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Abstract

Purpose Bone fractures are the most common large organ injuries to humans, and critical situations can delay the consoli-
dation process or even in nonunion fractures. In this context, many technologies for improving bone regeneration have been
emerging, and including the use of biomaterials for bone tissue healing, once biomaterials are known by their osteogenic
stimulus and capacity to produce tissue ingrowth associated with their biocompatibility and non-cytotoxicity.

Methods This review of the literature investigated the effects of different biomaterials on the process of bone healing in
animal experiments manufactured using the electrospinning technique.

Results It is possible to highlight that a crucial aspect is combining different materials tailored to a specific and effective use.
Additionally, the electrospinning method can be considered a great ally to overcome the challenges offered by manufacturing
functional and compatible biomaterials for scaffolds production to be applied in the tissue healing process.

Conclusion Scaffolds manufactured by electrospinning technique using biomaterials with different origins have a great
potential to be used as bone grafts for bone healing stimulation since most material scaffolds are noncytotoxic, biocompat-
ible, and have osteogenic properties.

Lay Summary Many methods for improving bone regeneration have been studied by scientists worldwide, including the use
of biomaterials for bone tissue healing, once biomaterials are known by their capacity to produce tissue ingrowth associated
with their compatibility with our biological systems and low toxicity. The literature review investigated the effects of different
materials manufactured by the electrospinning technique on bone healing in animal experiments. It is possible to highlight
that scaffolds manufactured by electrospinning technique using biomaterials with different origins have a great potential to
be used as bone grafts for bone healing stimulation.
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Introduction

Bone fractures, either due to pathologies or traumas, are
the most common large organ injuries to humans [1]. It
is estimated that around 9 million fractures occur annu-
ally worldwide, representing a significant health problem
in orthopedic clinics so far [1, 2]. Fortunately, bone is a
dynamic and highly vascularized tissue, and most cases of
fractures heal without any therapeutical intervention [3, 4].
However, in critical situations such as sizeable traumatic
bone defects, insufficient blood supply, or even infections,
the biological capacity of repair may be impaired, result-
ing in a delay of the consolidation process or even in non-
union fractures [2]. In this context, many technologies for
improving and promoting bone regeneration have been
emerging, including cell-based therapies [4], phototherapy
(such as laser therapy) [5, 6], and biomaterial-based bone
grafts [7].

Biomaterials are known by their osteogenic stimulus
and capacity to produce tissue ingrowth in fractures and
bone defects, associated with their biocompatibility and
non-cytotoxicity [7]. Biomaterials are divided into many
different categories, and one of the most common is bioce-
ramics, which include hydroxyapatite, calcium phosphate,
and bioactive glasses (BGs) [7, 8]. Bioceramics present
high bioactivity index and their unique capacity to bond
to bone tissue, forming a biologically active bone-like
apatite layer and stimulating new bone deposition [7]. In
addition, another class of biomaterials widely used for
bone tissue engineering is polymers [9]. Biodegradable
natural-based polymers (collagen, silk, alginate, chitosan,
hyaluronic acid) and synthetic polymers (poly(lactic
acid): PLA, poly(glycolic acid): PGA, poly(lactic-co-gly-
colide): PLGA, poly(e-caprolactone): PCL, polyhydroxy-
alkanoates: PHA) have been widely applied for biomedical
applications [10, 11].

The biomaterials on the process of bone regeneration
have great importance, as well as the performance of bioce-
ramics and polymers, the material presentation [7], since
bone tissue is a natural nanocomposite consisted of collagen,
proteoglycans, and hydroxyapatite (HA) crystals, all at the
nanometer scale. In this context, it is highly desirable that
biomaterials used to improve bone tissue regeneration also
present nanoscale characteristics, resembling tissue aspects,
which may enhance regeneration [12]. On the other hand,
considering nanomaterials, more efficient biological behav-
ior can be attributed to their closer surface-area-to-volume
ratio, surface wettability, and mechanical properties, which
are correlated with higher adsorption of proteins, and con-
sequently favoring cell or tissue responses [13].

Two of the most used biomaterial-based bone grafts
are the scaffold and membrane. The scaffold, known as a

temporary foundation for cellular survival, must comprise
not only strength and good cell-attachment properties to
provide cell proliferation and functions but also porous
structures to benefit the diffusion of oxygen, nutrients, and
wastes [14]. The membrane is also used as a support for
tissue regeneration and must have essential characteristics
for its proper functioning, such as providing gas exchange,
sustaining a humid environment avoiding maceration,
and promoting drainage and absorption of exudates [15].
Besides, due to its larger surface area, it allows the addi-
tion of specific substances, such as antibiotics and active
components [16, 17]. Considering the revised literature, it
is possible to affirm that these forms can be applied alone
or together according to each case and objective.

Despite the positive effects of biomaterials on bone heal-
ing, there is still a limited understanding of their biological
interaction and the process of bone tissue stimulation. In this
context, the purpose of this study was to review the literature
investigating the effects of different materials on bone heal-
ing in animal experiments.

Preliminary Approach

A thorough literature search was conducted to detect studies
that demonstrated the innovation and challenges of applying
materials to produce scaffolds, mainly to improve bone tis-
sue healing. A density visualization map was created from
the most frequently used keywords. Figure 1 shows the more
cited words and their interactions among the explored arti-
cles, wherein darker colors mean higher frequencies.

The different generated colors illustrate the clustering,
showing a clear separation of the distinct frequency, as well
as the relationship among the most frequently cited words.
In the publication map, four central regions can be observed.
The clusters comprise the words tissue regeneration, nano-
material, recent advance, biomedical application, and hydro-
gel, showing consistent interest as a trend in innovative ways
to explore nanotechnology to increment tissue regenera-
tion. The second cluster comprised the terms bone, poly-
mer, effect, bone regeneration, and property and the terms
role, regeneration, nanotechnology, nanostructure, wound
healing, and fabrication in other regions. Moreover, the last
cluster comprised the words titanium, nano, and challenge.

