commercial PHB. These nanofibers
had high porosity, and the cells filled the matrix struc-
ture, thus enabling the arrival of nutrients and growth factors
and removal of metabolic products (data not published)
(Figure 3(b)) [68].

The PHB extracted from Spirulina and commercial PHB-
HV5 and PHB-HV12 were electrospun with and without the
addition of sodium chloride or LEB 18 biomass. Electro-
spinning of 22% w/w Spirulina PHB without the addition of
sodium chloride or LEB 18 biomass produced uniform nano-
fibers with a diameter of about 750 nm, while the addition of
sodium chloride reduced the diameter to about 480 nm, and
the addition of 5% w/w LEB 18 biomass reduced it to about
310 nm. It is important to note that if biomass is added to
the spinning solution, PHB nanofibers can be spun with PHB
concentrations as low as 7% w/w.

This produces nanofibers with markedly reduced fiber
diameters, which could be of importance for membranes
produced from such nanofibers. One reason for the reduced
nanofiber diameter in the presence of LEB 18 biomass may
be that the biomass also contained some PHB, although this
cannot be the main reason because the amount of biomass
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FIGURE 3: Nanofibers produced with 65% polyethylene oxide and 35% Spirulina LEB 18 biomass (a), nanofibers incorporating 25% LEB
18 polyhydroxybutyrate and 5% LEB 18 biomass (b), and optical image of PHB nanofibers incorporating Spirulina LEB 18 biomass. 2,000x

magnification (c).

was small. This phenomenon needs further research. Spin-
ning nanofibers using lower concentrations of PHB would
reduce production costs.

In another study carried out by our team, all of the elec-
trospinning conditions used for the development of nanofi-
bers with PHB extracted from Spirulina sp. LEB 18 were tested
for commercial PHB. The commercial biopolymer did not
form fibers under any of the conditions, forming only drops,
while the PHB extracted from LEB 18 produced nanofibers
with a diameter of 470.1nm. The conditions that formed
the smallest diameters were PHB polymer solution extracted
from LEB 18 with a concentration of 20% (w/v), flow rate
of 150 uL-h ™", capillary diameter of 0.45 mm, and voltage of
24.1kV.

The addition of LEB 18 biomass can provide additional
optical functionalization of the nanofibers and affect the
transmission of light because it produces a nanofiber with a
strong green color (Figure 3(c)).

In recent studies where nanofibers incorporating phyco-
cyanin were developed, resistance to the thermal degradation
of this biopigment increased when compared with the phyco-
cyanin alone. This showed that the nanofibers produced via
electrospinning may protect the added bioactive compounds
(data not published) [69].

Scaffolds of poly-D,L-lactic acid (PDLLA) associated (or
not) with Spirulina LEB 18 biomass (PDLLA/Sp) were devel-
oped with the aim of closely mimicking the natural ECM [6].
This resulted in nanofibers ranging from 163 to 581 nm in
the PDLLA matrices and from 91 to 576 nm in the PDLLA/Sp
scaffolds [6]. The physicochemical and biological properties
of the nanofibers produced with PDLLA/Sp showed that
these scaffolds had a high porosity and a large number of
interconnected pores. They also had a greater and faster wet-
tability when compared with the PDLLA matrix, and the cells
had greater adhesion to PDLLA/Sp scaffolds than to PDLLA
alone. The results of the cytotoxic assay showed there was not
an increase in cell death. The degradability test showed that
the PDLLA/Sp scaffolds had a rapid degradation rate (50%
degraded within 60 days). Steffens et al. [6] observed that
Spirulina LEB 18 biomass was released from the nanofiber
while the fiber was being degraded. The authors showed that
the PDLLA/Sp was capable of increasing the number of viable
cells when compared with scaffolds made of PDLLA alone
[6].

In another study, Steffens et al. [70] promoted the cul-
tivation of stem cells with the PDLLA/Sp scaffold produced
for testing in an animal model of skin injury. The PDLLA/Sp
scaffolds were more moldable and had better adherence to
the wound when compared with the PDLLA. The authors
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observed that PDLLA/Sp was adequate for use in animals
because it supported the suture and the mechanical stress,
all of the animals survived, and there were no complications
related to the procedure [70].

