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1. Introduction

Hard tissues are living mineralized tissues that possess a high degree of hardness
and are found in organs such as bones and teeth (enamel, dentin, and cementum). The
ultimate goal of bone and joint surgery, craniomaxillofacial surgery, oral/dental surgery or,
in general, hard tissue surgery is reconstruction via the implantation of a biomaterial or a
device to replace bones and/or joints affected by various diseases, traumatic damages, or
deformities. The reconstruction of critical-sized loss or defects caused by trauma, tumor
excision, osteoarthritis, and other bone-resorption-related diseases or disorders remains a
significant challenge [1–7]. However, three-dimensional biomaterial scaffolds (produced
by means of engineering or tissue engineering technologies) have emerged as relatively
novel tools used to repair such damaged hard tissues [8–11]. Biomimetic scaffolds are
designed and generated as biomaterial architectures that promote the regeneration of native
tissue [12–16]. Hard tissue surgery scaffolds require mechanical stability in order to support
the needed geometry of tissue loss or defects and facilitate external loading. Such scaffolds
should provide internal microarchitecture to the tissue that is to be regenerated with an
internal, interconnected porous network of effective space for the infiltration, growth, and
differentiation of bone marrow mesenchymal stem cells, vasculature ingrowth, and new
tissue growth, with the aim of ensuring a channel of material exchange with the external
environment (delivering oxygen and other nutrients to the cells, in addition to waste
removal) [17–20]. Thus, the design of such scaffolds is extremely important to the success
of clinical outcomes in hard tissue surgery. The newest trend in this field is the viable
bioinspired structural and functional design of tissue-mimicking 3D-printed (composite
or hybrid) scaffolds with interconnected pore structures of controlled and often gradual
porosity of implants, with the synergistic functions of promoting bone regeneration (often
seeded with mesenchymal stromal cells and involving biomolecules and growth factors)
and reducing local bacterial infections (intrinsically antimicrobial or loaded with antibiotics,
peptides, antimicrobial metallic ions, and/or nanoparticles, anticancer drugs, etc.) [21–30].

This Special Issue aims to exhibit and discuss the latest advances in biomimetic scaf-
folds for hard tissue surgery, and it includes contributions on potential topics including, but
not limited to, (1) biomimetic design strategies for scaffolds, (2) techniques for fabricating
biomimetic scaffolds, (3) novel biomaterials for biomimetic scaffolds, (4) the biodegradabil-
ity design of biomimetic scaffolds, (5) the surface functionalization of biomimetic scaffolds,
and (6) clinical applications of biomimetic scaffolds.

This Special Issue presents eleven contributions submitted by scholars with renowned
backgrounds in scaffolds design, fabrication, functionalization, or clinical applications [31–50];
four of these contributions are valuable review articles, and seven are original new research
articles. Thematically, according to the area of application, the contributions can be grouped
into articles concerning the following:

• Biomimetic scaffolds for bone and joint surgery;
• Biomimetic scaffolds for maxillofacial surgery and oral surgery;
• Biomimetic scaffolds for general surgery (i.e., hard- and soft tissue surgeries).

Biomimetics 2024, 9, 279. https://doi.org/10.3390/biomimetics9050279 https://www.mdpi.com/journal/biomimetics1
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2. Overview of the Published Papers

Within the topic of biomimetic scaffolds for bone and joint surgery, two review articles
highlight the advances that have been made in biomimetic scaffolds. The first review [Con-
tribution 1] regards biomimetic silk-based materials and scaffolds for tissue engineering,
with a focus on skeletal tissues, whereas the second review [Contribution 2] explores the
background of currently used designs in resurfacing arthroplasty (RA) endoprostheses
and presents a new approach for their component fixation via a biomimetic multi-spiked
prototype scaffold.

Branković et al. (2024) [Contribution 1] review the latest research related to the poten-
tial applications of spider silk and silk-based biomaterials in reconstructive and regenerative
medicine and tissue engineering, with a focus on musculoskeletal tissues. The structure
and properties of spider silk, along with natural spider silk synthesis and the further
advanced recombinant production of spider silk proteins, are reviewed. Research insights
into possible spider silk structures, such as fibers (1D), coatings (2D), and 3D constructs,
including porous structures, hydrogels, and organ-on-chip designs, are presented, with
a review of applications of silk-based materials and scaffolds in musculoskeletal tissue
engineering. These include bone and cartilage in addition to muscle and tendon, as well as
the advanced design and precise engineering of artificial skin and vascular tissues and the
design of bioactive silk-based biomaterials for smart medical implants and controlled drug
delivery systems.

Uklejewski et al. (2024) [Contribution 2] take the over-hundred-year-long history
of RA into scope and discuss how the designs of RA endoprostheses have evolved via a
variety of designs of endoprosthesis components, different choices of materials used, and
changes in methods of fixation in bone. The milestones of past design generations of RA
endoprostheses are chronologically discussed along with critical insight into contemporary
hip RA endoprostheses designs and their failure scenarios. As pointed out by the authors,
coupled with technological advancements is the need for innovations directed towards
more biomimetic designs that have materialized with the first biomimetic fixation for the
RA endoprostheses being introduced. This new design type of completely cementless
and stemless RA endoprostheses of knee joints and hip joints (and other diarthrodial
joints), where endoprosthesis components are embedded in the surrounding bone via the
prototype biomimetic multi-spiked connecting scaffold (MSC-Scaffold), initiates the first
at-all generations of biomimetic endoprostheses of diarthrodial joints [44].

Of the research articles published in Part I, on biomimetic scaffolds for bone and joint
surgery, two [Contributions 3 and 4] concern biomimetic design strategies for scaffolds,
as well as techniques for fabricating biomimetic scaffolds, and three are concerned with
novel biomaterials for biomimetic scaffolds. The personalized biomimetic scaffold for
the restoration of long-bone segmental defects is the subject of Contribution 3, and the
drug-releasing biomimetic scaffold for bone tissue repair is the subject of Contribution 4.
Both articles present the development and characterization of 3D constructs with biological
verification. Among the novel materials for biomimetic scaffolds, the three consecutive
original research articles present new composite material mimicking the natural bone
structure for bone scaffolds [Contribution 5], advances in ceramic biocomposites of good
biomimetics of human bone composition and the means by which they are applicable in
bone scaffolds [Contribution 6], and a novel biomimetic highly porous material as a scaffold
with osteointegration potential [Contribution 7].

Popkov et al. (2023) [Contribution 3] propose a method for the restoration of long-
bone segmental defects with the use of a bioactive degradable 3D-printed scaffold. The
porous implant of a gyroid-like triply periodic minimal surface (TPMS) cellular structure
was designed, fabricated via the fused deposition modeling (FDM) additive technology
of ε-polycaprolactone (PCL), and coated with hydroxyapatite (HA). These implants were
experimentally implanted in laboratory sheep to fill a 20 mm long segmental tibial defect,
and radiological examinations demonstrated evident reparative bone tissue regeneration
occurring from the proximal and distal bone fragments in the third week after surgery, the
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ingrowth of bone tissue into the cylindrical PCL-HA implant from the adjacent bone ends,
and periosteal structures from day 7 of the study, in addition to the implant cellular structure
filled with newly formed bone tissue on day 30 of the postoperative day. This in vivo
study proved that the personalized biomimetic scaffold proposed provides stimulation of
reparative osteogenesis and osseointegration in a single-implant bone block and is suitable
for the regeneration of long-bone segmental defects.

