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Abstract: Although environmentally safe, or green, technologies have revolutionized other
fields (such as consumables, automobiles, etc.), its use in biomaterials is still at its infancy.
However, in the few cases in which safe manufacturing technology and materials have been
implemented to prevent postpollution and reduce the consumption of synthesized scaffold (such
as bone, cartilage, blood cell, nerve, skin, and muscle) has had a significant impact on different
applications of tissue engineering. In the present research, we report the use of biological
materials as templates for preparing different kinds of tissues and the application of safe green
methods in tissue engineering technology. These include green methods for bone and tissue
engineering-based biomaterials, which have received the greatest amount of citations in recent
years. Thoughts on what is needed for this field to grow are also critically included. In this
paper, the impending applications of safe, ecofriendly materials and green methods in tissue
engineering have been detailed.
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Introduction

Tissue engineering combines the principles of biologically active molecules, scaffolds,
engineering, and material fabrication to construct, reform, or treat damaged tissues or
organs. Green chemistry is the use of safe and clean materials and methods to reduce the
toxic and harmful results of scientific research. Hence it uses safe energy or decreases
the waste materials by different experimental and industrial synthetic methods. The
important goal of green methods and technology is to decrease the adverse effects of
pollution on the environment or human body. Apart from the positive effects of ecof-
riendly life, there are many drawbacks in green chemistry, such as high cost, lack of
scientific information about used chemical, raw materials, technology, and the result
of the constant use of natural materials.

In this study, we report the application of more safe and green methods and materials
used in tissue engineering technology.>?

Based on reported data, important techniques have been used in the reported
research for the preparation of real scaffolds instead using real organ are bioprinting,
rapid prototyping technologies, polymer solution casting, gas foaming, emulsification
freeze-drying, thermally induced phase separation, electrospinning, computer-aided
design and computer-aided manufacturing technologies, laser-assisted bioprinting,
and assembly methods.*'° Application of these techniques is along with advantages
and drawbacks.

The major challenges of these methods are to propagate safe industrial and medical
products. One of the most important strategies to decrease pollution and toxic materials
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is the application of agricultural or animal wastes as an initial
material for different research and experiments.

Furthermore, biomaterials have generated great interest
to decrease the adverse effects of other methods, as they can
be produced in large amount with same physical, chemical,
and structural properties for a wide range of tissue types.
Polymer-based biomaterials such as polysaccharides and
proteins with different applications in tissue regeneration
have been prepared from both natural and synthetic materials.
As an example, chitosan (CS), an acceptable biocompatible
and biodegradable polysaccharides with different chemical
functions, is a promising material for progressing in tissue
engineering during cellular functioning and differentiation.
In addition, collagen and hyaluronic acid (HA), protein-based
biomaterials, have been extracted from natural resources and
used in different restoration or improvement scaffolds."

Biocompatibility of natural materials is dependent on the
acceptance of the body organs, without any harmful effects
later than replacement.'

Bone tissue engineering

For many years, treatment or replacement of damaged bone
scaffold due to trauma, injury, and disease has been one of the
most important human concerns in medical science. In addi-
tion, increasing and changing the level of expectations of
humans is another reason why tissue engineering has a special
place in applied sciences. Current methods and technology to
maintain or restore important parts of damaged bone tissue
come with notable limitations and intrinsic disadvantages that
may be harmful; herein, we focus on the present research that
uses safe, and green, materials as an alternative.'?

Hydroxyapatite or hydroxylapatite (HAP)
based on bone tissue
HAP is a natural resource of calcium apatite with chemical
structure Ca (PO,),(OH), and hexagonal crystal structure.
Pure HAP powder is white in color. More than 50% by
volume and 70% by weight of human bone are composed of
modified HAP or bone mineral. Carbonated calcium-deficient
HAP is an important material in dental composition.'?
HAP has a proper potential to become a bone replacement
material, as it has the same structure of natural bone. The
application of modified HAP as a green, renewable biomate-
rial opens up hopeful situation for the synthesis of bone-based
implants and different drugs for the treatment of bone lesions.
During the green synthesis of materials, synthetic methods
should be arranged for preparing compounds that contain little
or no toxicity to human health and the environment.'*!¢

For example, Zhou et al'” introduced modifications in
HAP to decrease the need for hazardous chemicals in tissue
engineering by preparing type I collagen in an ecofriendly
PBS/ethanol solvent instead of the ordinary toxic organic
compounds. Structural analysis confirms a monotonous and
porous structure of the synthesized collagen/HAP nano-
fiber generated by the desalination and coelectrospinning
method."”

D’Agostino et al'® used porous HAP granules mixed
with microfibrillar collagen as cheekbone augmentation in
430 patients and the expectation of the patients has been
fulfilled.

Application of nano-HAP (nHAP) in orthopedics due to
its similarity in size, crystallography, and structure with bone
scaffold is noticeable. As an example, the high biological
interest in nHAP composites with different fatty acids such
as linoleic acid, lauric acid, and oleic acid have been recently
reported. In vitro assay confirmed more acceptances in bio-
compatibility and cell proliferation of synthesized nHAP
when compared with conventionally made HAP. These
results indicated that fatty acids would be a harmless and safe
candidate for bone tissue engineering applications.'

A safe and economic method for the preparation of nano-
structure HAP using recycled eggshell biowaste is another
example based on green chemistry. This mechanism includes
the combination of eggshell biowaste as a resource of calcium
and ammonium dihydrogen orthophosphate as a phosphate
resource. Ultrasound-mediated chemical preparation of HAP
is also an established application, a same method wherein
commercially available calcium hydroxide and ammonium
dihydrogen orthophosphate were applied as calcium and
phosphate sources, respectively.?

Sometimes combination of two or more components
increases the quality and applicability of materials; for
example, bamboo fiber/nHAP/poly(lactic-co-glycolic acid)
(PLGA) composite has been made by a freeze-drying
method. The effect of structural and environmental param-
eters such as different freezing temperatures, concentra-
tions, and pore-forming agents on the surface morphology
and physical properties of the tissue were determined by
scanning electron microscopy, a modified liquid displace-
ment method, and an electromechanical universal testing
machine, respectively. The data analysis showed that the
bamboo fiber/nHAP/PLGA composite scaffolds had the
expected porosity when compared with nHAP/PLGA
composite scaffolds. Furthermore, the in vitro experiments
in the similar body system showed that the application of
bamboo fiber in the scaffolds accelerated the bamboo fiber/
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nHAP/PLGA degradation and showed high cytocompat-
ibility. Due to the improving properties of nHAP/PLGA as
a material in tissue engineering, the bamboo fiber/nHAP/
PLGA would be a hopeful candidate for bone scaffold
regeneration.?!