Scaffolds made from 0-25 ug/mL of Spirulina nanofibers
have been used to produce artificial tissue and Spirulina
enabled the proliferation of mouse fibroblasts. No cytotoxic
effects were encountered [71].

Antibacterial and anti-inflammatory effects are critical
when scaffolds are used in humans. This is especially true in
patients with serious burns where the external protective skin
barrier has been completely lost [6]. The application of 0.1%
Spirulina extract reduces the levels of the bacteria Escherichia
coli and Staphylococcus aureus to insignificant levels within
30 minutes. A methanolic extract of Arthrospira platensis had
higher antimicrobial activity than dichloromethane, petro-
leum ether or ethyl acetate extracts, and volatile antibacterial
compounds [7].

Spirulina stimulates lymphocytes and other cells involved
in the immune response. Phycocyanin, a blue pigment asso-
ciated with the chlorophyll of this organism, exhibits antioxi-
dant and anti-inflammatory properties (due to the inhibition
of the release of histamine) [72].

Biomass containing phycocyanin increased the immunity
of mice and stimulated haematopoiesis by affecting the gly-
coprotein hormone erythropoietin and increasing the pro-
duction of white blood cells. Spirulina C-phycocyanin can
eliminate free radicals because it is a cyclooxygenase-2 inhib-
itor that induces apoptosis in the macrophages of mouse via
the activation of lipopolysaccharide- (LPS-) induced macro-
phage [73].

6. Conclusion

The development of nanostructured scaffolds using poly-
hydroxybutyrate biopolymer and the incorporation of Spir-
ulina biomass is a significant advance in the field of tissue
engineering. This progress is exemplified by the nanofiber
architecture, which reproduces the extracellular matrix while
reducing tissue and organ rejection during restructuring
because of the biocompatible nature of the matrix. This
matrix also stimulates cell growth, better nutrient diffusion,
and specific cellular interactions due to the properties of LEB
18 biomass. The use of this technology may result in the
development of scaffolds that do not require tissue or organ
donors.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

The authors would like to thank the National Council of
Technological and Scientific Development (CNPq) for their
Scholarship.

References

[1] E. Sachlos and J. T. Czernuszka, “Making tissue engineering
scaffolds work. Review: the application of solid freeform fab-
rication technology to the production of tissue engineering
scaffolds,” European Cells ¢» Materials, vol. 30, no. 5, pp. 29-39,
2003.

[2] J. A. C. Costa and M. G. Morais, “Microalgae for food produc-
tion,” in Fermentation Process Engineering in the Food Industry,
C.R. Soccol, A. Pandey, and C. Larroche, Eds., p. 486, Taylor &
Francis, 2013.

[3] R. Fox, Spirulina Production ¢ Potencial, Edisud, Aix-en-
Provence, France, 1996.

[4] Z.Khan, P. Bhadouria, and P. S. Bisen, “Nutritional and thera-
peutic potential of Spirulina,” Current Pharmaceutical Biotech-
nology, vol. 6, no. 5, pp. 373-379, 2005.

[5] M. G. de Morais, C. Stillings, R. Dersch et al., “Preparation of
nanofibers containing the microalga Spirulina (Arthrospira);
Bioresource Technology, vol. 101, no. 8, pp. 2872-2876, 2010.

[6] D. Steffens, M. Lersch, A. Rosa et al., “A new biomaterial of
nanofibers with the microalga spirulina as scaffolds to cultivate
with stem cells for use in tissue engineering,” Journal of Biomed-
ical Nanotechnology, vol. 9, no. 4, pp. 710-718, 2013.

[7] M. A. Qureshi, N. T. Kidd, and R. A. Ali, “Spirulina platensis
extract enhances chicken macrophage functions after in vitro
exposure,” Journal of Nutritional Immunology, vol. 3, no. 4, pp.
35-45,1995.

[8] S. A. Sell, P. S. Wolfe, K. Garg, J. M. McCool, I. A. Rodriguez,
and G. L. Bowlin, “The use of natural polymers in tissue engi-
neering: a focus on electrospun extracellular matrix analogues,”
Polymers, vol. 2, no. 4, pp. 522-553, 2010.