The inclusion criteria of the defined articles were as fol-
lows: (1) articles published in English from 2000 to 2021
and (2) original articles and reviews on the selected themes.
Independent studies published in scientific events, blogs, and
other media, as well as in not indexed published material,
were not considered as part of this review. From this, a data-
base was created, recognizing the advances made in the field
and what is still pending to improve our knowledge regard-
ing scaffolds production and tissue healing using materials.
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Fig. 1 Density visualization
map generated from the most
cited keywords presented in the
literature consulted

recent advance

fabrication
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The main articles consulted and used in the elaboration of
the present work are shown in Table 1.

The search was conducted on Scopus databases to iden-
tify the literature regarding electrospinning, scaffolds, and
nanomaterials. In this search, 1696 articles were found, and
after a careful evaluation, 101 articles were used to elaborate
the present work. Thus, the data obtained from the frequency
of mention (Fig. 1) was used to guide the discussions and
the construction of the following topics, highlighting the
challenges and perspectives in each area.

Sources of Biomaterials

Numerous material types, manufactured from different
sources (both natural and synthetic), with bioactivity and
osteogenic properties, have been used to produce biomateri-
als and scaffolds [53]. For example, one of the most promis-
ing classes for material manufacturing is biopolymers, which
can be obtained from natural (living organisms) or synthetic
sources [53]. They are used for a broad range of biomedical
applications due to their intrinsic biological characteristics
like biocompatibility, biodegradation to nontoxic products,
low antigenicity, and high bioactivity [53]. Among those, it
can be highlighted the use of collagen/gelatin from bovine
and porcine origins [29], chitosan from marine species
(including shrimps) [48], cellulose from purified cotton [38],
and poly(3-hydroxybutyrate-co-3-hydroxybutyrate) (PHBV)
prepared by microbial fermentation [54]. Furthermore,
synthetic biopolymers have also gained great prominence
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for medical applications due to a wide range of physical
and chemical properties that can be achieved based on the
monomer units, polymerization reaction, and formation of
copolymers consisting of different components at adjustable
concentrations [39]. In this regard, polyurethane [23] and
polycaprolactone [24] can be highlighted.

Moreover, the metals class can also be mentioned as a
tool to manufacture biomaterials. They are attractive for this
purpose due to their unique mechanical strength, resistance
to corrosion, oxidation, and non-reactiveness [55]. Nota-
bly, the metal gold (Au) has arisen as an option for many
biotechnology applications such as drug delivery [19]. In
addition, silver (Ag) has also been used as a biomaterial
primarily due to its antibacterial effects. Marsich et al. [64]
developed an antibacterial scaffold by introducing silver
nanoparticles to alginate and hydroxyapatite for tissue engi-
neering applications. In addition, in the study conducted
by Eid et al. [40], the researchers explored the applications
of platinum (Pt) nanoparticle-loaded calcium phosphate
scaffolds that demonstrated anti-inflammatory properties,
enhanced cell proliferation, and attached powerful tools for
bone regeneration.

In addition, the class of bioceramics is also used for mate-
rial manufacturing [25]. Bioceramics are biocompatible with
bioactive materials, and they also can interact with a bone
when implanted into the tissue [65]. Silica, titanium dioxide
(TiO,), zirconia (ZrO,), calcium phosphates (CaP), and bio-
active glass [28] are examples of these materials.

As an example of the formulation and study of bioce-
ramics as a promising biomaterial, Thakare et al. [41]
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Table 1 Main articles consulted from the literature search regarding scaffold composition and other aspects related to bone tissue engineering

Year Reference Scaffold composition
1999 [18] Synthetic materials
2002 [19]* Bioactive glasses
2009 [13]* Groups of nanomaterials
2010 [8] Collagen/polycaprolactone (PCL)
2011 [15] Collagen/gelatin
[20] PLLA
[21] Poly(L-lactic acid) (PLLA)/nanohydroxyapatite (nanoHA)
2012 [2]* Mesenchymal stem cells
[22] PLLA/gelatin
2013 [1]* Risk of fractures
[5]* Photobiomodulation
[23] Silver/alginate/nanoHA
[24] Platinum (Pt)/calcium phosphate (CaP)
[25] Poly(lactide-co-glycolide) (PLGA)/nanoHA
[26] PCL/type-1 collagen
[27] PCL/CaP
2014 [4] Chitosan
[10] PLGA/HA with arginine-alanine-aspartic acid-alanine
[28]* Bioglass
2015 [3] Gene therapy
[71* Bioactive glasses
[11]* Alginate
[14]* Biodegradable biopolymers
[29]* Polymers in medicine
[30] Silica with PLGA and with PLGA/gelatin
[31] Poly(D,L-lactic acid)-co-poly(ethylene glycol)-co-poly(D,L-lactic acid) (PELA)/HA
[32] Poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)/2,2,2-trifluoroethanol (TFE)/nanoHA
[33] Chitosan/HA
[34] Silk fibroin (SF) 3D nanofibrous
[35] PLGA/HA
[36]* Groups of nanofibers
2016 [16] Chitosan
[37] PCL/nanoHA 3D scaffolds
2017 [38] Azithromycin/CaP/PCL
[39]* Nanoparticles for bone tissue engineering
[40] PCL/zirconia
[41] Poly-3-hydroxybutyrate (PHB)/chitosan/nanobioglass (nanosilica, calcium carbonate, sodium
carbonate and phosphorus oxide)
[42] Zein
[43] PCL/polylactic acid (PLA)
[44] PLLA/nanoHA
[45] PLLA/gelatin
[46] Poly (L-lactide-co-caprolactone) (PLLACL)/SF
[47] Gelatin
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Table 1 (continued)