Ensoylu et al. (2023) [Contribution 4] present the results of producing a borate-based
13-93B3 bioactive glass composite scaffold mimicking native bone tissue. In their work,
hexagonal boron nitride hBN nanoparticles were included directly inside the bioactive
glass matrix, and dense three-dimensional scaffolds were fabricated using the polymer
foam replication method. The structural, mechanical, and biological performance of the
scaffolds was investigated, and the drug delivery properties of the scaffolds loaded with
gentamicin and fluorouracil were explored. The results indicate that the hBN nanoparticles,
up to a certain concentration in the glass matrix, improved the mechanical strength of the
glass scaffolds, while their presence enhanced the in vitro hydroxyapatite-forming ability
of bioactive glass composites and accelerated the drug release rates of the system. The
authors conclude that bioactive glass/hBN composite scaffolds that mimic native bone
tissue could be used for bone tissue repair and regeneration applications.

Matos et al. (2023) [Contribution 5] investigated the potential of composites produced
from polyvinylpyrrolidone (PVP) nanofibers containing mesoporous bioactive glass (MBG)
80S15 nanoparticles by the electrospinning technique to be used in bone tissue engineering.
These polymeric scaffolds revealed the absence of cytotoxic effects on Saos-2 cells and
enhanced bioactivity considering the rapid formation of hydroxycarbonate apatite (HCA)
when exposed to simulated body fluid (SBF). Their degradation and swelling assays showed
an ability to tailor their properties by varying the amount of MBG powder incorporated
or the cross-linking properties applied, which also translates into the bioactivity (bone-
bonding potential) of the composites. The authors conclude that, considering their inherent
properties, the composites produced can be used for bone scaffolds because they not only
reveal a high level of biocompatibility but also a swelling capacity suitable for further
development, including drug delivery.

Ferro et al. (2023) [Contribution 6] present their advancements in the development of
metal ion-doped ceramic biocomposites with a high level of similarity in composition to
human bone and a bone-like morphology. In the study, tricalcium phosphate-based biocom-
posites were designed and sintered, both dense and poly(methyl methacrylate (PMMA)
induced porous, doped with combinations of metal ions of magnesium (Mg2+), manganese
(Mn2+), zinc (Zn2+), and iron (Fe3+); and simultaneously reinforced (for strengthening)
with tetragonal zirconia (t-ZrO2) and cubic zirconia (c-ZrO2). A detailed evaluation of their
physical, mechanical, and microstructural properties was performed with an evaluation
of cytocompatibility in a human osteoblast (hOB) culture. The presented results led the
authors to conclude that the addition of tetragonal and cubic zirconia resulted in a sig-
nificant improvement in strength—up to 22% and 55%, respectively—and the addition
of PMMA-generated porosity resulted in an improvement of strength up to 30% and an
improvement in interconnectivity, with excellent hOB cellular viability achieved for all
biocomposites produced.

Tavarro et al. (2024) [Contribution 7] propose an innovative bioactive aerogel-based
composite with piezoelectric properties to assist bone regeneration. Aerogels of hydroxya-
patite (HA) nanowires with barium titanate (BT, BaTiO3) particles were synthesized and
characterized for their physical and chemical properties, bioactivity, and in vitro cytotoxic-
ity. The results demonstrated that the HA/BT aerogel, characterized by good bioactivity
and biocompatibility, constitutes a new biomaterial with osteointegration potential, which
combines the advantages of a highly porous structure such as a cell scaffold (providing
osteoconductivity) and can accelerate osteogenesis and osteoinduction by the presence of
surface charges induced by piezoelectric BTs; thus, it could be suitable for non-load-bearing
applications, such as cavity filling.

3
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The group of papers published in Part II, titled ‘Biomimetic Scaffolds for Maxillofacial
Surgery and Oral Surgery’, includes one review article [Contribution 8] discussing the
recent advances in biological scaffolds for bone formation as a new tissue engineering
technique for maxillofacial surgery and one new research article [Contribution 9] on the
development of a 3D biomimetic scaffold to serve as a biomechanical model of fibrous
periodontal ligament behavior.

Ramezanzade et al. (2023) [Contribution 8] provide a systematic review of the current
literature on the angle of reconstruction of critical-sized maxillofacial defects resulting
from trauma or a benign pathologic disease, using composite allogeneic tissue engineering.
This technique uses an allogenic graft as a biologic scaffold in conjunction with harvested
mesenchymal stem cells and recombinant human bone morphogenic protein-2 (rhBMP-2)
to create, as a custom-made graft, a favorable microenvironment for new bone formation.
The discussion of its reliability and efficacy allows one to see the potential of using large-
scale transplantable, vascularized, and customizable bone to reconstruct large maxillofacial
bony defects as a promising alternative to current therapeutic clinical options that include
extensive autogenous bone harvesting and many patient morbidities.

In their work, Gauthier et al. (2023) [Contribution 9] focus on the development of a 3D
fibrous scaffold with biomechanical properties representative of those of the periodontal
ligament (PDL), the fibers of which would be capable of transmitting mechanical loading
to ligament cells, as it is carried out in vivo by collagen bundles. Three-dimensional fibrous
polycaprolactone (PCL) scaffolds were synthesized by electrospinning and seeded with
human periodontal ligament cells (PDLCs), and the behavior of the cells was observed in
terms of their cellular organization and signaling under static and sinusoidal axial com-
pressive loads. The results highlight the finding that electrospun fibrous PCL 3D scaffolds
mimic the in vivo mechanical deformation of PDL collagen bundles and the transmission of
load to PDLCs; therefore, they might represent an interesting (suitable) experimental model
for investigating PDL mechanobiology and analyzing PDLC mechanobiological behavior.

Under the topic of scaffolds for general surgery (in Part III), one review paper [Contri-
bution 10] discusses the challenges of mechanical property adaptation in tissue-engineered
scaffolds for clinical applications, and one research article [Contribution 11] presents a
novel biomimetic biomaterial for tissue engineering.

Based on a study of all the relevant papers published between the years 2021 and 2023,
Johnston and Callanan (2023) [Contribution 10] provide a review of the current techniques
by which the mechanical properties and biological compatibility of tissue-engineered grafts
(or bioscaffolds)—promoting the repair of damaged soft and hard tissues—are enhanced via
hybrid material usage, multi-layer scaffold designs, and surface-modified-type scaffolds,
as well as clinically translated designs, whose uses and outcomes were published within
the above-given years. From their studies, the authors draw a notable observation—that
accounting for the complex range of mechanical properties present in biological tissues is
generally beyond the scope of a single-material-based design, and a multifaceted approach
consisting of multiple material types, layers, or surface treatment methods working in
tandem is likely to yield the most successful designs. They underline the fact that, in terms
of translation to clinical use, the time-sensitive nature of surgical treatment suggests that
3D printing, as a fabrication method, is a strong contender for the successful realization of
these designs.

Dey et al. (2023) [Contribution 11] present results on the design and development
of new gelatin-based electroconductive hydrogel scaffolds and examine the angle of
their potential applications for tissue engineering scaffolds. Gelatin/poly(ethylene gly-
col)diglycidyl ether/chitosan (G/PEG/CH) nanocomposite hydrogels with the incorpo-
rated nanosized carbon black (CB) were prepared via a mild processing condition that
included aqueous media, various polymer assembly, and cross-linking chemistry, facil-
itating gelation with CB nanomaterial. The synthesized nanocomposite hydrogels and
underwent structural, mechanical, and thermal property characteristics. As a result, the
authors concluded that these nanocomposite hydrogels, which are still in the development

4



Biomimetics 2024, 9, 279

and optimization stages, are compositionally, morphologically, mechanically, and electri-
cally similar to native extracellular matrixes of many tissues and show great promise for
use as conducting substrates for the growth of electroresponsive cells in tissue engineering.