[9] J. Ramier, T. Bouderlique, O. Stoilova et al., “Biocomposite scaf-
folds based on electrospun poly(3-hydroxybutyrate) nanofibers
and electrosprayed hydroxyapatite nanoparticles for bone tissue
engineering applications,” Materials Science and Engineering: C,
vol. 38, pp. 161-169, 2014.

[10] K. Sudesh, H. Abe, and Y. Doi, “Synthesis, structure and prop-
erties of polyhydroxyalkanoates: biological polyesters,” Progress
in Polymer Science, vol. 25, no. 10, pp. 1503-1555, 2000.

[11] M. Jau, S. Yew, P. S. Y. Toh et al., “Biosynthesis and mobilization
of poly(3-hydroxybutyrate) [P(3HB)] by Spirulina platensis,
International Journal of Biological Macromolecules, vol. 36, no.
3, pp. 144-151, 2005.

[12] B.P. Chan and K. W. Leong, “Scaffolding in tissue engineering:
general approaches and tissue-specific considerations,” Euro-
pean Spine Journal, vol. 17, no. 4, pp. S467-S479, 2008.

[13] S.H. Barbanti, C. A. C. Zavaglia, and E. A. R. Duek, “Polimeros
Bioreabsorviveis na Engenharia de Tecidos,” Polimeros: Ciéncia
e Tecnologia, vol. 15, no. 1, pp. 13-21, 2005.

[14] H.-Y. Cheung, K.-T. Lau, T.-P. Lu, and D. Hui, “A critical
review on polymer-based bio-engineered materials for scaffold
development,” Composites B, vol. 38, no. 3, pp. 291-300, 2007.

[15] R. Vasita and D. S. Katti, “Nanofibers and their applications in
tissue engineering,” International Journal of Nanomedicine, vol.
1, no. 1, pp. 15-30, 2006.

[16] N. Pallua and C. V. Suscheck, Tissue Engineering-From Lab to
Clinic, Springer, 2010.

[17] 1. O. Smith, X. H. Liu, L. A. Smith, and P. X. Ma, “Nanostruc-
tured polymer scaffolds for tissue engineering and regenerative
medicine,” Wiley Interdisciplinary Reviews: Nanomedicine and
Nanobiotechnology, vol. 1, no. 2, pp. 226-236, 2009.



(18]

(19]

(20]

[25]

(26]

(30]

(31]

(32]

(33]

(34]

(35]

I. Armentano, M. Dottori, E. Fortunati, S. Mattioli, and J. M.
Kenny, “Biodegradable polymer matrix nanocomposites for
tissue engineering: a review; Polymer Degradation and Stability,
vol. 95, no. 11, pp. 2126-2146, 2010.

J. M. Holzwarth and P. X. Ma, “Biomimetic nanofibrous scaf-
folds for bone tissue engineering;” Biomaterials, vol. 32, no. 36,
Pp. 9622-9629, 2011.

Z. Xiao, J. Blonder, M. Zhou, and T. D. Veenstra, “Proteomic
analysis of extracellular matrix and vesicles,” Journal of Pro-
teomics, vol. 72, no. 1, pp. 34-45, 2009.

C. Frantz, K. M. Stewart, and V. M. Weaver, “The extracellular
matrix at a glance,” Journal of Cell Science, vol. 123, no. 24, pp.
4195-4200, 2010.

H. Jarveldinen, A. Sainio, M. Koulu, T. N. Wight, and R.
Penttinen, “Extracellular matrix molecules: potential targets in
pharmacotherapy,” Pharmacological Reviews, vol. 61, no. 2, pp.
198-223, 2009.

F Bolland, S. Korossis, S. Wilshaw et al., “Development and
characterisation of a full-thickness acellular porcine bladder
matrix for tissue engineering,” Biomaterials, vol. 28, no. 6, pp.
1061-1070, 2007.

R. Chen, H. Ho, Y. Tsai, and M. Sheu, “Process development of
an acellular dermal matrix (ADM) for biomedical applications,’
Biomaterials, vol. 25, no. 13, pp. 2679-2686, 2004.

T. Hoshiba, H. Lu, N. Kawazoe, and G. Chen, “Decellularized
matrices for tissue engineering,” Expert Opinion on Biological
Therapy, vol. 10, no. 12, pp. 1717-1728, 2010.