One of the mineralized and natural hybrid materials usu-
ally used in bone tissue engineering with suitable mechanical
strength is calcium phosphate-mineralized organic-inorganic
hybrid composed of nHAP, CS, chondroitin sulfate (CSA)
and HA, natural polysaccharides with hierarchical micro/
nanostructures. These nHAP composites are reported as
bioceramics in the literature and have different applications
for their biocompatibility, bioactivity, conductivity, and safe
and anti-inflammatory nature.?? Figure 1 shows the synthesis
mechanism of this hybrid scaffold with freeze-drying tech-
nology. The homogeneous pore size and well mechanical
strength of the composites are due to the use of the nHAP
and the interaction between the positive and negative points
of CS and HA. Similarly, biocompatibility was evaluated by
MTT cytotoxicity assays, alkaline phosphatase (ALP) activi-
ties, and Hoechst fluorescence staining, which confirmed
that the expected biocompatibility, low cytotoxicity, and the
components increased the proliferation and differentiation
of osteoblasts. Generally, nHAP/CS/CAS/HA composite
would be a good potential for the treatment or regeneration
of bone scaffolds.?

Due to a lack of systematic evaluation of HAP and
B-tricalcium phosphate (TCP) composite scaffolds for bone
repair, their distinctions on bone regeneration have not been
clarified yet. Xu et al used HAP and B-TCP to prepare com-
posite scaffolds for bone repair. In that study, HAP and TCP
with PLGA composites were prepared and their performance
toward the repair of rabbit calvarial bone defects was sys-
tematically investigated. The HAP/PLGA scaffold exhibited
improved mechanical strength and cell proliferation in vitro
and, thus, achieved better bone repair at an earlier period than
the TCP/PLGA scaffold. In contrast, the TCP/PLGA scaffold
displayed greater potential in long-term bone defect repair,
as TCP possessed higher alkalinity and in vivo absorbability,
which was strongly evidenced by micro-computed tomog-
raphy reconstructions and histological examinations. Taken
together, the TCP/PLGA scaffold is thought to be the better
scaffold for bone treatment or regeneration, and when mor-
phology of the scaffolds was controlled, TCP was regarded
as a superior bioceramic for structured tissue-engineering
scaffolds for bone repair.?

CS, HAP, and magnetite (Fe,O,) have been broadly
used for bone treatment applications. Application of com-
posite biomaterials improves the special properties of each
compound and completely distinguishes the composite
effects. The structural analysis of pure CS, CS/HA, CS/
HA/Fe,O,, and CS/Fe,O, was determined by measuring
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Figure | (A—C) Preparation mechanism of green hybrid nHAP/CS/CSA/HA scaffolds. Data from Hu Y et al.2
Abbreviations: CS, chitosan; CSA, chondroitin sulfate; EDC, |-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide; HA, hyaluronic acid; nHAP, nanohydroxyapatite; NHS,

N-hydroxysuccinimide.
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Figure 2 Synthesis of scaffolds based on chitosan, nHAP, and fucoidan. Data from Lowe B et al.2

Abbreviation: nHAP, nanohydroxyapatite.

bending strength, elastic modulus, compressive strength,
and hardness values. In addition, the biological responses
of human mesenchymal stem cells (hMSCs) on different
composites showed acceptable in vitro biocompatibility
and enhanced mechanical properties in comparison with
pure CS.*

CS-based risedronate/zinc-HAP intrapocket dental
film (CRZHDF) used for improving alveolar bone loss is
another example of the application of modified HAP in
bone tissue engineering.?

The preparation of multifunctional bioinspired tissues
with vascularization and its treatment applications is notice-
able for using in bone scaffolds. The solid three-dimensional
(3D) tissues were prepared from CS, nHAP, and fucoidan as
natural materials using the freeze-drying method (Figure 2).
The application of nHAP in the CS—fucoidan composite
decreased the water uptake and water retention. In vitro
test including periosteum-derived mesenchymal stem cells
(PMSCs) confirmed microstructure of composite, which is
one of the most important properties for cell growth and
nutrient supplementation. The cells showed advanced bio-
compatibility and excellent mineralization for the composed
scaffold as a great potential in the treatment and restoration
of the injured bone tissues.?

Some examples of the synthesis of HAP-based tissues
based on green chemistry are given in Table 1.

Polymers and biopolymers

Various biopolymers have been used as safe source in bone
tissue engineering. More research showed that the existence
of green and safe materials in nature with a similar chemical

structure of natural bone is a positive point in bone tissue
engineering compared with the other fields in medical sci-
ence and products.?’

Poly(ester amide) is one of the biodegradable biopolymers
that has recently been noticed as a safe material for favorable
mechanical strength and structural and physical properties.
As an example, poly(ester amide)-grafi-tetraaniline copoly-
mers (PEA-g-TA) showed great conductivity, mechanical
strength, and biodegradability. In vitro study of the PEA-
g-TA copolymers indicated nontoxicity, sufficient adhesion,
and propagation of mouse preosteoblastic MC3T3-E1 cells.
Furthermore, the PEA-g-TA copolymers stimulated by a
pulsed electrical signal could allow the differentiation of
MC3T3-El cells when compared with tissue culture-treated
polystyrene. The biodegradable and conductive PEA-g-TA
copolymers is advantageous in using them as a source for
bone tissue regeneration in vivo.?” Another insoluble polymer
solution, including calcium and phosphorous precursors,
was prepared by Moeini et al. The study revealed that the

Table | Application of green chemistry principles in HAP-based
bone tissues

Tissue Reference

Collagen/HAP
Bamboo fiber/nano-HAP/
poly(lactic-co-glycolic)

Green chemistry principle

Safer solvents and auxiliaries 18
Use of renewable feedstocks 21

Nano-HAP/CSA and Designing safer chemicals 22
hyaluronic acid
HAP/B-tricalcium Atom economy 23

phosphate
CS, HAP, and magnetite

Abbreviations: CS, chitosan; CSA, chondroitin sulfate; HAP, hydroxyapatite.