3. Conclusions

These contributions published in this Special Issue on Biomimetic Scaffolds for Hard
Tissue Surgery (i.e., four valuable review articles and seven new research articles) compre-
hensively summarize the latest achievements in the field, with a discussion of prospects
and challenges for further research. Along with different proposed and developed novel
biomaterials and 3D constructs of specific complementary properties that, through their
biomechanical, biostructural, biochemical, biomimetic, and functional properties, possess
great potential for assisting local tissue regeneration, the contributions of this Special
Issue demonstrate remarkable advancements in this interesting and dynamically develop-
ing field.
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Abstract: This review will present the latest research related to the production and application of
spider silk and silk-based materials in reconstructive and regenerative medicine and tissue engineer-
ing, with a focus on musculoskeletal tissues, and including skin regeneration and tissue repair of
bone and cartilage, ligaments, muscle tissue, peripheral nerves, and artificial blood vessels. Natural
spider silk synthesis is reviewed, and the further recombinant production of spider silk proteins.
Research insights into possible spider silk structures, like fibers (1D), coatings (2D), and 3D constructs,
including porous structures, hydrogels, and organ-on-chip designs, have been reviewed considering a
design of bioactive materials for smart medical implants and drug delivery systems. Silk is one of the
toughest natural materials, with high strain at failure and mechanical strength. Novel biomaterials
with silk fibroin can mimic the tissue structure and promote regeneration and new tissue growth. Silk
proteins are important in designing tissue-on-chip or organ-on-chip technologies and micro devices
for the precise engineering of artificial tissues and organs, disease modeling, and the further selection
of adequate medical treatments. Recent research indicates that silk (films, hydrogels, capsules, or
liposomes coated with silk proteins) has the potential to provide controlled drug release at the target
destination. However, even with clear advantages, there are still challenges that need further research,
including clinical trials.

Keywords: spider silk; recombinant spider silk proteins; tissue engineering; drug delivery; bone and
cartilage; ligament and muscle repair; repair of peripheral nerves; tissue-on-chip; organ-on-chip

1. Introduction

The development of biomaterials aims for sustainable and biobased materials [1],
including natural sustainable materials that can mimic tissue structures, such as silk-
based biomaterials [2]. Silk-based biomaterials have been intensively studied for diverse
applications in biomedical and tissue engineering [3–7]. The application of scaffolds with
silk fibroin has been studied for bone scaffolding and ligament, cartilage, and tendon
scaffolds, as well as for wound dressings and skin scaffolds [8–12]. Spider silk was selected
and analyzed in this article as a natural sustainable biocompatible material, with excellent
mechanical properties in comparison to other organic based materials, and a material which
has been used for centuries in different applications. Biomedical applications of spider silk
still account for a smaller part of its applications, whereas other industries have widely
used it, even though there is a clear potential for its application in tissue engineering,
including in musculoskeletal tissues, due to its favorable mechanical properties and other
material properties that can further be customized in composite structures.
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Spider silk has been used in many different applications, including tissue engineer-
ing [13,14]. In ancient times, spider silk was used to stop bleeding, where it served as an
astringent [15,16]. The first clinical use of spider silk was in the 18th century, when it was
used for suturing, whereas nowadays the application of silk as a biomaterial has been
widely studied due to its excellent biocompatibility, high toughness, and ability to support
tissue growth, especially for bone and ligament tissues [17,18]. Silk is one of the toughest
natural materials and its fibers exhibit high strain at failure and very high mechanical
strength [19]. Since its natural collection is limited, fabrication of the recombinant spider
silk protein has begun [20]. Consequently, this technology has enabled modern biomed-
ical applications [21]. All its excellent properties (very good mechanical characteristics,
excellent biocompatibility, low density, and biodegradation) have shown high potential in
tissue engineering [13]. The major clinical application of silk is in silk sutures, with a rather
limited number of clinical uses in other medical applications, such as in cosmetics, wound
dressing, breast reconstruction, and the treatment of gynecological conditions [22].

For musculoskeletal tissue regeneration (bone and cartilage tissue engineering), silk-
based biomaterials offer a unique combination of properties and possibilities of molecular-
level modifications and tailoring to the specific tissue scaffold [9,12,23,24]. Damage to the
cartilage or degenerative conditions have influenced millions of patients, and in many cases
joint replacements are the only possible treatments. However, these traditional treatments
do not regenerate cartilage, just relieve patients of pain, unlike novel biomaterials with silk
fibroin that can mimic the tissue structure and promote cartilage regeneration and new tis-
sue growth [10]. Ligament tissue regeneration is complex and still under research, whereas
silk-based materials show great promise [25]. For the repair of damaged intervertebral
discs by using silk (hydrogels with silk and silk-based scaffolds), preclinical studies have
shown excellent results [26], but clinical studies are still missing.

Research has shown that composites and polymer blends that contain silk have promis-
ing properties for hard tissue engineering, but also for soft tissues [8,27]. Smart and bioac-
tive materials [28–30] have properties that enable them to interact with the surrounding
tissue. With adequate stimuli, a controlled healing process can be started which results in
repaired, new tissue. This is especially important for complex defects of the bones. Another
advantage of silk-based biomaterials is their antibacterial and antimicrobial properties, but
the possible tailoring of those effects in tissue scaffolds is still under study [31]. Bioactivity
of the biomaterials used for tissue regeneration is complex [12], whereas biomineralization,
or the formation of biominerals, is especially important for hard bone tissues. It has been
shown that silk proteins can meditate that biomineralization process [32]. Self-healing
biomaterial has been produced from spider silk [33], promising smart biomaterials. Fur-
ther advancements can be expected with the development of new organ printing and
biofabrication technologies [34,35], such as bioprinting with bio-inks containing silk fi-
broin [36,37], electrospun scaffolds containing silk fibroin [5,38,39], or 4D printing for
biomedical applications [40].

This review will present the latest research related to the production and application
of spider silk in reconstructive and regenerative medicine and tissue engineering, including
nanomedicine and drug delivery systems.

2. Structure and Properties of Spider Silk

Spidroin proteins, composed of an N-terminal domain, repeated motifs, and a C-
terminal domain, determine the hierarchical structure of spider silk [41]. Although spidroin
I and II are believed to be the main silk proteins [42], the identification of more than 20 silk
genes suggests that the number of spidroins in silk glands is higher than anticipated [43,44].

The primary amino acids in spider silk are glycine, alanine, and serine [16]. The
method of forced spinning has revealed that the microstructure and tensile behavior of
spider silk fibers are influenced by the silking force exerted on the dope [45]. Further-
more, the strength of spider silk is highly dependent on the size and orientation of the
nanocrystals [46]. Rheological properties of natural silk are complex and shear thinning
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governs the behavior of the fiber during the spinning process [47]. On the other hand,
ion electrodiffusion governs silk electrogelation—the formation of a gel structure from an
aqueous silk fibroin solution with the presence of electricity [48].