H. C. Ott, T. S. Matthiesen, S. K. Goh et al., “Perfusion-
decellularized matrix: using nature’s platform to engineer a
bioartificial heart,” Nature Medicine, vol. 14, no. 2, pp. 213-221,
2008.

T. H. Petersen, E. A. Calle, L. Zhao et al., “Tissue-engineered
lungs for in vivo implantation,” Science, vol. 329, no. 5991, pp.
538-541, 2010.

B. E. Uygun, A. Soto-Gutierrez, H. Yagi et al., “Organ reengi-
neering through development of a transplantable recellularized
liver graft using decellularized liver matrix,” Nature Medicine,
vol. 16, no. 7, pp. 814-820, 2010.

P. W. Whitlock, T. L. Smith, G. G. Poehling, J. S. Shilt, and M. van
Dyke, “A naturally derived, cytocompatible, and architecturally
optimized scaffold for tendon and ligament regeneration,”
Biomaterials, vol. 28, no. 29, pp. 4321-4329, 2007.

H. Lu, T. Hoshiba, N. Kawazoe, and G. Chen, “Autologous extra-
cellular matrix scaffolds for tissue engineering,” Biomaterials,
vol. 32, no. 10, pp. 2489-2499, 2011.

H. Lu, T. Hoshiba, N. Kawazoe, I. Koda, M. Song, and G. Chen,
“Cultured cell-derived extracellular matrix scaffolds for tissue
engineering,” Biomaterials, vol. 32, no. 36, pp. 9658-9666, 2011.
R. L. C')reﬁce, M. M. Pereira, and H. S. Mansur, Biomateriais:
fundamentos e aplicagies, Cultura Médica, Guanabara Koogan,
Rio de Janeiro, Brazil, 1st edition, 2012.

S. Bose, M. Roy, and A. Bandyopadhyay, “Recent advances in
bone tissue engineering scaffolds,” Trends in Biotechnology, vol.
30, no. 10, pp. 546-554, 2012.

J. J. Song and H. C. Ott, “Organ engineering based on decellu-
larized matrix scaffolds,” Trends in Molecular Medicine, vol. 17,
no. 8, pp. 424-432, 2011.

C. Cunbha, S. Panseri, and S. Antonini, “Emerging nanotech-
nology approaches in tissue engineering for peripheral nerve
regeneration,” Nanomedicine: Nanotechnology, Biology, and
Medicine, vol. 7, no. 1, pp. 50-59, 2011.

(36]

[37]

(38]

(41]

(42]

[48]

(49]

BioMed Research International

N. Barkalina, C. Charalambous, C. Jones, and K. Coward, “Nan-
otechnology in reproductive medicine: emerging applications
of nanomaterials,” Nanomedicine: Nanotechnology, Biology and
Medicine, vol. 10, no. 5, pp. 921-938, 2014.

I. Wheeldon, A. Farhadi, A. G. Bick, E. Jabbari, and A.
Khademhosseini, “Nanoscale tissue engineering: spatial control
over cell-materials interactions,” Nanotechnology, vol. 22, no. 21,
Article ID 212001, 2011.

B. D. Fahlman, Materials Chemistry, Springer, Dordrecht, The
Netherlands, 2007.

M. Zhang and J. Gunn, “Polyblend nanofibers for biomedical
applications: perspectives and challenges,” Trends in Biotechnol-
0gy, vol. 28, no. 4, pp. 189-197, 2010.

X. Zhan, M. Gao, Y. Jiang et al., “Nanofiber scaffolds facilitate
functional regeneration of peripheral nerve injury;” Nanomedi-
cine: Nanotechnology, Biology and Medicine, vol. 9, pp. 305-315,
2013.

G.K.K. Leung, Y. C. Wang, and W. Wu, “Peptide nanofiber scaf-
fold for brain tissue reconstruction,” Methods in Enzymology,
vol. 508, pp. 177-190, 2012.

D. C. Aduba Jr,, J. A. Hammer, Q. Yuan, W. Andrew Yeudall, G.
L. Bowlin, and H. Yang, “Semi-interpenetrating network (sIPN)
gelatin nanofiber scaffolds for oral mucosal drug delivery;” Acta
Biomaterialia, vol. 9, no. 5, pp. 65766584, 2013.