Use of renewable feedstocks 24
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HA nucleation in
the polymer solution

Mixing of preagents

Rod-like growth of HA nanocrystals

Figure 3 Mechanism of the nucleation and growth of HAP components. Data from Moeini S et al.2®

Abbreviation: HAP, hydroxyapatite.

elastic modulus and mechanical strength of the prepared
compound were higher in the in-situ method than the ex-situ
one (ie, blended HAP nanorods with the polymer solution)
(Figure 3). The increased bone treatment potential of the
nanocomposites was showed via an in vitro bioactivity test
in a similar body fluid. Enhanced cell viability and prolifera-
tion was also established by using the MTT assay in human
osteosarcoma cell lines. The reported tissue with in vitro
regeneration promising could be helpful for orthopedic uses
and maxillofacial surgery.?

The efficiency of prepared bone tissues could be tested
by cell attachment, infiltration, morphogenesis, proliferation,
and differentiation, which are indicated or hardly affected
by the chemical component, construction, physical, and
biomedical properties of scaffolds.

Recently, a novel tissue with a special shape, good
surface morphology, and adjustable biological characters
based on recombinant human bone morphogenetic protein-2
(rhBMP-2)-loaded calcium phosphate (Ca-P) nanoparticle/
poly(L-lactic acid) (PLLA) nanocomposite has been prepared
by cryogenic 3D printing method.” The mechanical property
is similar to human cancellous bone. The Ca-P nanoparticle-
combined tissue layer and thBMP-2-encapsulated scaffold
layer were prepared in different kinds of emulsion solution
as printing inks. Other positive points of this tissue are
the sustained release of Ca?" ions and thBMP-2, favor-
able hierarchical porosity, double transformation of Ca**
ions and thBMP-2, sufficient cell viability, and osteogenic
differentiation, which has suggested its promising in bone
regeneration.”’

Synthetic methods for tissue regeneration must be accom-
panied using and generating scaffolds that contain a little
toxic effect in human body cells and life. As an example,
concentric ring-aligned polycaprolactone/poly(D,L-lactide-
co-glycolide) (PLGA)/collagen type I-based annulus fibrous
showed high water adsorption capacity to prepare hydrated
native intervertebral disks. Long-term in vivo implantation
tests showed an enhanced functional properties.*°

Various biopolymers and peptides have been used as
body’s native extracellular matrix (ECM), such as pectin
and polysaccharide-based components.*! Pectin with similar
chemical composition to alginate extracted from the plant
cell walls has been used as a great potential for artificial
ECM. Modified pectin with an Arg—Gly—Asp (RGD) includ-
ing oligopeptide has been applied as an ECM, which is an
alternative to immobilize cells for bone scaffold prepara-
tion. The study of viability, metabolic activity, structure,
and osteogenic differentiation of composites suggests the
applicability of this composite to maintain immobilized cells
viability and differentiating. The incorporation of the RGD
peptide on a pectin backbone increased cell adhesion and
proliferation within the microspheres. In contrast, growing
cells in 3D structures produce a mineralized ECM. These
characters proposed that pectin would be an insertable cell
vehicle for green bone scaffold preparation.®

PLGA, modified by using nanodiamond phospholipid
compound by physical mixing method, is a safe potential for
bone tissue engineering. Modification of nanodiamond by
phospholipids changed hydrophilic surface to amphipathic.
In comparison with the pure PLGA, the use of nanodiamond
phospholipid compound improved physical and surface
parameters, such as reduction in the water contact angle
and increase in hardness. Also, as a new matrix for human
osteoblast growth, different amounts of a composite did not
show any harmful effects on cell proliferation and osteogenic
differentiation. In addition, the result of a nanodiamond phos-
pholipid composite used for mice during 8 weeks demon-
strated an good immune results and decreased biodegradation
rate of a PLGA composition.* Figure 4 shows the mechanism
of preparation of PLGA, modified with a nanodiamond
phospholipid compound during a green method.*

The biodegradation and structural characters of the 3D
porous tissue composed of PLGA/nanofluorohydroxyapa-
tite microspheres by a sintering method as potential bone
tissue engineering were also studied.** The biodegradation
of both PLGA/nanofluorohydroxyapatite and PLGA tissues
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Figure 4 Mechanism of the preparation of PLGA loaded with a nanodiamond phospholipid compound. Data from Zhang F et al.*
Abbreviations: NDs, nanodiamond; NDPC, ND-phospholipid compounds; PF, pure PLGA film; PL, phospholipids; PLGA, poly(lactic-co-glycolic acid); UMND-PFI0, PLGA

film with unmodified ND.

indicated a monotonous trend vs degradation time, due to
the insertion of nanofluorohydroxyapatite in a polymeric
composite. The results confirmed enhanced mechanical
properties of the nanocomposite than that of the PLGA
scaffold after incubation in simulated body fluid. Further-
more, the MTT test and ALP activity results showed an
increase in cell viability vs time in comparison with the
control group. Overall, the obtained data showed that PLGA/
nanofluorohydroxyapatite scaffolds are the great candidates
for green bone regeneration.** Some examples of biopoly-
mers for bone regenerating based on green chemistry are
given in Table 2.

Table 2 Green biopolymers for bone tissue engineering

Bone tissue Green chemistry Reference
principle

Hydroxylapatite nanorods Less hazardous chemical 28
syntheses

CaP-recombinant human Safer solvents and 29

bone auxiliaries

Alginate hydrogel-based Designing healthy 30

nucleus pulposus compounds

Modified pectin Use of renewable sources 32
Poly(lactic-co-glycolic acid)/

nanofluorohydroxyapatite

Atom economy 34

Abbreviation: CaP, calcium phosphate.