The microstructure of silk fibers is semi-crystalline, as shown in Figure 1, due to the
presence of two phases: crystalline and amorphous (non-crystalline), as shown in [49]. The
nanocrystalline phase is a result of the specific polypeptide secondary structure. Namely,
in places with a high concentration of the amino acid alanine (polyalanine regions), several
antiparallel β-sheets will form and group. These sheets are networked in an amorphous
phase rich in glycine [50]. Weak hydrogen bonds are responsible for the superiority of this
biopolymer in terms of its mechanical properties [51]. SEM and AFM imaging revealed
that the silk thread (with a diameter of 4–5 µm) consists of many silk fibers with diameters
in a range of 40–80 nm [46].
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When cobweb fibers are exposed to high humidity or water, their length shortens
significantly [52]. This phenomenon is called supercontraction, and the silk fibers are
in the ground state [53]. The discovery of supercontraction made it possible to define
different types of silk threads, that is, to establish a correlation between the mechanical
properties of silk materials, the ecological niche, and the evolution of a given species [54].
In addition, this behavior of spider silk has been used to develop smart materials sensitive
to temperature [55] and humidity. In this regard, the overall behavior of any silk fiber can
be defined by the parameter α* that represents experimental magnitude that is determined
from the reference Major Ampullate Silk (MAS) fibers [56].

3. Natural Synthesis of Spider Fibers

Spiders are cold-blooded organisms (poikilotherms) that can spin silk fibers with very
high mechanical strength and toughness [57]. The temperature in their environment affects
the speed of spinning of the web, and thus its mechanical and structural properties [58].
Likewise, silk varies widely in composition, depending on the specific source (spiders
produce silk using seven different types of glands) [59].

Depending on life needs, spiders produce seven silk types (Tables 1 and 2) [60], thanks
to the various silk glands located at the rear end of the abdomen [61]. These types have
different properties depending on whether they serve as a shelter, a means of catching prey,
part of the love game, or as a particular thread the spider uses to escape in case of danger.
Among them, “dragline” silk has been investigated in the most detail [13].

Major ampullate fibers have very high tensile strength and toughness (Table 3). Conse-
quently, they form the frame and radially distributed supports of the spider web [13]. Their
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structure is layered, and each of the layers has a different role, e.g., the transmission of
pheromones and recognition of gender and species, protection against microorganisms, and
protection against damage by physicochemical agents or mechanical support. Generally,
spider silk consists of at least two types of proteins: proline-free spidroins (MaSp1) and
proline-rich spidroins (MaSp2) [62]. In addition to differences in the content of this amino
acid, the spidroins also differ in hydropathicity. The MaSp1 class is hydrophobic, and the
MaSp2 is predominantly hydrophilic [13].

Within the Major Ampullate (MA) gland, we distinguish four regions:

• The “tail” zone, which is responsible for the synthesis and secretion of spider
web proteins;

• Lumen (bag) used for protein accumulation;
• Fiber alignment channel;
• Output for final fiber production.

As proteins travel from the lumen along the channel, they undergo elongation, pro-
moting hydrophobic and hydrogen-bonding interactions. This is followed by the alignment
of the proteins in the solution, resulting in stiffer and stronger fibers. Finally, the cobweb,
excreted in liquid form, hardens very quickly in contact with air.

However, the collection of natural spider silk does not yield significant quantities.
According to the Animal Welfare Act and European directives, animal stress is reduced
to an absolute minimum, with no consequences during the collection procedure. For this
purpose, spiders were fixed with gauze and needles on Styrofoam without anesthesia [63].
MA silk was isolated from the major ampullary glands using forceps. In this method,
a mechanical stimulus is sufficient to initiate spider silk production, and the collection
continues until the animal becomes distressed [63]. In each orb-weaver spider, the silk
composition varies depending on the MaSp1 and MaSp2 spidroin content. For instance,
Nephila claviceps has 81% MaSp1 and 19% MaSp2, while Argiope aurantia has 41% MaSp1
and 59% MaSp2 [7].

Table 1. Different types of spider silk (fibers).

Major Ampullate Silk

Major ampullate silk is produced in the main ampullary
glands. These fibers serve to allow escape from

predators. Also, they are used for the web’s outer rim
and spokes. In this way, the other threads can be

attached to them. They have a strength five times greater
than steel and three times greater than Kevlar [59].

Minor Ampullate Silk

Minor ampullate silk is produced in the secondary
ampullary glands. It has a role in the spiral formation of

the network. Unlike MA fibers, it does not contain
proline. Also, it has a reduced content of glutamate [59].

Flagelliform Silk Capture-spiral (flagelliform) silk is produced in the
flagelliform glands. It is used for catching prey [59].

Tubiliform Silk
Tubiliform (cylindriform) silk is produced in the
tubiliform (cylindriform) glands. It is used for

protective egg sacs [59].

Aciniform Silk Aciniform silk is produced in the aciniform glands. It is
a wrapping silk usedfor the immobilization of prey [64].

Pyriform Silk
Pyriform silk is produced in the pyriform glands. It

functions like a glue, and connects the web to
different materials [65].

Aggregate Silk
Aggregate silk is made in the aggregate glands. It
produces aqueous gluey substances, making the

capture threads sticky [66].
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Table 2. Function and composition of different types of spider silk obtained from [16] under a
Creative Commons License Type, CC BY 4.0.

Glands Type of Spider Silk Composition

Aggregate Aqueous cement ASG1, ASG2
Pyriform Core fiber of capture spiral PySp1, PySp2

Tubuliform Egg-case silk TuSp1, ECP-1, ECP-2
Flagelliform Spiral silk Flag
Aciniform Capture silk AcSp1

Minor ampullate Dragline silk, framework silk MiSp1, MiSp2
Major ampullate Dragline silk, framework silk, radial silk MaSp1, MaSp2

Table 3. Comparative presentation of the mechanical properties of spider silk and other fibers.

Material Tensile Strength
(Mpa) Elongation (%) Toughness (kJ/kg)

Dragline (MA) silk 4000 35 400
Silkworm silk 600 20 60

Kevlar 49 3600 5 30
Ligament 150 5 5

Bone 160 3 3

Spiders produce silk naturally in the form of fibers. However, silk produced through
recombinant techniques involves the extraction of spider silk proteins in the form of powder.
This technique allows for the combination of spider silk proteins with various materials to
create fibers with different mechanical and structural properties. Although using expression
systems makes recombinant production cost-effective, the process of purifying spider silk
protein powder is both time-consuming and expensive [67].

4. Recombinant Production of Spider Silk

Biotechnological production has opened new approaches to produce spider silk pro-
teins from other sources like bacteria, plants, yeasts, cells, or animals, to provide cost-
efficient and stable fabrication [68]. The most commonly used proteins are derived from
sequences isolated from the species Nephila clavipes and Araneus diadematus [13].

Recombinant protein production involves the following steps [69]:

• Determining the sequence of nucleotides in natural DNA (isolation of the desired
sequence that encodes the target protein);

• Designing recombinant DNA;
• Selection of the vector that will enable the transmission of the desired sequence;
• Transmission of the vector into the host’s organism (bacteria, yeast, plants, insect cells,

mammalian cells, and transgenic animals);
• Cultivation/production of proteins in the host organism;
• Isolation of the obtained proteins.

A schematic representation of the recombinant spider silk proteins’ production, sources,
and possible biomaterials is shown in Figure 2.

Organisms used as hosts for silk protein fabrication can be different and the most
commonly used hosts, as shown in Figure 2, are bacteria like Escherichia coli (E. coli), yeasts
like Pichia pastoris, and mammalian cells like hamster kidney cells, but insect cells can also
be used, like Spodoptera frugiperda. E. coli proved to be the most suitable host due to a high
density of cells that grow fast and can be easily transformed. Biotechnological manipulation
and production allow the modification and improvement of silk characteristics [70].