Year Reference Scaffold composition
2018 [6]* Bioactive glass/gelatin
[12]* Groups of nanomaterials
[48] PU/corn oil and PU/neem oil
[49] Oyster shell (OS)/PLLA
[507* Nanostructures of bioactive compounds
[517* Groups of nanomaterials
[52]* Groups of nanomaterials
2019 [9]1* Degradable hybrid polymer
[17] Cellulose
[53] PHBV/adenosine
[54]* Metal nanoparticle-hydrogel
[55] CaP/nanoHA
[56] Poly (aspartic acid)/zein
[57] Chitosan/polyvinyl alcohol (PVA)/nanoHA with or without platelet-rich plasma (PRP)
[58] Cellulose acetate
[59] Simvastatin/zein/chitosan/nanoHA
[60]* 3D and 4D printing of polymers
[51] Silica oxide/ selenium
[61]* Nanomedicine regulation
[62]* Chitosan and gelatin
[63] PU/SF
2020 [64] Bioceramics
[65]* Calcium phosphates used for bone substitution
[66]* Nanostructures of bioactives compounds
[67] Polyethylene oxide (PEO)
[68] Zein/trimethylolpropane triglycidyl
[69] Polyacrylonitrile (PAN)
[70]* Biopolymeric nanocomposite
[717* Alginate
[72]* 3D nanofibrous
[73]* Natural and synthetic polymers
[74] PCL/chitosan/nanoHA
[75] PCL/nanoHA/MSCs
[76] PCL
[77] PLLA/MSCs
[78] PLLA/thiolated chitosan/gelatin
[79] PLA/TUDCA (tauroursodeoxycholic acid)
[80] PLA/carbon nanotube
[81] PCL/cellulose nanocrystal
[82] SF/PCL
[83] PEG/CaP cements/SF/PLGA
[84] PLGA/HA
[85]* Fabrication process of scaffolds
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Table 1 (continued)

Year Reference Scaffold composition
2021 [86] PCL/PVA/metformin
[87] PCL/collagen/berberine
[88] PCL/PVP/collagen/chitosan/berberine
[89] PCL/PLA/gelatina
[90] PCL/PLLA/Au/gelatin/taurine
[91] PCL/ZIF-8/BMP-6
[92] PCL/ZIF-8/BMP-6/collagen
[93] PCL
[94] PCL/PLLA/gelatin
[95] PLLA/HA
[96] PLLA/gelatin/HA
[97] PAN
[98] SF/PCL

* . .
Review article

demonstrated the inclusion of ZrO, in the electrospun
polycaprolactone nanofiber scaffolds exhibited an
enhanced fibroblast proliferation and improved bioactiv-
ity of the scaffolds.

At the same time, osteoconductive properties at the
scale, CaP materials such as synthetic hydroxyapatite,
and B-tricalcium phosphate (B-TCP, Ca;(PO,),) are well-
known for their potential in bone tissue engineering [22]
due to their similarity of the chemical structure of HA
and TCP with the inorganic phase of bone [26]. Simi-
larly, bioactive glasses, composed essentially of calcium,
sodium, phosphate, and silicate, have been widely studied
and used as potential bioactive materials for bone substi-
tution and repair [49, 56].

Another option is to combine different materials with
different biological and mechanical characteristics to
manufacture composite materials. In this context, two or
more different raw materials are frequently used, such
as poly (L-lactic acid)/gelatin [30], polycaprolactone/
type-1 collagen [66], poly (aspartic acid)/Zein [42],
and oyster shell (OS) with poly (L-lactide) [43]. Meh-
rasa et al. [31] manufactured poly lactic-co-glycolic acid
(PLGA) and PLGA/gelatin fibrous scaffolds embedded
with mesoporous silica particles and found significant
superior biological properties of the fibrous scaffolds in
the stem cell proliferation.

Table 2 illustrates the variety of materials used for fab-
ricating biomaterials that can be used for tissue engineer-
ing applications and the simulation of bone healing.

Methods to Produce Scaffolds:
Electrospinning as a Well-established
Protocol

Several techniques can be applied to produce scaffolds
using biomaterials. In the last years, the electrospun pro-
cess has been gaining attention to produce nanostructures
in different industrial fields.

The electrospun method is a versatile technique that is
highly recommended to produce nanostructures because
of their close working system that permits simpler, faster,
secure, and efficient work conditions. Above all, dis-
missing specific solutions and dangerous solvents, even
extreme temperatures, so it is used under ambient tem-
perature [32, 50]. During the last decade, the use of elec-
trospun nanostructures, mainly to produce fibers (NFs), for
bone tissue engineering scaffolds has enhanced, especially
since their morphology is similar to the structure of the
natural extracellular matrix, presenting high porosity and
their large surface area that can promote cell adhesion,
proliferation, increases solubility, and also allows more
precise targeting of molecules in the body [54, 67, 99].