Silk-based bone tissue engineering
Based on excellent biological strength and mechanical
strength, such as biocompatibility and biodegradability, silk
fibroin has been intensively explored for tissue engineering
and improving injured body organs as a natural, green, and
safe material.*®

The modification of 3D porous structure of silk fibroin
using graphene oxide (GO) by freeze-drying method and
using nontoxic solvent same as glycerol has been recently
reported. Performing the preparation and modification of
reactant in glycerol and without any toxic organic solvents
confirmed “green” chemistry. By using GO, the average size
of pores of the tissue decreased and improved the compres-
sive silk II structure significantly. The results of biological
activity of the silk fibroin/GO tissues involved degradability,
drug release, and biocompatible properties. In comparison
with the silk fibroin, tissues showed that the modification
with GO increased the applicability of the tissues to resist
enzyme degradation. The results of release test on Sim-
vastatin as a model drug showed that Simvastatin release
was dependent on the GO amount in tissue composition.
In addition, the application of Simvastatin was sufficient to
the growth of osteoblasts and the silk fibroin/GO/Simvastatin
scaffolds showed higher cytocompatibility. These novel 3D
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simvastatin/GO composites with great drug release potential
suggest a promising scaffold for bone tissue regeneration.*

Nanocomposite scaffolds made of natural silk fibroin
and titanium dioxide (TiO,) nanoparticles are another bio-
functional agent for the restoration or treatment of the bone
tissues. Structural, bioactivity, and biocompatibility charac-
ters of the prepared tissue were indicated by immersion in
simulated body fluid. Results demonstrated that the porosity
in the prepared scaffolds decreased with the application of
higher content of TiO, nanoparticles, resulting in an enhance-
ment in mechanical strength. Macroporous structures with
open interconnected and directional pores were successfully
prepared without using any progeny or toxic solvent.’® The
osteoblast-like cells indicated a high loading and prolifera-
tion on these tissues, and their viability depended hardly on
the amount of silk fibroin.*

Skin tissue engineering

Currently, there are only a few dermo-epidermal substitutes
that require patients with an injured dermis to receive both
epidermis and dermis substitutes. Skin grafting remains the
most popular treatment for skin replacements. Behind these
positive points, expensive method, sub-normal skin structure,
and inconsistent engraftment, spectacularly in heavy burns,
are the most important limitations of these compounds.

Glucose-based skin tissue engineering
Biomaterials including polysaccharides have been used as
green source for the regeneration of skin tissues. Recently,
an impressive nanofibrous of Beta vulgaris (obtained from
the beet [Chenopodiaceae or Amaranthaceae]) was prepared
via electrospinning. Scanning electron microscopy confirmed
the monotonous surface of nanocomposite of nylon polymer
and B. vulgaris extracts. Mechanical strength and immu-
nocytochemistry of the composites are comparable to the
native skin tissues. These results proposed that the original
functions of keratinocytes were hardly maintained using the
green composite scaffolds.’’

Zulkifli et al prepared hydroxyethyl cellulose (HEC)/
silver nanoparticles (AgNPs), via a safe and nontoxic method,
as a great candidate for skin regeneration or improvement.
The aqueous solution of substrates with different amounts of
AgNO, was prepared in HEC. The results showed noticeable
morphology, good degradability, and high water absorption
capacity in all the composites. The results showed not any
toxicity of HEC/AgNPs composite, and so this composite
could be used as a promising compound in skin tissue
regenerating. Silver ions were reduced by using HEC as a

reducing matter in a safe and ecofriendly solution and without
any template. This is a safe and easy method for preparing
AgNPs through in situ mechanism.

Bacterial cellulose is another great candidate with effi-
cient ability in biomedical applications such as biodegrad-
ability, network structure, high mechanical strength, good
water absorption capacity, easy preparation, structure like to
plant cellulose, and ability for modifying. However, it still
lacks some desirable properties especially for the application
in tissue engineering, due to insufficient porosity structure
and low biodegradability in the body organs, which limits
its application in medicine.?* Therefore, sometimes, the
properties of bacterial cellulose need to be modified to a
sufficient level.

For example, a novel bionanocomposite was prepared by
inserting keratin (extracted from the human hair) to the bacte-
rial cellulose (prepared by Acetobacter xylinum) to increase
dermal fibroblast attachment.** The bacterial cellulose-based
nanocomposite has been prepared via two methods: in situ
and postmodification. In vitro experiments with human skin
keratinocytes and human skin fibroblasts confirmed the
capability of the new bacterial cellulose/keratin nanocom-
pound for the application in skin tissue engineering. Cell
culture tests indicated a great modification in the surface of
the bacterial cellulose/keratin nanocomposites for attaching
or maintaining the material.** Synthesis of keratin/bacterial
cellulose nanocomposite mechanism and application for skin
tissue engineering are given in Figure 5.

Protein-based skin tissue engineering
Polymer blending is a safe method usually applied to prepare
composites with superior character better than the native
material in tissue engineering.*’ Recently, a novel scaffold
was prepared by electrospinning method and applying a poly-
ester (polycaprolactone), polysaccharide (CS), and protein
(gelatin extracted from cold water fish skin) by Gomes et al.
The properties such as surface porosity, water contact angle,
mechanical strength, chemical structure, and degradability in
water and cell culture medium scaffolds were characterized.
Results demonstrated the hydrophilic nanofibrous tissue
due to the good morphology of prepared fiber mats. Results
of cell populations confirmed an enhanced large phase in
comparison with the real samples; however, cell proliferation
occurred on all tissues until confluence was reached.*’
Inserting the biological compounds such as glycosamino-
glycans (GAGs) in scaffolds is another safe and green
approach toward progressing a new production of great
biomaterials. Recently, gelatin and various amounts of
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Figure 5 Schematic presentation of the synthesis of keratin-incorporated bacterial cellulose. Data from Keskin Z et al.*

Abbreviations: A. xylinum, Acetobacter xylinum; BC, bacterial cellulose.

chemically sulfated or nonsulfated hyaluronan and CSA
scaffolds were prepared by electrospinning method.*! Surface
morphologies of nanofiber were not depended on amount and
kinds of GAGs. In vitro release kinetics demonstrated that
GAGs release is control by diffusion. The capability of this
nanofiber was determined by human keratinocyte, fibroblast,
and mesenchymal stem cell adhesion and proliferation tests.
A noticeable enhancement in cell number was seen when
cultivating all three cell types alone on scaffolds including
nonsulfated hyaluronan and CSA. These results proposed that
sulfated GAG nanocomposite could be a good candidate for
the progression of progressed skin in tissue engineering.*!
Based on same properties to the ECM, a prepared gela-
tin nanofiber by electrospinning method is a great potential
for the applications in wound dressings and tissue engi-
neering, but gelatin shows some limitation in application
such as water solubility and weak mechanical strength.
Gelatin was cross-linked in situ with 1,4-butanediol dig-
lycidyl ether at different concentrations and incubation
time points at 37°C. The results of physical, chemical,
and biological analyses of 1,4-butanediol diglycidyl ether-
cross-linked electrospun gelatin meshes indicated that by
varying the concentration of 1,4-butanediol diglycidyl
ether, morphologies, modulate fiber size, and mechani-
cal power have been changed. Furthermore, the prepared
nanofiber displayed no toxicity against fibroblasts, showing