Significant progress has been made in recombinant spider silk production, but further
improvements are necessary to overcome the main challenges of high investments and
small product yields [67]. Additionally, the commercial use of recombinant spider silk has
been limited due to the inability to produce spidroins at their natural size. For example,
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transgenic mammals and insects have the potential to produce larger proteins, which are
easier to purify. However, growing such organisms is costly, and the yields are typically
low. On the other hand, E. coli is relatively affordable to cultivate, but it is not efficient in
expressing larger spidroins [71].
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It is a common misunderstanding that the choice of host organism for producing
recombinant spider silk only depends on the intended application. Advancements in
bioinformatics have facilitated a more thorough examination of the distinct repetitive
segments that significantly impact the structure, properties, and function of spidroin. These
insights can enhance the efficiency of current host platforms and stimulate the development
of novel production techniques to cater to specific production requirements [71].

Producing spider silk proteins using bacteria is a challenging task due to the high
molecular weight of the proteins and their long repetitive regions, containing high levels
of glycine and alanine. However, recent studies using E. coli have tried to overcome this
issue by using alternative methods that involve the intein system to assemble protein
subunits. This has led to the creation of chimeric fibers with impressive mechanical proper-
ties [72,73]. Additionally, other bacteria like Corynebacterium glutamicum [74], Salmonella
typhimurium [75], and Rhodovulum sulfidophilum [76] have also been studied for their poten-
tial benefits in recombinant production. Among yeasts, Pichia pastoris [77] and Saccharomyces
cerevisiae [78] successfully expressed these proteins.

It is not practical to use cell cultures from mammals or insects to produce structural
proteins. However, scientists have had some success in expressing spider silk protein in
certain types of cells, such as bovine mammary epithelial cells, hamster kidney cells [79],
African green monkey kidney cells [80], and silkworm neuronal cells [81].

The use of transgenic plants represents an economical approach to produce large re-
combinant proteins, but in low yields [82]. In this context, various plants have been studied
for the production of recombinant silk proteins, such as the species Nicotiana tabacum [83,84],
Solanum tuberosum [85], Medicago sativa [86], and representatives of the genus Arabidop-
sis [87]. Also, transgenic animals have played a significant role in the production of
recombinant spider silk through genetic engineering. Among them, transgenic silkworms
have proven to be the most effective due to their ability to spin fibers [88]. Transgenic goats
produced milk containing recombinant spider silk proteins, up to 0.5 g/L. Purified protein
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powder was obtained from such milk using special filtration techniques [89]. However,
attempts to express recombinant spider silk proteins in sheep hair follicles have been
unsuccessful [90].

5. Spider Silk Structures

Tissue regeneration is the process of tissue renewal and regrowth. Biomaterials, to-
gether with cells and bioactive factors, are the “building blocks” for making structures that
resemble living tissues, through their combination in specific conditions. Appropriate sub-
strates and scaffolds for tissue engineering must support the activity of cells in terms of their
adhesion, migration, proliferation, and differentiation. Today, three-dimensional porous
systems are the most adequate for cellular nutrition, respiration, and metabolism [13]. The
level of porosity and the size of the pores has critical influence on the formation of the
bone and bone regeneration [91]. The degradation of scaffolds over time allows space
for the growth of new tissue, while adequate scaffold strength supports already-existing
tissues [13].

5.1. Spider Silk in Fiber form (1D)

In Kuhbier et al.’s (2010) research, the process for obtaining cobweb fibers is de-
tailed [92]. Once collected, the fibers are combined into bundles of 60–120 individual fibers
and stored on large polypropylene tubes. These tubes are kept in an environment suitable
for spiders for 6 months. After this period, spider silk sutures are produced using a minia-
ture knitting machine and stored until biomechanical testing is conducted [93]. Sutures are
commonly used to repair musculoskeletal tissue and therefore need to be able to withstand
continuous mechanical stress. To test this, spider silk sutures and commercial Prolene®6-0
sutures (ProNorth Medical, online store, Canada) were subjected to 1000 stretching cycles.
The study results revealed that spider silk was not affected by continuous use, while the
failure load of Prolene®6-0 was significantly reduced. Furthermore, Prolene®showed a
24% ± 1.9 increase in strain, while spider silk only showed an increase of 7.2% ± 0.48 [94].

Spider silk fibers are attractive due to their mechanical strength and stability, biocom-
patibility, and good surface-to-volume ratio. On that note, MA silk has been investigated
as a potential treatment agent for tendon ruptures [12,23,94]. Using ordinary sutures, the
rate of successful regeneration of tendons was low, and an infection or reaction of the
organism was often caused, so there is an incompatibility with the mechanical properties
of the tendon tissue [13].

In another study, parallel silk fibers were studied as a substrate for developing human
neurons. The neuronal cell bodies came into contact with the spider silk fibers, and over
four weeks, ganglion-like structures formed [95].

Also, the woven spider silk was used in skin reconstruction. After sterilization,
two weeks of fibroblast cultivation, and the addition of keratinocytes, a two-layer skin
model was formed [96]. Furthermore, these fibers have been tested in preclinical models
related to the reconstruction of the bladder [97].

5.2. Spider Silk Coatings (2D)

Spider silk coatings have been studied for different biomaterial applications, especially
biological response, physicochemical characterization, and parameters that determine the
final coating properties [98]. These coatings can be customized from aspects of different
properties aiming to support better scaffolds in tissue engineering and natural-based mate-
rials as coatings on implants, but also for the development of biosensors [99] and to serve
in surface functionalization for bioactive materials [100,101]. The design of new thin films
based on spider silk showed possibilities of tailoring morphologies and hydrophobicity,
as very important properties of the biomaterial surface, thus opening wide application
areas for silk-based coatings and thin films [102]. Drug delivery systems can also utilize
the possibility to customize spider-silk-coating properties [103].
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The use of a coating is commonly considered to be a surface modification technique in
the case of issues with surface responses. For example, the surface of a silicone breast im-
plant can be coated with a thin film of spider silk to prevent fibrous tissue formation, which
is a common issue [104]. Furthermore, significant improvement in the biocompatibility of
the implant was observed, as well as reduced postoperative inflammation [104]. Films are
made by dipping the test samples into a silk protein solution three times for 120 s. After
each dip, the samples are left to dry for 300 s at room temperature. The formation of the
β-sheet is induced by treating the films with KH2PO4 (1M solution) for 120 s, followed by
air drying for 120 s. Finally, all test samples are rinsed with a 0.9% w/v NaCl solution [104].
During the initial stage of inflammation, certain types of cells such as CD4+, CD8+, CD68+,
and TGFß1+ cells, along with pro-inflammatory cytokines IL-6 and TNF-a, are likely to
appear. Compared to uncoated implants, silicone implants coated with spider silk showed
a significantly lower expression of all the mentioned factors [104]. Spider silk coatings on
different polymer catheters showed low cell adhesion, and almost no response from the
surrounding tissue, and with good biocompatibility this can be a good coating material
for catheters [105]. Silk structures have inspired the design of thin films to serve as bioelec-
tronic interfaces (interfaces between tissue and electronics), as a very significant element for
further development of flexible bioelectronics, including shape-adaptive biomaterials [106].