This technique utilizes the electrostatic property to
charge a viscous polymer solution. A positive high-volt-
age source is applied at the tip of a syringe needle, and
there is a potential gradient in the collector, so a strong
electric field is generated between both. When a critical
voltage is applied, mutual charge repulsion overcomes the
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Table 2 Materials used as nanomaterial sources

Raw material origin Material class

Main subject

Reference

Collagen/gelatin Natural biopolymers
Chitosan
PHBV

Cellulose/cellulose nanocrystals

Polyurethane Synthetic biopolymers

Polycaprolactone

Gold (Au) Metals

Silver (Ag)

Platinum (Pt)

Zirconia (ZrO,) Bioceramics

Calcium phosphate (CaP)

Calcium silicate, sodium, phosphate, and silicate

Poly (L-lactic acid)/gelatin

Type-1 collagen and gelatin electrospun scaffolds
Electrospun chitosan membrane

Electrospun nanofibers of PHBV doped with adeno-
sine

The aligned electrospun cellulose/cellulose nanocrys-
tal nanofibers loaded with bone morphogenic
protein-2 (BMP-2) were manufactured

Electrospun scaffold based on polyurethane blended
with corn oil and neem oil

The authors described the development and characteri-
zation of a GBR membrane made of medical grade
polycaprolactone electrospun fibers with antibacte-
rial and immunomodulatory properties

Gold nanoparticles have arisen a great interest as
osteogenic agents, due to their potential to promote
cell differentiation towards an osteogenic phenotype
in vitro

Nanoscaffold with antibacterial properties by introduc-
ing silver nanoparticles/alginate and hydroxyapatite
for tissue engineering applications

Scaffold with anti-inflammatory properties manu-
factured with platinum (Pt) nanoparticles loaded
calcium phosphate for bone regeneration

The inclusion of ZrO, nanoparticle in the electrospun
polycaprolactone nanofiber scaffolds exhibited an
enhanced fibroblast proliferation and improved
bioactivity of the scaffolds

CaP submicrofiber was manufactured through the elec-
trospinning technique with potential of application in
bone tissue engineering

Raw materials for synthesis and preparation of bioac-
tive glasses for bone substitution and repair

Biomimetic nanocomposite scaffolds were fabricated
by electrospinning poly (I-lactic acid) and a blend of
poly (L-lactic acid)/gelatin

Polycaprolactone/type-1 collagen Composite nanomaterials Biomimetic polycaprolactone/type-1 collagen (PCL/

Poly (aspartic acid)/Zein

Opyster shell (OS)/poly (L-lactide)

Poly lactic-co-glycolic acid (PLGA)/gelatin/
silica nanoparticles

COL-1) nanofibers with aligned and random fiber
arrangements were used as models to study their
effects on pre-osteoblasts

The electrospun poly (aspartic acid)-modified Zein
nanofibers scaffold was manufactured to realize
critical-sized bone defects repair

The oyster shell (OS) bioceramics in combination
with the biodegradable and biocompatible poly
(L-lactide) has been used to prepare a new tissue-
engineered electrospun scaffolds

Aligned poly lactic-co-glycolic acid (PLGA) and
PLGA/gelatin nanofibrous scaffolds embedded with
mesoporous silica nanoparticles (MSNPs) were
fabricated using electrospinning method

[15]

[16]

[53]

[17]

(48]

[38]

[39]

[23]

[24]

[40]

[25]

[28, 41]

[22]

[26]

[56]

[49]

[30]

surface tension of the polymer solution, and an electri-
cally charged jet is ejected from the tip of a conical shape,
known as the Taylor cone. In this process, the solvent is
evaporated, resulting in the formation of solid nanofibers
(electrospinning method) or nanoparticles (electrospraying

@ Springer

method) deposited on the collector electrode as a nonwo-

ven mat (Fig. 2) [20, 58, 68, 69].

Depending on the choice of materials and controllable
parameters processes, such as voltage, feeding rate, and tip-
to-collector distance, electrospun scaffolds could be molded
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Fig.2 Electrospinning process
for scaffold production: a sche-
matic view

Nanofibers

Polymeric Solution

according to the objective desired. The parameters range
utilized by several authors analyzed ranged widely and,
therefore, resulted in different results, for example, the tip-
to-collector distance varied among 7.5 to 20 cm considering
the studies conducted by Biazar et al. [68], Mathew et al.
[24], and Wang et al. [25]. Similarly, considering the voltage
applied for the electrospun processes, the authors Mathew
et al. [24] and Schofer et al. [46] ranged this parameter from
9 to 30 kV. Besides, the feeding rate of the polymeric solu-
tion ejected from the syringe was varied from 14 pyL/min
to 5 mL/h by Schofer et al. [46] and Wang et al. [25]. It is
essential to emphasize that although these process variables
are of utmost importance, several studies omit this informa-
tion. Likewise, the solutions containing one or more materi-
als in a mixture are the most variable and must be adapted
according to each objective, and the matrix is chosen. Addi-
tionally, different collectors are also available and infer sig-
nificant changes in the final product. The process versatility
and the practical apparatus allow the obtention of diversi-
fication in the manufactured structures, and as a result, it is
possible to develop particles, fibers, and membranes.

The literature consulted showed a wide gamma of options
to produce scaffolds. However, some studies obtained bio-
materials and have been tested by in vitro conditions. Hence,
it is worth mentioning that it is also applicable to use heat
treatment after the electrospinning process [18, 47, 59] or to
employ coaxial electrospinning method, which comprehends
in two syringes with concentric needles that ejected the pol-
ymer and a bioactive substance simultaneously, avoiding
adverse interactions [37, 57, 99]. Regarding all these works,
it is possible to affirm that will always exist the best way
to produce what is desired; clearly, much more is to come.
However, it is essential to recognize that many opportunities
could be created with an efficient method.

The choice of biomaterial combined with the method for
scaffolds manufacturing is of utmost importance. The pos-
sibilities that rely on the design task of specific material
applied on the electrospinning method can be considered a
great ally to overcome the challenges offered by the obten-
tion of functional and compatible biomaterials for scaffolds
production to be used in the tissue healing process.