acceptable property of the prepared composition for skin
tissue engineering.*

Skin scarring after significant dermal damages is an
important medical problem, due to limited information about
healing mechanisms. From the performed studies related to
pathophysiological injuring, it was concluded that one of the
most important reasons for weak healing is abnormal colla-
gen reconstruction. In this field, a new synthesized scaffold
composed of a collagen protein and a special GAG has been
prepared by Jeon et al. The prepared composition is applied
in a rat skin excisional model, which successfully treated
initial wound scars by effective reepithelialization, neovas-
cularization, and rapid collagen preparations. In addition, the
regenerated dermal collagen scaffold has homogeneous size of
collagen fibrils and ordered packing and contains a safe tissue
component. Generally, the biosafety and new composite could
be a great candidate for enhanced healing rate and high-quality
and sufficient scar prevention.* Figure 6 shows the schematic
representation of synthesis of this novel collagen.*

Behind weak mechanical strength, low incorpora-
tion to native tissues and lack of antimicrobial properties
hydrogels have been applied continually in tissue engi-
neering. As an example, some sprayable, high mechanical
strength, and biodegradable hydrogels, with antimicrobial
ability, for the treatment of chronic wounds have been
prepared. The nanocomposite was prepared using two
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Figure 6 Schematic representation of the suggested mechanism for the treatment of skin scars. Data from Jeon EY et al.#®

Abbreviations: ECM, extracellular matrix; MAP, microporous annealing particle.

ECM-derived biopolymers, gelatin methacryloyl (GeIMA)
and methacryloyl-substituted tropoelastin (MeTro), dur-
ing visible light-induced cross-linking. Also, the inserted
antimicrobial peptide Tet213 to the hydrogels showed
antimicrobial activity against Gram (+) and (—) bacteria.
The porosity, degradability, swellability, mechanical, and
adhesive properties are affected by various ratios of MeTro/
GelMA and the final polymer concentration. The subcuta-
neous implantation of the composite in rats showed their
biocompatibility and biodegradation in vivo.* The schematic
representation of preparing of hydrogel composite is given
in Figure 7.

Although application of tissue regeneration has been
clinically effective in the treatment of injured body organs,
many problems such as the deficiency of resilience and
mechanical power, donor-site morbidity, regular losing of
volume, and fibrous capsular structure exist. These prob-
lems can be solved by utilizing bioabsorbable tissues with
high resilience and large strains.* Hence, the tridimen-
sional tissues prepared by inserting water-based polyure-
thane (synthesized from polytetramethylene ether glycol,

isophorone diisocyanate, and 2,2-bis[hydroxymethyl] butyric
acid) into a bio-active ECM including small intestinal submu-
cosa have been noticed to progress tissue engineering.* After
analyzing the structure and properties of the prepared poly-
urethane/small intestinal submucosa, the strength, Young’s
modulus, and resilience of wet polyurethane/small intestinal
submucosa samples were evaluated in comparison with cross-
linked polyurethane. Furthermore, the ability to increase cell
attachment and proliferation of the fabricated specimens
was indicated using human umbilical vein endothelial cells.
Consequently, the prepared polyurethane/small intestinal
submucosa composition showed high resilience and signifi-
cant cell viability without any cytotoxicity.*

Recently, the antibacterial properties, biocompatibility,
and mechanical strength of PLLA/Ag nanocomposite pre-
pared by electrospinning have been studied. The nanosilver
solution was prepared by the biological reduction mecha-
nism from silver nitrate (AgNO,) and bitter gourd extract
(reducing agent) in diphase system including a PLLA.
The in vitro assay using Escherichia coli and Staphylococ-
cus aureus by an agar disk diffusion method indicated that
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Figure 7 A schematic representation of the synthesis of different hydrogel composites: (A) MeTro, and (B) GelMA, and (C and D) MeTro-GelMA-AMP; AMP, GelMA, and
MeTro were added to a TEA (coinitiator) and VC (coinitiator) solution. Data from Annabi N et al.*
Abbreviations: AMP, antimicrobial peptide; DPBS, Dulbecco’s phosphate-buffered saline; GelMA, gelatin methacryloyl; MeTro, methacryloyl-substituted tropoelastin; TEA,

triethanolamine; VC, poly(N-vinylcaprolactam).

the PLLA/Ag nanocomposite was also cytocompatible with
fibroblasts and did not damage the cell growth. Based on the
results, PLLA/Ag nanofibers as a safe wound healing material
can increase the proliferation and ability of epidermal cells
and fibroblasts.* The application of green materials and green
methods in skin tissue engineering is given in Table 3.

Muscle tissue engineering

The research of muscle tissue engineering includes the com-
bined application of cells and scaffolds to treat the injured
muscles.*”*® An important subject in muscle tissue engineer-
ing is to generate functional scaffold similar to native muscle
and have an ability to contract.*” A green approach is needed
to produce scaffolds that are composed of biomaterials or
naturally derived compounds (such as an ECM) by applying
safe synthetic methods to provide a muscle tissue or muscle
regenerative environment.