5.3. Three-Dimensional Constructs

Porous biomaterials have been proven to be the best candidates for guided cell growth
and the better acceptance of implants by the body, or for tissue engineering and bone
regeneration [91]. A porous foam made from recombinant protein spider silk pNSR-16,
with a pore size of 250~350 nm, showed that fibroblasts form cell-rich zones on the surface
and inside the structure [107]. To create the foams, a mixture of spider silk solution and
granular NaCl (used as a porogen) was prepared and placed in a container. The mixture
was heated in an oven at a temperature range of 55~60 ◦C for 30 min. As a result, NaCl-
silk protein blocks were obtained. These blocks were first soaked in ethanol to induce
a β-sheet structural transition and then in distilled water to extract the salt [107]. The
cytotoxicity of the scaffold was tested in vitro on NIH-3T3 cells. Within six days, the
entire surface of the scaffold was completely covered with cells, with very little space
between them. Each subsequent day, the number of cells increased, clearly confirming that
NIH-3T3 cells can easily attach, grow unhindered, and secrete the extracellular matrix on
the pNSR-16 recombinant spider silk protein scaffold [107]. Likewise, the foam made of
recombinant protein 4RepCT enabled the human stem cells to integrate and deploy [13].
The differentiation of human mesenchymal cells into adipocyte lineage was also studied
using porous foams. This research has shown positive results because of lipid droplets
commonly found in adipocytes (fat cells) [108]. Resorbable membranes have been studied
for controlled bone regeneration [109].

In the tissue engineering of soft tissues, scaffolds need to support the surrounding
tissue with adequate mechanical strength to enable cell growth and proliferation, and
in cases of biodegradable implants, the rate of biodegradation needs to be controlled in
accordance with the surrounding tissues. Porosity and other properties of the silk-based
foams can be tailored to desired properties according to the surrounding tissues, even up
to highly porous scaffolds [110]. Porous materials with a high toughness of incorporated
fibers can absorb a high quantity of mechanical energy [18], which recommends them for
the construction of bone tissue scaffolds.

Hydrogels are polymer networks with a water content above 95% and a high swelling
rate [111]. Spider silk hydrogels can be used in a biofabrication combined with living cells
to create a hierarchical tissue-like structure [112]. Cytocompatible bioinks suitable for cells
and 3D printing are currently challenging to develop [113]. In this regard, hydrogels from
recombinant spider silk proteins have shown promising properties [13].

The protein eADF4(C16) is an engineered version of the spider silk protein that
mimics the repetitive part of the dragline silk fibroin ADF4 found in the garden cross spider
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(Araneus diadematus). The optimal method for creating hydrogels from eADF4(C16) involves
the dialysis of low-concentration protein solutions out of 6 M guanidinium thiocyanate
(GdmSCN) into 10 mM Tris/HCl (pH of 7.5), followed by dialysis against a PEG solution.
Hydrogels obtained in this way are often combined with living cells, such as fibroblasts, to
create tissue-like structures [13].

Antimicrobial hydrogels based on hyaluronic acid and spider silk (HA/Ss) are one more
interesting example. These hydrogels are made by dissolving hyaluronic acid in 0.1 mol/L
MES (4-(N-morpholino)ethanesulfonic acid) and mixing it with spider silk dissolved in tri-
fluoroacetic acid (TFA). The resulting HA/Ss mixture is then polymerized using 100 mM
NHS (N-Hydroxysuccinimide) and 100 mM EDC [1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide hydrochloride]) Exceptional antimicrobial activity against both Gram-positive
(Micrococcus sulfuricum) and Gram-negative E. coli bacteria is due to the presence of
hyaluronic acid, which inhibits protein synthesis, and spider silk, which prevents bac-
terial adhesion [114]. Antimicrobial properties of spider silk are shown in Figure 3.
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Hydrogel scaffolds can be customized to enable the tailoring and control of cell mi-
gration, proliferation, and differentiation by controlling the transport of nutrients and
oxygen and by mimicking the surrounding natural tissue [115]. A comprehensive review of
hydrogels with silk fibroin aimed for tissue engineering and drug delivery systems is given
in [116,117]. Hydrogels with a combination of silk fibroin with other bioactive compounds
like alginate have shown promising properties for wound healing [118]. Hydrogel-based
embolic agents for transcatheter arterial embolization showed very good results in endovas-
cular embolization [119]. The sincorporation of smart properties has provoked research
interest in making hydrogels that can sense external stimulus, and hence can be used in
medical diagnostics [120] or drug delivery systems [121].

Considering the development of advanced technologies, such as the 3D printing of
gels [122], possibilities for customized solutions in which silk fibroin can be modified and
combined with other materials to form printable hydrogels [123] and functional silk protein
hydrogels [124] are realistically wide-ranging.

Hydrogels with silk can be utilized for drug delivery in osteoarthritis treatment [125,126]
or can act as self-healing scaffolds for bone regeneration, through the filling of bone
defects [127]. Self-healing silk hydrogel can also be used as a flexible strain sensor with self-
adhesive property [128] that can be used for the development of wearables, with immense
significance, as well, for medical diagnostics. In cartilage tissue engineering, biomimetic
hydrogels have shown excellent properties for constructing biomimetic scaffolds that
support regeneration, but they still have challenges regarding mechanical properties [129].
Recent research has studied possibilities of injectable composite hydrogels with silk fibroin
in spinal treatments [130,131].
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Recent advances in additive manufacturing and the availability of stem cells have
opened up exciting possibilities for the development of bionic organs, including tissue-
on-chip and organ-on-chip designs [132]. Organ-on-chip, as shown in Figure 4, contains
microdevices with cells, microfluidics, and extracellular matrix scaffolds and can repli-
cate microtissue and associated physiological processes, making it an ideal substitute for
animal models in preclinical trials [133]. Several such chips have already been designed,
including the 3D-printed ACL-ON-CHIP [134], which is used for the precise engineering of
ligaments and their surrounding environment. Designing these micro-devices is important
to understand the in vivo responses of silk proteins [135].
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6. Applications in Tissue Engineering
6.1. Skin Regeneration

Engineered scaffolds of connecting tissues and skin have greatly benefited from all
the excellent properties of silk-based materials, including the development of wound
dressings with silk compounds [3,5,11]. One study presented the application of materials
from recombinant spider silk for wound dressings on models of rats. The experiment
used silk from pNSR-16 and pNSR-32 protein in second-degree burns. Interestingly, the
materials from recombinant proteins of spider silk showed much better results than the
control group (collagen), related to the skin regeneration [136]. Compared to the positive
and negative control groups, wound healing was significantly faster in the group treated
with recombinant spider silk proteins (p < 0.01). On the 14th day after treatment, in the
sample with pNSR-16 and pNSR-32, the wound tissue was regenerated by newly formed,
densely distributed epidermal cells, with a thickening of the subcutaneous tissue and a
decrease in inflammatory cells. On the other hand, control groups did not show complete
recovery even after the 21st day [136]. To improve cell adhesion, scientists modified silk
with fibronectin [13]. In the case of third-degree burns in the animal model, the microporous
dressing showed accelerated healing compared to a commercially available DuoDERM
patch. Furthermore, histological analyses confirmed that wound healing in animals was
accompanied by vascularization [13].

6.2. Bone and Cartilage Tissue Repair

The bone naturally consists of inorganic (predominantly calcium-phosphate) and or-
ganic substances (predominantly collagen). Accordingly, materials made from recombinant
spider silk proteins can be biomineralized and used in bone regeneration [32]. Silk fibroin
can be applied for bone tissue growth, proved by both in vitro and in vivo tests [8]. The
MaSp1 class of proteins combined with the BSP fusion protein induce calcium-phosphate
deposition but also a good adhesion of mesenchymal stem cells (it significantly contributed
to their differentiation) and the noticeable synthesis of type 2 collagen in cartilage cells
(Figure 5) [137].