Biomaterials Manufactured Using
the Electrospinning Technique for Bone
Healing: In Vivo Studies

As widely known, in vivo studies are an important step for
evaluating the safety and biological performance of new bio-
materials, and many studies have been performed to assess
the effects of materials on bone tissue regeneration [75].
Considering this fact, the literature shows several ways to
evaluate the in vivo response to the application of the elec-
trospinning scaffolds for bone tissue healing purposes, and
some of them are presented as discussed in the following.

Hou et al. [33] designed a bioactive nanoparticle-gelatin
composite scaffold and implanted it into bone defects in rats.
The authors evaluated the tissue response after 4, 8, and
12 weeks of surgery. They observed new bone tissue in the
medullary cavity in the bone defect area, evidencing that
the composite scaffold displayed excellent biodegradability,
bioactivity, and cytocompatibility. Moreover, the mechanical
properties of the newly designed bioactive particle-gelatin
composite scaffold and the 3-D structure of new bone tissue
are comparable to the surrounding cancellous bones. The
authors stated that the material constitutes a promising arti-
ficial bone graft. A schematic process describing electrospun
fibers and 3D scaffolds is presented in Fig. 3.
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Fig.3 Schematic process
describing electrospun fibers
and 3D scaffolds

3D printer

HNIA

Electrospinning

Assembled layer by layer

Abazari et al. [27] explored the effects of an electrospun
fibrous (789 + 564 nm) polyvinyl alcohol, chitosan, and
hydroxyapatite (PVA-chitosan-HA) composite enriched
with platelet-rich plasma (PRP) as a bioactive substance and
seeded with mesenchymal stem cells (MSCs) in the healing
process of a critical-sized calvarial defect. The authors found
that the proposed treatment was able to accelerate bone
repair. In the same line of work, Biazar and Heidari Kes-
hel [68] evaluated the effects of the implantation of fibrous
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
and nanohydroxyapatite (nano-HAp) composite scaffolds,
seeded with stem cells (USSCs), in the process of healing
using an experimental model of calvarial bone defect in rats.
The authors found that both the pure PHBV and PHBV with
nanoHA scaffolds showed a randomly interconnected and
highly porous structure, with diameter size ranging from
100 to 324 nm (by the pure PHBV to the most concentrated
scaffold), and, after 28 days after implantation, a signifi-
cantly more significant amount of regenerated tissue in the
treated animals, highlighting the positive osteogenic effect
of scaffolds.

Zhong et al. [54] evaluated the potential of electrospun
nanofibers of PHBV but with different adenosine concentra-
tions for bone healing in a critical-size calvarial defect model
in rabbits. The authors observed that the biomaterial could
guide bone tissue ingrowth through the defect, promoting
the complete filling after 12 weeks postimplantation. The
variation of adenosine concentration did not exhibit differ-
ences in function and efficacy biocompatibility of the NFs.

Frohbergh et al. [86] studied the osseointegration capa-
bility of a nanofibrous chitosan-hydroxyapatite-genipin

@ Springer

(CTS-HA-GP) scaffold manufactured with the electrospin-
ning technique in a murine model of critical-size calvarial
defects by histology and micro-CT. After 3 months, CTS-
HA-GP scaffolds with 334.7 +£ 119.1 nm diameter size could
induce a 38% increase for the new bone tissue area. Simi-
larly, Nguyen et al. [87] created porous and nonporous PCL
fiber-based fibrous scaffolds manufactured with the electro-
spinning technique and induced calcium phosphate (CaP)
particles to coat on the fibers after immersion in simulated
body fluid solution (SBF) during 2, 4, 8, and 12 h, and could
observe, after 1 and 3 months of the implantation into the
femoral plug defects of rabbits, a new bone formation in the
case of porous PCL 12 h scaffold.

The incorporation of the antibiotic azithromycin in the
calcium phosphate (CaP)-coated mPCL membrane was stud-
ied by Mathew et al. [24], ranging the antibiotic doses from
1 to 2.5 until 5 mg. Lower doses of entrapped azithromycin
were limited to the upper surface of the membranes, and
the higher dose (5 mg) caused a deep penetration; further-
more, between 1 and 8 weeks, the authors observed a better
response of the sample with 5 mg to form new bone regen-
eration contralaterally in rodent calvarial defects, than to
membrane without azithromycin.

Ma et al. [88] explored the effect of berberine (BBR),
an active component extracted from herbs that have poten-
tial bone protection, with PCL and collagen. Their results
showed this protection in critically sized cranial defects once
the condition with BBR obtained higher bone mineral den-
sity. The BBR also provides clinical potential which was
utilized to produce a 3D scaffold with a bilayer membrane.
Zhang et al. [89] used mineralized collagen and chitosan to
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deliver the BBR into PCL/PVP nanofibers for this produc-
tion and observed a positive result in the process of bone
healing after the material application.

Considering bone healing and cell proliferation, a positive
result was obtained by Hashemi et al. [90], who produced a
scaffold containing PCL, PLA, and gelatin and added ascor-
bic acid in different concentrations (0.5, 1, 5, and 10%). The
rats were kept with these scaffolds during 4 months in the
calvarial defects, and then, the group with 5% showed higher
new bone than others. Samadian et al. [91] added taurine
into the same scaffold base mentioned above, following this
research line. After 12 weeks, the condition with 10% of
taurine showed the best bone regeneration.

A novel carrier to BMP-6 was tested by Toprak et al.
[92]. ZIF-8, among zeolitic imidazole frameworks (ZIFs),
a subclass of metal-organic frameworks (MOFs), possess
high permanent porosity with intrinsic biodegradability. The
authors fabricated PCL/ZIF-8 scaffolds for 8 weeks using
the electrospinning technique, with and without BMP-6, and
implanted them into rat cranial bone defects. They found that
the degree of bone repair was expressively higher when the
BMP-6 was applied than control and PCL/ZIF-8 scaffold
groups. This positive result was also obtained by Xue et al.
[76], who utilized the same material combination above with
collagen into the scaffold fabrication.