Synthesized muscle tissue engineering

Mimicking the nanofibrous structure and conductivity of the
ECM for electrical distribution of the origin myocardium
must be sufficient for cardiac scaffolds and cardiomyocyte
(CM)-based bioactuators. CMs have intrinsic electroactivity
property and can spontaneously show response against

electrical signal. Therefore, to simulate the origin myocar-
dium, biomaterials should contain ECM-liked nanofibrous

Table 3 Summary of applications of green materials and methods
in skin tissue engineering

Skin tissue Green chemistry Reference
principle
Beta vulgaris Less hazardous 37

chemical syntheses
Ecofriendly and safer 38
solvents and auxiliaries
Ecofriendly and safer 39
solvents and auxiliaries

HEC/silver nanoparticles

Bacterial cellulose

Polyester (PCL), a polysaccharide =~ Atom economy 40
(CS), and GEL

Gelatin/sulfated or nonsulfated Atom economy 41
hyaluronan

Healing-inspired collagen Atom economy 43

targeting glue

Gelatin methacryloyl/methacryloyl- Ecofriendly and safer 44
substituted recombinant human solvents and auxiliaries

tropoelastin/hydrogel

Polyurethane/small intestinal Product with lower 45

submucosa cytotoxicity

PLA/Ag nanofibers Designing safer 46
chemicals

Abbreviations: CS, chitosan; GEL, gelatin; HEC, hydroxyethyl cellulose; PCL,
polycaprolactone; PLA/Ag, polylactic acid/silver.
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structures and electrical conductivity to let electrical trans-
mission. However, there is still discussion for preparing such
proper materials for cardiac tissue engineering and CMs
based bioactuators. Due to the coupling of two important
properties recently, nanofibrous structures made of PLLA
and polyaniline for cardiac tissue engineering and CM-based
3D bioactuators have been reported. The nontoxicity and
ability of PLLA enhances the use of this biomaterial in tissue
engineering because of regeneration on large quantity with
necessary power of strength, degradation rate, and structure.
These PLLA/polyaniline conductive nanocompounds dis-
played great cell viability and increased the differentiation
of H9¢2 cardiomyoblasts in terms of the maturation index
and fusion index. Moreover, PLLA/polyaniline nanofibrous
sheets increased cell—cell interactions, maturation and auto-
matic beating frequency of primary CMs and similar to the
ECM show a significant source in cardiac tissue engineering
and CM-based 3D bioactuators.™

A bilayered CS—gelatin composite, with acceptable
morphological and mechanical properties and controlled
swelling and biodegradation, was recently applied as a bio-
logical blood vessel. The porous layer showed a big surface
area, good cell adhesion and proliferation, and the second
nonporous layer displays the inhibition against cells and gives
the enhanced flexibility and elasticity to the nanocomposites.
Fibroblast cell proliferation on the prepared scaffold showed
the biodegradability vs time, allowing cells to propagate
into the tissue network. Based on the obtained results, the
designed bilayered composite with great physiochemical,
mechanical, and biological properties could be a sufficient
candidate for blood.”' Figure 8 shows the synthesis of the
bi-layered CS—gelatin composite using particulate leaching.

Gellan gum (GGQG) spongy-like hydrogels (SLH) with
porous structure, high mechanical strength, and cell perfor-
mance have shown great responses for soft tissue engineer-
ing applications. Due to the natural properties of GG-SLH
and polypyrrole (PPy) electroactivity, a conductive PPy—
GG-SLH for applying in muscle scaffold was proposed.
PPy-GG-SLH shows compressive modulus and recovering
capacity more than GG-SLH. However, the mechanical
strength of PPy—GG-SLH is weak. PPy—-GG-SLH did not
show any cytotoxicity against L929 cells and L929 and
C2C12 myoblast cells.™

It is very important propagation electrical conductive
and flexible green materials to prepare the elastic scaf-
fold and to arrange cell manner during scaffold treatment.
To conquer this problem, different and new electrical con-
ductive and degradable polyurethane—urea copolymers with
elastomeric properties were prepared using an amine-capped

Chitosan—gelatin hydrogel with
eudragit L 100 microspheres

—oJ
7 |

n Hydrogel poured on 2 mm

E"IZI plastic tube spinning at 20 rpm
T 8= Drying of scaffold
|
Eudragit L 100 particle
= leaching in NaOH
|
TR Curing in glycerol solution
|
L R= Freeze-drying
mﬂ “ Chitosan—gelatin hydrogel
| nonporous layer at 20 rmp
==~
8 cm

IRE A Qe

Macroporous, bilayer, flexible
blood vessel scaffold

Figure 8 Synthesis of bi-layered chitosan—gelatin composite using particulate
leaching. Data from Badhe RV et al. *'

aniline trimer, dimethylol propionic acid, polylactide, and
hexamethylene diisocyanate.’® These compounds are great
potential for the treatment or regeneration of elastic tissues
same as skeletal muscle, cardiac muscle, and nerve.
Recently, core—shell nanofibers with many adequate
biocompatible and mechanical properties have been used as
new materials in preparation of different tissues. Nanofibrous,
composed of a polycaprolactone core and a functionalized
gelatin shell, was synthesized by coaxial electrospinning
and photo crosslinking technique for vascular tissue
regeneration.> The medical efficiency of the nanofibrous
was measured by analyzing chemical, physical, and bio-
compatibility properties. The obtained results displayed that
the nanofibers with a higher amount of gelatin also showed
lower water contact angles and higher hydrophilicities. These
valuable findings are very important when the prepared nano-
fibers are in contact with blood and normal human dermal
fibroblasts. Inserting gelatin into the nanofibers reduced the
water contact angles and increased the hydrophilicity of the
composition. Furthermore, the gelatin used in the nanofibers
also increased their applicability due to the decreasing hemo-
lytic and thrombogenic properties of the compounds.**

Natural compound-based muscle tissue
engineering

Several recent researches have been directed toward the
development of green chemistry methods with a focus on

International Journal of Nanomedicine 2018:13

submit your manuscript

5963

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Jahangirian et al

Dove

biocatalysis and biobased materials.’ Extracellular matrices
of xenogeneic origin have been extensively applied for
medical uses, regardless of their heterogenic characteristics.
Surface functionalization of biomaterials using nanoparticles
is an important method for modifying surface homogeneity in
sophisticated tissue engineering. Recently, researchers indi-
cated many different positive points of the cholecyst-obtained
ECM (C-ECM) as a tissue engineering in comparison with
extracellular matrices gained from other the body parts, such
as the jejunum and urinary bladder.* The application of gold
nanoparticles (AuNPs) with large surface area-to-volume
ratio onto the C-ECM has been used to surface modifica-
tion in cardiac tissue engineering. In this research, AuNPs
were prepared, functionalized, and coupled with a porcine
cholecystic ECM scaffold. The modified scaffold could be a
great potential for the progression of cardiomyoblasts. Also,
the nontoxic and green structure of the prepared scaffold was
displayed by direct contact cytotoxicity testing and live/dead
staining. Results indicated that the modified C-ECM has a
great potential for cardiac tissue engineering to establish the
bioactivity of the bionanocomposite tissue as a cardiac patch
for restoring heart muscle injury.*

Recently, CS/GO nanocomposite with self-adhesive and
self-healing properties and electroactivity was produced by the
application of mussel-inspired protein polydopamine (PDA).*
Surface incorporation of polymerized dopamine is an easy,
nontoxic, effective, and cost-saving alternative method to solve
some problems of different tissue engineering. Reduced GO by
PDA and incorporated into the hydrogel network to generate

Step 1

Break

Heal

A self-healing

electric property. Good degradability, physical strength, accept-
able adhesiveness, self-healing, and regeneration ability are
due to different interactions between CS/GO nanocomposites.
Cell culture analysis confirmed that the electroactive CS/GO
nanofiber increased cell viability and proliferation of human
embryonic stem cell-derived fibroblasts (HEF1) and CMs in
comparison with CS-PDA hydrogels.>® Figure 9 shows the
activity of conductive CS/GO nanofiber with a rapid self-
healing and regeneration behavior for tissue engineering.