S. Ramakristna, W. Teo, T. Lim, and Z. Ma, An Introduction
to Electrospinning and Nanofibers, World Scientific, River Edge,
NJ, USA, 2005.

T.J. Silland H. A. von Recum, “Electrospinning: applications in
drug delivery and tissue engineering,” Biomaterials, vol. 29, no.
13, pp. 1989-2006, 2008.

B. M. Baker, R. P. Shah, A. M. Silverstein, J. L. Esterhai, J. A.
Burdick, and R. L. Mauck, “Sacrificial nanofibrous composites
provide instruction without impediment and enable functional
tissue formation,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 109, no. 35, pp.
14176-14181, 2012.

C. P. Barnes, S. A. Sell, E. D. Boland, D. G. Simpson, and G.
L. Bowlin, “Nanofiber technology: designing the next genera-
tion of tissue engineering scaffolds,” Advanced Drug Delivery
Reviews, vol. 59, no. 14, pp. 1413-1433, 2007.

R. B. Derner, S. Ohse, M. Villela, S. M. de Carvalho, and R. Fett,
“Microalgae, products and applications,” Ciencia Rural, vol. 36,
no. 6, pp. 1959-1967, 2006.

J. A. Vieira Costa, L. M. Colla, and P. E. Duarte Filho, “Improving
Spirulina platensis biomass yield using a fed-batch process,”
Bioresource Technology, vol. 92, no. 3, pp. 237-241, 2004.

A. Vonshak, Spirulina platensis (Athrospira) Physiology, Cell-
Biology and Biotechnoloby, Taylor & Francis, New York, NY,
USA, 1997.

J. A. V. Costa, M. G. Morais, and M. R. Andrade, “Microalgal
engineering: the metabolic products and the bioprocess,” in
Microalgae Biotechnology, Microbiology and Energy—Marine
Biology, M. N. Johansen, Ed., chapter 4, p. 475, Nova Science,
2012.

T. K. Mao, J. van de Water, and M. E. Gershwin, “Effects of
a Spirulina-based dietary supplement on cytokine production
from allergic rhinitis patients,” Journal of Medicinal Food, vol. 8,
no. 1, pp. 27-30, 2005.

B. Mathew, R. Sankaranarayanan, P. P. Nair et al., “Evaluation
of chemoprevention of oral cancer with Spirulina fusiformis,
Nutrition and Cancer, vol. 24, no. 2, pp. 197-202, 1995.



BioMed Research International

(53]

[54

(55]

(58]

[59

(61]

o)
)

(63]

[67

(68]

T. Hirahashi, M. Matsumoto, K. Hazeki, Y. Saeki, M. Ui, and
T. Seya, “Activation of the human innate immune system by
Spirulina: augmentation of interferon production and NK cyto-
toxicity by oral administration of hot water extract of Spirulina
platensis,” International Immunopharmacology, vol. 2, no. 4, pp.
423-434,2002.

N. Nakaya, Y. Homa, and Y. Goto, “Cholesterol lowering effect
of Spirulina, Atherosclerosis, vol. 37, no. 6, pp. 1329-1337,
1988.

U. V. Mani, S. Desai, and U. Iyer, “Studies on the long-term
effect of spirulina supplementation on serum lipid profile and
glycated proteins in NIDDM patients,” Journal of Nutraceuticals,
Functional and Medical Foods, vol. 2, no. 3, pp. 25-32, 2000.

C. Jiménez, B. R. Cossio, and E X. Niell, “The feasibility of
industrial production of Spirulina (Arthrospira) in southern
Spain,” Aquaculture, vol. 221, pp. 331-345, 2003.

M. Okamoto and B. John, “Synthetic biopolymer nanocompos-
ites for tissue engineering scaffolds,” Progress in Polymer Science,
vol. 38, pp. 1487-1503, 2013.

D. Puppi, E Chiellini, A. M. Piras, and E. Chiellini, “Polymeric
materials for bone and cartilage repair,” Progress in Polymer
Science, vol. 35, no. 4, pp- 403-440, 2010.