Currently used bone grafts are commonly positioned to support bone healing in the
case of large fractures, such as the one shown in Figure 6, or to provide the additional stabi-
lization of spinal disks in case of spine fractures, as shown in Figure 7. For multifragmented
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fractures (Figure 6), bone grafts must be applied to support the bone healing process and
the use of advanced silk-based scaffolds should enable active bone grafting, even though it
is not part of clinical practice yet. Better fusion provided by the bone grafts for complex
spinal fractures (Figure 7) also needs bioactive materials, and this is yet another example
where silk-based scaffolding would significantly assist in medical treatments. However,
clinical applications of silk-based scaffolding are still underway and need clinical trials
before official approval from regulatory bodies.
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The results showed that mineralized silk still has a performance comparable to many
natural and artificial fibers [138]. Moreover, the hybrid composite exhibited mechanical
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properties similar to bone in strength and modulus of elasticity. This makes silk superior to
many other biomaterials used for tissue engineering in bones. Fine-tuning of the biomin-
eralization parameters led to the controlled incorporation of hydroxyapatite onto native
spider silk, maintaining good mechanical properties [138]. Natural bio-based nanomaterials
can provide outstanding scaffold properties for bone tissue engineering [139] and cartilage
regeneration [9,10].
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6.3. Vascularization

The effectiveness of recombinant scaffolds and spider silk foams was even proved
in the vascularization process, when a grouping of endothelial cells formed millimeter-
branched beginnings of future blood vessels [108]. Considering this, the spider silk matrix
has been used to develop artificial blood vessels [140]. The biomimetic design of structures
with silk nanofibers has enabled constructs of vascular grafts with porous structures for
blood vessel regeneration [141,142] or for small vascular grafts [143,144].

6.4. Ligament Repair

Advances in bioengineering research and orthopedic surgery have provided alterna-
tive solutions for the regeneration of musculoskeletal tissues of the human body [12,23,24].
Research shows that spider silk can withstand stresses similar to the ligament itself and
even higher, which makes this biomaterial a good alternative for anterior cruciate ligament
(ACL) of the knee replacement [134,145]. A biomechanical comparison was performed
between an ACL composed of collagen fibers and an artificial spider silk construct. The
ANSIS software was used to simulate the forces that occur during the anatomical move-
ments of the ACL. The analysis showed that spider silk tissue outperforms ACL, thanks to
its exceptional mechanical resistance, as it can withstand stresses of up to 2.5 MPa [145].

20



Biomimetics 2024, 9, 169

However, only experimental research still exists for the use of fibroin in ACL grafts, without
clinical trials [25], even though research results are very promising [146]. Scaffolds made
of silk that exhibit osteogenic function, interference screws, and tunnel fillers have been
prototyped, with further research related to the stimulation of signaling pathways [25].

6.5. Muscle Tissue Repair

Musculoskeletal tissue engineering has benefitted from silk-based materials [12,23].
Nanofibrous scaffolds made from a mixture of silk, PLA, and collagen induce enhanced the
adhesion, proliferation, and maturation of myoblasts. Recombinant spider silk proteins
have been constructed in film form to examine their effect on rat cardiomyocytes. Car-
diomyocytes cultured on eADF4 (k16) films successfully responded to extracellular stimuli
and properly propagated electrical impulses. Apart from the fact that these films enable the
adhesion of the most important types of cells in the heart tissue, they are non-cytotoxic and
do not cause pharmacological or hypertrophic effects [147]. In addition, cardiomyocytes
exhibited a higher expression of connexin 43, the protein responsible for the propagation of
electrical impulses between cells [147]. It is challenging to design fully biomimetic muscle
tissue together with the alignment of cells and adequate tissue responses. Nanofibers
with silk fibroin have been studied for simple biomimetic skeletal muscle structures [148].
Conductive biomaterials can more efficiently promote muscle tissue growth [128,149,150].
Composite structures and blends, such as combinations of silk fibroin and gelatine, have
been studied for skeletal muscle tissue engineering, including the design of structures that
can be further used in flexible electronics and medical diagnostics [151].

6.6. Repair of Peripheral Nerves

Spider silk has a proven capacity to guide cell proliferation and migration and enhance
peripheral nerve regeneration [152]. Axon regeneration in peripheral nerve damage can
be promoted by implanting specific biodegradable guidance channels which are able to
guide the cells while present. Spider silk fibers were suitable for the human neuron culture
and a study showed their very good adhesion, cell body migration, differentiation, and
neurite (axon) extension, resembling ganglion structures [63]. After ten months, axons were
regenerated with the presence of myelination, thus indicating that Schwann cells migrated
through the constructs (Figure 8). Moreover, spider silk impregnated with collagen fibers is
successful in cell differentiation and neural network formation. Neuronal cells were fully
capable of activating action potentials, and in them, there was an increased expression of
SNAP-25 protein, which is an indicator of the existence of functional synapses [153].
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In addition, cultured neural progenitor cells, which have the potential to transform
into neurons, astrocytes, and oligodendrocytes, showed successful differentiation on re-
combinant spider silk [154]. The most significant limiting factor for regeneration is the
length of the gap. However, these nerve channels have been successfully applied in the
peripheral nervous systems of animals [63].

7. Spider Silk in Nanomedicine

Unlike silkworms, the breeding of spiders is quite limited due to their cannibalistic
and territorial nature. Although considerable efforts have been made to produce artificial
recombinant spider silk, insufficient understanding of its nanostructure has prevented com-
mercial success [155]. Nanomaterials are natural, accidentally obtained, or manufactured
materials ranging in size from 1 nm to 100 nm, and the smallest changes at the nano level
result in dramatic changes in the macro world [156].

Nanomedicine has emerged, offering potential solutions to the treatment of different
conditions in relation to using silk-based materials, such as osteoarthritis treatment [129],
or Achilles tendinopathy [157]. Research with gold nanoparticles in silk hydrogel used as a
media for the laser treatment of subcutaneous bacterial abscesses has shown promising
results for this complex medical condition [158].

7.1. Drug Delivery Systems

Soft porous natural materials represent very suitable materials for drug delivery
systems, and silk-based biomaterials have shown different possibilities for tailoring such
systems [3,91,103,109,125], including in the scope of bone tissue engineering [8]. Silk
fibroin has shown good adjustability to suit different drug delivery systems, including
hydrogels [116,117,121] or coatings and thin films [103]. Bioactivity and in vivo responses
of silk proteins are important properties of the silk-based materials, utilized in this sense
for tissue growth and remodeling [29,135]. It is also important that silk fibers can be used
in the design of nanomaterials for drug delivery systems [159].

As is known, the biggest obstacle for an anticancer drug is controlled release at the
target destination. Considering the characteristics of this material, the use of silk products
(such as films, hydrogels, capsules, or liposomes coated with silk proteins) can potentially
overcome that problem (Figure 9) [7].

1 
 

 

Figure 9. Silk-based biomaterials for chemotherapeutic delivery.
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Although surgery, radiotherapy, and chemotherapy have achieved substantial progress
in cancer therapy, recent research has been focused on systems for the targeted delivery
of drugs (therapeutics, hormones, inorganic nanoparticles, etc.) [160]. Silk represents an
excellent tool in cancer therapy due to numerous advantages, including biocompatibility,
biodegradability, the possibility of varied shaping, storing in a dried state [161], and the
absence of systemic toxicity [162]. The basis of all systems for targeted drug delivery are
nanomaterials constructed in the form of liposomes, micelles, dendrimers, and nanopar-
ticles [163]. This type of treatment ensures a remarkably higher concentration of active
substances in tumor tissues [164]. Moreover, these systems are naturally removed from the
body due to enzymatic degradation (without harmful byproducts) [165]. The smaller the
proportion of the crystalline phase (β-sheet), the faster the degradation occurs [166].