At present, the artificial vascular muscles are made of
synthetic materials that are prone to clot, infection, and
other problems. These grafts in the laboratory produce a
combination of living and biological cells and produce little
side effects, but living tissues do not have a high stability
for the permanent use of these grafts and can be produced
if they are not produced from their own cells. For example,
swine iPSC (siPSC) lines were produced by the incorpo-
ration of doxycycline-inducible reprogramming factors
into fetal fibroblasts taken from a line of inbred miniature
swine that does not reject by tissue and organ transplants
or infection. Modified VSMCs were derived from siPSCs
by the application of ascorbic acid and deactivation of
the reprogramming factor via doxycycline withdrawal.
Moreover, siPSC VSMCs incorporated polyglycolic acid
(PGA) tissue easily constructed vascular tissues, which
were inserted subcutaneously into immunodeficient mice
and displayed further maturation showed by the expression
of the mature VSMC marker, smooth muscle myosin heavy
chain. Also, using a robust cellular self-assembly method,

2 2
| | Cs
,M. co "1y, oA
----- Electrostatic
interaction
@—NH~ Crosslinked PDA via
Schiff base reaction

@ =N~ Crosslinked PDA via
Michael addition reaction

L----;--

B adhesive C conductive

Figure 9 Mechanism of mussel-inspired conductive CS/GO nanofiber for tissue engineering. Data from Jing X et al.*®
Abbreviations: APS, ammonium persulfate; CS, chitosan; GO, graphene oxide; PDA, polydopamine.
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the prepared 3D scaffold-free tissue rings from siPSC
VSMCs showed great mechanical power and contractile
activity to those changed from swine primary VSMCs. These
prepared vascular constructs, from doxycycline-inducible
inbred siPSCs, suggested a novel potential approach for the
preclinical determination of autologous human iPSC-based
vascular tissues.”’

One of the most important subjects in tissue engineering
is losing the functionality of skeletal muscle progenitor cell
after separation from alive tissues and moving to culture
dishes, due to the lack of an ECM. Recently, a new material
was developed to increase the propagation and differentia-
tion of human muscle tissue progenitor cells in vitro with
skeletal muscle ECM in composition with a changed alginate
hydrogel incorporated with gelatin and heparin (Alg—-G-H)
as a substrate.”® This Alg—G-H substrate, together with
skeletal muscle ECM, importantly increased cell expansion,
differentiation, and maturation of human skeletal muscle
progenitor cells in comparison with basic substrate. This
method could be a beneficial tool for in vitro skeletal muscle
cell differentiation and maturation, with great promising uses
in tissue production.®®

Table 4 shows some examples of the application of safe,
green materials in muscle tissue engineering.

Neural tissue engineering
Neural tissue engineering is a special branch of tissue
engineering, including methods to remove inflammation
and fibrosis upon implantation of foreign material into the
nervous system. The requirement for neural tissue engineer-
ing is due to the difficulty of the nerve cells and neural tissues
to prepare on their own after neural injury.>

Myelination of Schwann cells (SCs) is very important
for the nervous tissue preparation and materials that can be
prepared from SCs as tissues. The application of polyure-
thane by the polycondensation of poly(glycerol sebacate) and

aniline pentamer to importantly regenerate SC myelin gene
expression and neurotrophin secretion is another example of a
green compound in nerve tissue engineering.® The synthesis
of neurotrophin secretion from SCs on conductive films have
been determined by measuring the dependence of intracel-
lular Ca?* levels and SC myelination. These results proposed
that electroactive and biodegradable polyurethanes have an
acceptable potential for nerve tissue engineering.*

Green and safe systems for generating SCs are another
example for the treatment of peripheral nerve damages.
Pan et al®' determined that the peripheral blood-derived
mesenchymal stem cells (PBMSCs) could be inspired into
SC-like cells, displaying SC-specific markers and functional
parameters. Application of induced PBMSCs (iPBMSCs) for
the treatment of injured rat sciatic nerves shows acceptable
results and suggested that the prepared composed scaf-
fold can treat a wrap in a sciatic nerve to nerve maintain,
axonal restore, and remyelination, nerve conduction in the
target muscle.®!

Peripheral nerve damages have attracted major concerns
in tissue engineering for long time. Biocompatible and biode-
gradable CS has been frequently applied as a safe material in
green tissue preparation.®? Envisioning its uses in peripheral
nerve preparation, one study prepared CS membranes with
three different degrees of acetylation. The three-acetylated
CS membranes were analyzed, and the results confirmed
smooth, flat surface, higher roughness, surface energy, and
same biodegradability. All the prepared composites show
great mechanical strength and did not show any calcification
in a simulated body fluid test.®

Parkinson’s disease (PD) is a brain disorder that causes
gradual loss of muscle control. The signs and symptoms of PD
are mild initially and may occasionally be overlooked.®* In 2015,
PD influenced 6.2 million people and about 117,400 deaths
globally have been occurred. PD typically occurs in human
older than 60 years, or 1% of human population. Despite the

Table 4 Examples of some safe and green materials for muscle tissue engineering

Muscle tissue material Green chemistry principle Uses Reference
Poly(L-lactic acid)/polyaniline Ecofriendly and safer solvents and auxiliaries Cardiac tissue engineering 50
CS—gelatin composite Enhance the mechanical and biological properties Macroporous blood vessel scaffold 51