Junka and Yu [76] utilized the PCL with osteoblast and
endothelial decellularized extracellular matrix to test the
osteoconductive activity in the rat femur. In all conditions
evaluated, the authors found an improvement in the inser-
tion and proliferation of osteoblast. Padalhin et al. [93] also
obtained outstanding results when applying a similar scaf-
fold to a rat’s skull defect. Additionally, Huang et al. [94]
observed the same region almost totally regenerated when
preparing a scaffold with super-active platelet lysate into
gelatin/PCL/PLLA nanofibers.

Schofer et al. [46] explored the influence of electrospun
PLLA fiber scaffolds and their use in combination with bone
morphogenetic protein-2 (BMP-2) for the reconstruction
of critical-size bone defect by cranial computed tomogra-
phy (CCT), histology, histomorphometry, and immuno-
histochemistry. The PLLA/BMP-2 presence demonstrated
a capability to increase bone formation and expression of
osteocalcin after 12 weeks. Su et al. [48] investigated the
effects of electrospinning membranes manufactured with
nano chitosan for GBR in critical-sized calvarial defects.
After 12 weeks, treated animals presented a significantly
increased bone formation at the defect region and increased
material resorption.

Hydroxyapatite was also used by Rainer et al. [21] to
produce a functionalized PLLA scaffold. The results showed
the dispersion of HA nanoparticles on the surface of PLLA
fibers and an intrinsic porosity with an average pore size
of approximately 100 nm, which contributes to their

application, resulting in the complete repair of the sternum
of rabbits in 21 days in comparison with control scaffolds.
The same mixture was utilized by Kog et al. [95] using the
same mix to produce a 3D nanofibrous to verify the presence
of graft materials in the calvarial bone regeneration process
for 20 weeks. The authors observed better results when these
scaffolds were applied than control groups; however, auto-
graft condition, considered the gold standard, was the best
for bone regeneration in this case.

The electrospinning process may complement other
procedures to include biocompounds to reinforce struc-
tures and improve the final product, as we can infer from
several articles, for example, as presented by Anitha et al.
[44]. The authors produced electrospun yarns using PLLA
to develop the scaffolds with diameters ranging between 200
and 600 nm. To develop the scaffold, the authors incorpo-
rated the yarns into a gelatinous matrix containing silica-
coated nanoHA at different weight ratios (5, 10, 15 wt%)
and lengths (short and continuous), resulting in structures
with porous geometry. The authors found that all conditions
improved the femur defect regeneration at 2 or 4 months
after the surgery in rats.

Ren et al. [45] utilized different collectors to produce
PLLA/gelatin composite nanofibers. The results showed
the production of random nanofibrous meshes using a steel
plate as the collector and nestlike nanofibrous meshes using
a copper wire grid. After 4 and 12 weeks from the surgery in
the calvarium defects in rats, the authors observed an evident
bone regeneration when both conditions of scaffolds were
implanted than the control one. Furthermore, the nestlike
nanofibrous showed a higher level of bone regeneration than
the random NFs. Andalib et al. [96] used the combination
PLLA/gelatin and added HA with and without MSCs to
introduce this scaffold made with the electrospinning tech-
nique into a critical-sized rat calvarial defect for 8 weeks.
In general, the authors observed a better response in respect
to bone regeneration for both conditions than just PLLA
nanofibers. Besides, when added with MSC, the growth was
faster than without.

Schuttler et al. [77] observed that after 4 weeks of the
scaffold implantation into rat skull defect, the blend with
collagen did not show a significant difference in comparison
with PLLA/MSCs scaffold. Composite hydrogel scaffolds
are also a good end product of nanofibers integration. It was
observed by Huang et al. [78], who introduced NFs loaded
with pANG and pBMP-2 genes into gelatin methacryloyl
(GelMA) and thiolated chitosan (TCS) composite hydrogel
system, utilizing PLLA as the base for NFs, and evaluated
the structure of fiber of the healing in the skull defect for
12 weeks. The authors found that in the presence of the NFs,
the capacity of bone regeneration was better than without it.

Kutikov et al. [67] produced and compared
two spiral-wrapped HA — PELA (poly(D, L-lactic
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acid)-co-poly(ethylene glycol)-co-poly(D, L-lactic acid))
scaffolds, one with mesenchymal stromal cells (MSCs) and
another with BMP-2, utilizing post-spinning process, as
3D cylinders. Their results showed that the MSC scaffold
obtained better adherence than BMP-2, and after 4 and
12 weeks into critical-size rat femoral segmental defects,
both conditions and the control group showed bone regen-
eration; however, the scaffold with MSCs was identified
with weak birefringence, while the scaffold with BMP-2
formed a strong birefringence.

Utilizing the coaxial electrospinning, Bhattarai et al.
[97] produced nanofibers with PLA/BMP-2 and PLA/
TUDCA (tauroursodeoxycholic acid) — a common bile
acid— to experiment with rabbit calvarial defect for
8 weeks. The authors observed that both functional addi-
tives enhanced new blood vessels formation and bone
regeneration compared to the PLA scaffold. Khoobi et al.
[79] also utilized PLA in a mixture with carbon nano-
tube and human Wharton’s jelly mesenchymal stem cells
to introduce critical-size bone defects and achieve posi-
tive results. The same polymer was utilized by Patel et al.
[80] added with cellulose nanocrystal (CNC) to analyze
its influence on the biocompatibility and osteoinductivity,
which were confirmed after 3 weeks inserted in rat calva-
rial defect in comparison with the control group.