T. Freier, C. Kunze, C. Nischan et al,, “In vitro and in vivo
degradation studies for development of a biodegradable patch
based on poly(3-hydroxybutyrate),” Biomaterials, vol. 23, no. 13,
pp. 2649-2657, 2002.

J. M. B. T. Cavalheiro, R. S. Raposo, M. C. M. D. de Almeida
et al., “Effect of cultivation parameters on the production of
poly(3-hydroxybutyrate-co-4-hydroxybutyrate) and poly(3-hy-
droxybutyrate-4-hydroxybutyrate-3-hydroxyvalerate) by Cu-
priavidus necator using waste glycerol,” Bioresource Technology,
vol. 111, pp. 391-397, 2012.

A. Shrivastav, S. K. Mishra, and S. Mishra, “Polyhydroxyalka-
noate (PHA) synthesis by Spirulina subsalsa from Gujarat coast
ofIndia,” International Journal of Biological Macromolecules, vol.
46, no. 2, pp. 255-260, 2010.

A. Althuri, J. Mathew, R. Sindhu, R. Banerjee, A. Pandey, and
P. Binod, “Microbial synthesis of poly-3-hydroxybutyrate and
its application as targeted drug delivery vehicle,” Bioresource
Technology, vol. 145, pp. 290-296, 2013.

G. Adamus, W. Sikorska, H. Janeczek, M. Kwiecien, M. Sobota,
and M. Kowalczuk, “Novel block copolymers of atactic PHB
with natural PHA for cardiovascular engineering: synthesis and
characterization,” European Polymer Journal, vol. 48, no. 3, pp.
621-631, 2012.

E. Rudnik, “Biodegradability testing of compostable polymer
materials,” in Handbook of Biopolymers and Biodegradable Plas-
tics: Properties, Processing and Applications, pp. 213-263, 2013.
S. K. Sharma and A. A. Mudhoo, Handbook of Applied Biopoly-
mer Technology: Synthesis, Degradation and Applications, 2011.
S. Khanna and A. K. Srivastava, “Recent advances in microbial
polyhydroxyalkanoates,” Process Biochemistry, vol. 40, no. 2, pp.
607-619, 2005.

L. Sharma, A. Kumar Singh, B. Panda, and N. Mallick, “Process
optimization for poly- -hydroxybutyrate production in a nitro-
gen fixing cyanobacterium, Nostoc muscorum using response
surface methodology;” Bioresource Technology, vol. 98, no. 5, pp.
987-993, 2007.

M. G. Morais, “Bioengenharia microalgal na utilizacido de gas de
combustdo e extragdo de biopolimeros para desenvolvimento
de nanofibras,” Programa de Pés Graduagdo em Engenharia e
Ciéncia de Alimentos, Rio Grande, 2009.

(69]

(70]

(71]

(72]

E S.Figueira, Purificagio de C-ficocianina e sua incorporagio em
nanofibras [Tese de doutorado], Programa de Pés Graduagdo em
Engenharia e Ciéncia de Alimentos, Rio Grande, Brazil, 2014.

D. Steffens, D. Leonardi, P. R. L. Soster et al., “Development of a
new nanofiber scaffold for use with stem cells in a third degree
burn animal model,” BURNS, 2014.

S. Jung, D. S. Kim, J. H. Ju, and H. S. Shin, “Assessment
of Spirulina-PCL nanofiber for the regeneration of dermal
fibroblast layers,” In Vitro Cellular and Developmental Biology,
vol. 49, no. 1, pp. 27-33, 2013.

V. B. Bhat and K. M. Madyastha, “Scavenging of peroxynitrite
by phycocyanin and phycocyanobilin from Spirulina platensis:
protection against oxidative damage to DNA,” Biochemical and
Biophysical Research Communications, vol. 285, no. 2, pp. 262—
266, 2001.

M. C. Reddy, J. Subhashini, S. V. K. Mahipal et al., “C-Phycocy-
anin, a selective cyclooxygenase-2 inhibitor, induces apoptosis
in lipopolysaccharide-stimulated RAW 264.7 macrophages,’
Biochemical and Biophysical Research Communications, vol.
304, no. 2, pp. 385-392, 2003.