Gellan gum Ecofriendly and safer solvents and auxiliaries Skeletal muscle 52
Polyurethane-urea Enhance the mechanical properties Skeletal muscle, cardiac muscle 53
PCL-functionalized gelatin nanofiber Biocompatibility and biodegradation Blood vessel scaffold 54
Cholecyst-derived extracellular Ecofriendly and safer solvents and auxiliaries Skeletal muscle 55
matrix/Au nanoparticles

CS/GO composite Biocompatibility and biodegradation Skeletal muscle 56
Alg-G—H composition Cost-effective tool Skeletal muscle 58
Abbreviations: Alg-G-H, alginate hydrogel incorporated with gelatin and heparin; CS, chitosan; GO, graphene oxide; PCL, polycaprolactone.
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noticeable attempt related to cure PD, a successful medical
method is not sufficient. In the PD treatment, bone marrow-
derived mesenchymal stem cells (BMSCs) were genetically
designed to overcome the neurotrophin-3 (nt-3) gene that
inhibits central nervous system and activated like neuronal dif-
ferentiation of BMSCs.%* PLGA microcarriers were modified
as a proper tissue and prepared by double emulsion method.
The surface of PLGA microcarriers was modified by collagen
as a bioadhesive factor for enhanced cell attachment. The
results indicated sufficient overexpression of neurotrophin-3,
and the expression of tyrosine hydroxylase in transfected
BMSCs showed that neurotrophin-3 promoted the intracel-
lular signaling pathway of dopaminergic neuron differentia-
tion. The use of dopamine in the peripheral media of the cell/
microcarrier complex showed that BMSCs successfully dif-
ferentiated into dopaminergic neurons. The sustained presence
of growth factors suggests that this therapy could be applied as
anew therapeutic method for the treatment of PD.% Figure 10
shows the schematic representation of preparation method
of coupling neurotrophin-3-overexpressing marrow-derived

Brain tissue

A —>

Green therapy

Transfection

Cell therapy

mesenchymal stem cells and PLGA microcarriers for the
treatment of PD.

A composition of silk fibroin/silk sericin nerve with
same structural properties can be used as native peripheral
nerve fasciculi.®* However, their mechanical strength is
not sufficient. Recently, nerve conduits with a new and
bionic structure with dual layers have been reported.
The significant feature of these nerve conduits is that the
multiwalled silk fibroin/silk sericin conduits with bionic
character like to the native structure of the peripheral
nerve fasciculi, which is sufficient for nerve restore, and
the outer layer (the hollow PLGA conduits) could show
higher mechanical strength for the internal skeleton. The
double layer composition was modified and incorporated
into the hollow PLGA sheath lumen and then was used as
a bridge across the sciatic nerve lack in rats. The results
of peripheral nerve treatment and postimplantation show
that the new PLGA-coated silk fibroin/silk sericin nerve
conduits could apply for the nerve regeneration and treat-
ment of nerve damages.*

L e

iy

Tissue engineering

Dopamine

. BMSCs

PLGA |
.microcarrier

Figure 10 Schematic representation of the preparation method of coupling neurotrophin-3-overexpressing MSCs and PLGA microcarriers for PD treatment. Data from

Moradian H et al.®

Abbreviations: BMSCs, bone marrow-derived mesenchymal stem cells; MSCs, marrow-derived mesenchymal stem cells; PD, Parkinson’s disease; PLGA, poly(lactic-co-

glycolic acid).
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Figure 11 Schematic illustration of the preparation process of core—shell nanofibrous scaffolds for sciatic nerve regeneration. Data from Xia B et al.®
Abbreviations: NGF, nerve growth factor; PLLA, poly(L-lactic acid); VEGF, vascular endothelial growth factor-.

Two-dimensional monolayer culture is the usual cell
culture technique,® but the cells may miss the functionality
in the in vivo condition due to the difference between the
two environments. As an applicable material, Nagai et al®
prepared an in vivo environment to gain cell responses based
on collagen and heparin (Hep—col) that could immobilize
growth factors, which is necessary for ECM activity. Neural
stem/progenitor cells cultured in the Hep—col gel grew and
differentiated more actively than in collagen, showing an
in vivo environment in the Hep—col gel. Also, results point
out that the neural cells cultured in the present research had
synaptic connections and neuronal action activity by immu-
nofluorescence staining and Ca 2D imaging.® The presented
method is an environmentally friendly, cost-effective, and
green way to culture neural cells using natural compounds.

The designed and programmed delivery of multiple
therapeutic agents is very important to reduce nerve mal-
function for nerve injury.® Recombinant human vascular
endothelial growth factor (VEGF) and recombinant human
nerve growth factor (NGF) incorporated on the surface
and in the core of PLLA nanofibrous using electrospinning
technique by Xia and Lv. The in vitro assay tests indicated
that VEGF and NGF had a consecutive release pattern while
most of the VEGF was released for the short time but the
NGF could be continuously released for >1 month. This
tissue could increase the neural differentiation of inspired
pluripotent stem cells derived neural crest stem cells in vitro.

Also, this nanofibrous was used to a critically sized lack in
a rat sciatic nerve model. Footprint analysis, electrophysi-
ological tests, and histological analysis showed a noticeable
treatment of neovascularization as well as nerve healing after
3 months postoperation. Results indicated that green VEGF
and NGF in an electrospun nanofibrous composed had a
great and safe candidate with synergistic properties on the
restoration of vascularized nerve tissue.® Figure 11 shows
a schematic representation of the synthesis of core—shell
nanofibrous scaffolds for sciatic nerve restoration.

Conclusion

In the present research, we have showed that the aim of
many researches is to develop the application of sustainable,
low-energy, or low-cost processes for the manufacturing
of different tissues and reduce the consumption of toxic
materials. For example, application of extracted natural
compounds from plants or skeletons of animals same as
polysaccharides or some complex proteins are some of the
safe method to engineer tissues and organs. Certainly, the
new components and composites as well as the improve-
ment and replacement of organs and tissues would provide a
major relief for many patients suffering from kidney disease.
In future, the focuses of research will be based on the prepa-
ration of natural polymers, bioglasses, and nanocomposites
with special properties for tissue treatment or regeneration.
It also aims to progress biomaterials for minimally invasive
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surgery and conquer to bad signs for injectable formulations
such as degradability, injectability, and mechanical strength.
Preventing these problems will have a significant effect on the
application of prepared scaffolds and tissues in the treatment
or restoration of injured body organs.
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