A membrane-reinforced 3D nanofibrous scaffold was
fabricated by Yang et al. [81] by serially combining wet
electrospinning and freeze-drying, utilizing silk fibroin
(SF), HA with and without BMP-2. The authors evaluated
these conditions into rat calvarial defects for 8 weeks. At
the end of the time, they observed bone regeneration for
all scaffolds, but when added with BMP-2, this process
was faster. Similarly, silk fibroin was also utilized by Xiao
et al. [34] to produce a 3D scaffold with PCL and obtained
better skull bone regeneration in rats after 12 weeks of
treatment. Hadisi et al. [98] utilized the same biomaterial
and hardystonite with and without gentamicin, acting as
bioactive/drug carrier and antibacterial, respectively, and
implanted in the subcutaneous dorsum of rats. The analy-
ses after 4 weeks revealed the formation of collagen fibers
and new vessels.

Yao et al. [82] produced a 3D scaffold through coaxial
electrospinning with polyethylene glycol (PEG), cal-
cium phosphate cement (CPC), rhBMP-2, dexamethasone
(DXM), SF, and PLGA to explore the influence of DXM
and thBMP-2 in the skull defects bone regeneration in rats
during 8 weeks. According to their results, both substances
demonstrated expressive difference and greater improve-
ment than other conditions. Additionally, Cui et al. [83],
using a green approach that did not involve organic solvents,
produced a micro/nanofibrous scaffold of HA/poly(lactide-
co-glycolide) (HA/PLGA) composite to treat a critical-size
bone defect model in rabbits, observing a significant increase
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in the expression of osteointegration, collagen type 1/2, and
BMP-2. The same was studied and found by Tsai et al. [35].

Regarding the wide adoption of 3D format, it is essential
to emphasize that this conformation should be highly porous
with aligned fibers to provide better compatibility with the
region that will be inserted. In addition, the design and man-
ufacturing process must be in mind, as they are fundamen-
tal for developing a desirable scaffold [84]. Furthermore,
among the variety of techniques, electrospinning is precise
concerning control over the final product’s design and micro/
nanostructure [84, 85], enabling the formation of healing
with properties similar to bone tissue. In addition, electro-
spun scaffolds provide a dense framework of fibers with pore
sizes and fiber diameters that closely resemble the architec-
ture of the native extracellular matrix. However, it generates
limited three-dimensional structures of relevant physiologi-
cal thicknesses. On the other hand, 3D printing allows the
digitally controlled fabrication of three-dimensional single/
multi-material constructs with precisely ordered fiber and
pore architecture in a single build. Thus, the combination
of both techniques allows the manufacturing of scaffolds
that resemble the physiological thickness and a multiscale
heterogeneous fibrous architecture of bone tissue [60].

In this context, based on the presented data, materials
manufactured with the electrospinning technique with dif-
ferent compositions have an osteogenic effect, stimulating
bone tissue regeneration in animal models. Many other
mechanisms can be proposed, but authors affirm that nano-
biomaterials can promote mesenchymal cell migration and
differentiation in osteoblasts, increasing the expression of
growth factors and proteins and accelerating newly formed
bone deposition [33, 100].

Toxicity and Legislation

For bone tissue engineering proposals, biomaterial designed
for biological uses should be easy to create, be biocompat-
ible, biodegradable, noncytotoxic, and be chemically well-
matched with physiological fluids [51].

A question that frequently can be overlooked by the
researchers is that the source of the biomaterial has been
proved nontoxic does not guarantee that the final bioprod-
uct is safe. Since, when combined with other matrix and
substances, a rearranging of the material is often achieved,
the final product can present toxicity, even though the pri-
mary material is biocompatible and nontoxic. Therefore, the
structures must always be carefully evaluated before com-
mercialization and application.

Despite the myriad of properties of materials in tissue
healing and scaffolds, the adoption of care and complete
determinations so that the materials can be used safely
requires adequate studies of their properties, interactions,



Regenerative Engineering and Translational Medicine (2022) 8:506—522

517

and migration. Different conditions can influence the move-
ment of structured components present scaffolds or other
structures such as temperature, mechanical stress on the
structure, the construction characteristics related to the poly-
mer structure, viscosity, and pH. Thus, the particle migration
can also be influenced by the tissue composition and con-
tact time, the material concentration, particle size, molecular
properties of structures, and the polymer’s weight, solubility,
and diffusivity [52, 61].

One of the problems in determining the biological/toxi-
cological effects is the diversity of physical and chemical
properties presented by the scaffolds made by the electro-
spinning technique. Thus, it is mandatory to establish pre-
dictive toxicity methods to characterize the potential risks
of the rapidly growing number of new particles available
for tissue engineering applications. The expression of the
toxicological activity involving technology about reference
materials that have already been subjected to rigorous tests
and were considered to be of low or very high toxicity has
been discussed as one of the alternatives to solve the lack of
information and data concerning toxicity. In this way, this
procedure would classify scaffolds made by the electrospin-
ning technique of unknown toxicity and, thus, provide neces-
sary information to identify hazards. Other possibilities for
determining the safety of these new scaffolds, with potential
applications in bone healing, include the use of in vitro tests
validated by in vivo tests [36, 62] and also the adoption of
a hazard scale based on higher reactivity (or effect) per unit
surface area [62].

Few data regarding the toxicity of scaffolds made by the
electrospinning technique used in tissue healing and scaf-
folds are available in the literature. However, there is a con-
sensus that the population should be aware and informed
about the issues of functionality and possible dangers of
this technology, as they have a significant impact on the
development and implementation of emerging technolo-
gies, especially those employed in the biomedical sector. In
addition, regardless of the application, it is known that the
use of the scaffolds must present a high level of protection
of public health and consumer safety, as well as protection
of the environment.

The application of components in the biomedical field is
governed by control measures to guarantee the safety and
protection of consumers, workers, and the environment, also
serving to control the actions of public or private companies
and standardize the production process through consistent
criteria and safer routines [63].

The adoption of regulations, especially regarding the imple-
mentation of new technologies, is critical, considering that
every new material contains numerous uncertainties and prop-
erties that need to be understood before its effective implemen-
tation. Thus, considering the advances in the area of materials
for medicinal purposes, and even so that society can benefit

from these new applications, there is a great challenge in order
to overcome barriers related to the development of regulatory
frameworks and particular requirements of security, being
indisputable that these are applied and developed together.

In this sense, despite the positive evidence presented about
enhancing the mechanical, technological, and functional prop-
erties of nanostructures and their application in medical prod-
ucts, the survey of risks and functionality of these materials
is still neglected by consumers, researchers, and producers, as
well as legal frameworks.

In general, there is no consensus or global regulation of the
sector, with few protocols to assess the environmental impact,
as well as established exposure limits, as it exists for other
ecological components, such as heavy metals and gases. There
are few regulations for products that have scaffolds made by
the electrospinning technique in their composition, even in
countries that conduct most of the development and appli-
cation of these materials. However, several challenges need
to be overcome to ensure the effective regulation of medical
applications using electrospinning techniques and promoting
a standardized approach among countries, such as assessing
the risk and safety of nanoparticles, terminologies, definitions,
and traceability of these scaffolds.

Alphandéry [52] mentioned that despite the fast develop-
ment in bone tissue engineering, the regimentation is slowly
taking form. The author discusses several aspects, claim-
ing the emergence of regulation. Most of the articles that
exploited the toxicity aspects of scaffolds manufactured by
electrospinning for tissue healing affirm that the materials
are safe and present low toxicity [23, 27, 52, 70-72, 86].

Clausen and Hansen [51] gathered the annexes of the
European Union’s chemical legislation concerning bio-
materials. The documents provided more organization and
transparency; however, they indicate that manufacturers,
importers, and downstream users place considerable work
into understanding the specific behavior aspects and guide-
lines. The chemical legislation comprises 17 annexes detail-
ing many of the technical and scientific specifics of the legis-
lation and the standards for registration and chemical safety
assessment. The annex improvements, aiming to elucidate
registration obligations for nano-sized materials, are derive
from years of discussion among the European Commission,
EU member states, and other stakeholders. Even if the docu-
ment can help as a guide, many questions are still very gen-
eralized, making practical decisions regarding specific uses,
such as tissue engineering, very difficult.

Trends and Gaps in Knowledge
The use of scaffolds obtained by electrospinning for bone

tissue regeneration has been widely studied using in vivo
animal model studies, and it has shown satisfactory results
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for bone healing, tissue repair, the porosity of structures,
and the resorption of active materials. However, sev-
eral gaps concerning legislation, as well as challenges
in the production and morphology of scaffolds, should
be approached by future research. Several studies have
reported the use of natural polymers and biodegradable
synthetic polymers to the output of these biomaterials.
Many in vitro and in vivo studies have demonstrated the
capacity for bone regeneration after the implantation of
scaffolds. However, further investigations must be per-
formed to verify the biocompatibility of these materials
when used within the human body [73, 74].

In addition, scaffolds must present not only a chemical
structure that integrates with the tissues but also adequate
porosity and specific properties to facilitate cell adhesion to
the scaffold surface. The electrospinning technique allows the
manufacturing of scaffolds with uniform fiber orientation and
excellent mechanical properties [72, 74].

Although electrospun scaffolds have made great pro-
gress in bone repair, some issues remain to be resolved.
First of all, it is important to check if the various materials
with for manufacturing can be uniformly embedded and if
some of the characteristics are still kept, such as biocom-
patibility, mechanical properties, and the rate of degrada-
bility. Due to these limitations, the practical applications
of electrospun scaffolds have so far been relatively limited
to in vitro and in vivo works in animal models, especially
small-sized ones, studies with large animals were not found,
and it was not studied in clinical trials, which are a crucial
step towards the application of these bone tissue healing
in practice.

An additional difficulty in the electrospinning process to
produce the scaffolds is the use of some pure polymers, such
as alginate and chitosan, due to their high molecular weight
and low solubility mainly. In this case, the polymeric solution
must be prepared with another polymer, forming a composite
with carrier polymers as polyethylene oxide. Moreover, sur-
factants and solvents can be used to increase the content of
these polymers in nanofibrous mats [73, 74].

Another aspect that the sector should face will be the
regulation of the use of scaffolds made by electrospinning
techniques in the biological system. There is a lack of
answers regarding the criteria for choosing the characteri-
zation and quality control methods for these biomaterials,
mainly related to toxicity, in addition to defining specific
conditions for scaling production since it can lead to sig-
nificant changes in the properties of the nanomaterials.
Due to this, the need to establish regulations aimed at this
type of application is fundamental for expanding the use
of scaffolds [52].
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Conclusion

In conclusion, the present work demonstrated that scaffolds
made by electrospinning technique, with different origins
such as metals, polymers, or ceramics, have a great potential
to be used as bone grafts for bone healing stimulation. It was
demonstrated that most of the scaffolds are noncytotoxic,
biocompatible, and with osteogenic properties. Although all
the positive evidence of the effects of the scaffolds on bone
healing, there is still a lack of consensus about the more
optimized method of manufacturing the scaffolds. Further
studies are required to investigate the more appropriate tech-
nique for sample production, including electrospinning.
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