Increased selectivity is achieved by combining silk proteins with peptides (e.g., F3,
Lyp1, CGKRK, or HER2 peptide) that recognize and bind to specific molecules on the
surface of tumor cells (Figure 9) [167–169]. Since silk is hydrophobic, hydrophobic drugs
give better results in combination with this biomaterial [170]. Also, negatively charged
molecules are released faster than positively charged molecules [171].

Silk-based drug delivery systems can be applied locally or systemically [172]. For the
needs of local delivery, various two-dimensional and three-dimensional systems are used.
Two-dimensional structures include thin films, and coatings, made of silk fibers, while
three-dimensional implants include hydrogels, foams, and porous scaffolds. Most of these
structures have demonstrated the ability of sustained drug release over four weeks [172],
inhibiting tumor growth in vivo [173]. Local delivery also involves transdermal methods
that include microneedles for non-invasive and painless drug release.

This approach allows drug release by swelling and dissolution after passing through
the skin [174]. Silk fibroin microneedles have been developed as electro-responsive material
for specific drug delivery (insulin) [175]. Hydrogels that can have bioactive responses to
external stimulus have become of great significance for the development of drug delivery
systems and medical diagnostics [121].

Systemic drug delivery involves capsules [176], spheres [177], and particles containing
active substances, which are released by diffusion or degradation of the material. Nanosized
systems can reach the smallest capillaries and then be incorporated into cells through
physiological barriers, which is crucial in cancer therapy. With this in mind, silk-based
nanoparticles have been designed to deliver chemotherapeutics in tumor tissues [178].

Some of the techniques for producing silk nanoparticles include:

• Desolvation [179];
• Electrospraying [180];
• Ionic liquids [181];
• Laminar jet break-up [182];
• Microemulsion [183];
• Microfluidics [184];
• Milling technologies [185];
• Salting out [186];
• Self-aggregation [187];
• Sol-gel techniques [188];
• Supercritical fluids [189].

One way of controlling drug release using spider silk is thanks to pH-dependent
carriers. Specifically, silk in combination with iron oxide nanoparticles [190] results in a
limited release of the drug into the blood, that is, an increased release of the drug in the
tumor tissue, which represents a more acidic environment (due to increased metabolic
activity, more glucose brakes down and a large amount of lactic acid is produced) [191].
Moreover, tumor tissues are not homogeneous (they consist of different types of cells), so
drug carriers can be modified to target the cells of the tumor microenvironment [172].

Septic arthritis is a medical condition that causes inflammation in the joints, bones,
and cartilage. It is caused by a type of bacteria called Staphylococcus aureus, and cur-
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rently available antibiotics are becoming less effective due to bacterial resistance [192].
However, scientists have successfully created a conjugate using spider silk and a thrombin-
sensitive peptide (TSP) to deliver the antibiotic vancomycin directly to the affected area.
Spider silk was dissolved in a MES (4-(N-morpholino)ethanesulfonic acid) reaction buffer.
Then, 100 mM EDC [1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride] and
200 mM NHS (N-Hydroxysuccinimide) were added to activate it, which enabled the chem-
ical binding of TSP. Finally, the encapsulation of vancomycin was carried out using the
method described in the paper available at [193].

This conjugate has the potential to trigger drug release in the presence of specific
enzymes produced by Staphylococcus aureus bacteria. Drug release from the conjugate
particles amounted to 84.4% after 24 h of incubation, while plain spider silk particles
only released 15.6% of the drug. Additionally, bacterial cultures were obtained from rat
knee joint synovial fluid. The bacterial culture treated with the conjugate particles had
an average of 40 CFU/mL, whereas the culture treated with plain silk had an average of
810 CFU/mL. This confirms the effectiveness of the conjugate particles in triggering drug
release in the presence of infection [194].

7.2. Nanocomposites and Biomimetics

With the advancement of technology, the production of nanocomposites and nanoma-
terials inspired by spider silk or using silk-based materials has been investigated through
different approaches [106,195,196]. For instance, to create a material with high stiffness,
strength, and toughness, scientists combined silk with nanocellulose. The results showed
that this composite could replace plastic (ecological importance) and serve as a basis for
fabric production, even in medical implants [197]. In addition, spider silk was reinforced
with graphene microparticles and carbon nanotubes, resulting in the strongest known
fiber [198]. However, not only the structure of individual spider silk fibers was considered.
Here, the design of the entire spider’s web served as a template for different devices and
applications, which is the subject of research in biomimetics. Silk-based microspheres can
be added to the cell cultures to enhance cell growth and adhesion [199]. The biomimetic
approach in material design has opened up many new directions in material structures,
as well as final applications [129,141] and including adjustments of existing fabrication
technologies for silk fibers [30,200].

In bone tissue regeneration, the development of new nanocomposites, and especially
those derived from nature, has opened new research directions [148,201]. Combination with
different nanoparticles, such as silver nanoparticles, can enhance antibacterial effects [202].
The combination of titanium dioxide nanotubes as drug carriers with zeolite-based com-
pounds and silk fibroin has shown promising properties for drug delivery systems [203].
Silk fibroin in composite structures can enable multifunctional drug delivery microcarri-
ers [159,204].

Combinations of silk fibroin with hydroxyapatite and/or graphene oxide as nanocom-
posites have enabled the construction of porous scaffolds with very good mechanical
properties and improved capabilities for bone tissue regeneration [205]. Nanocompos-
ite structures have also been studied to enable the design of in vitro models for cancer
treatments in bone tissues [206].

Spider silk, as one of the silk variations, has been used in many applications, including
biomedical ones. It has been studied and analyzed, with clear potential proven in experi-
mental lab studies, towards smart biomaterials and novel composite structures that can
mimic natural tissues. However, clinical applications are rather limited to the specific areas
of cosmetics, wound dressing, breast reconstruction, or certain other treatments, and it is
almost without use in musculoskeletal tissue engineering. Common biomaterials consid-
ered for bone tissue scaffolds are focused on those that can primarily provide mechanical
strength. New development directions towards smart or biodegradable structures should
encounter less-acknowledged materials like silk-based ones for load bearing applications,
especially considering that the tailoring of properties within composite structures can be
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achieved. In such applications, spider silk and silk fibroin can provide additional properties
that are not fully exhibited with currently used biomaterials, beside a very important
sustainability. However, production costs are still very high and challenging and further
research focus should be directed toward discovering or upgrading fabrication procedures
to enable the wider availability of spider silk.

8. Conclusions

This review presented the latest research related to the potential applications of spi-
der silk in reconstructive and regenerative medicine and tissue engineering, including
nanomedicine and drug delivery systems, with a focus on musculoskeletal tissues. Spider
silk is a natural material with long-established use in different applications. Silk-based ma-
terials have emerged as sustainable, natural materials that can provide significant benefits
in the development of advanced biomaterials for medical implants and tissue engineering.
Bone and cartilage, muscle, and tendon tissue engineering, as well as the advanced design
of skin and vascular tissues, can greatly benefit from bioactive and smart biomaterials,
incorporating silk-based biomaterials. Silk proteins in bioactive materials that mimic the
tissue structure can enhance tissue regeneration and growth. Silk proteins have shown
good adjustability to suit different drug delivery systems.

Natural spider silk synthesis and the further recombinant production of spider silk
proteins have been reviewed. Silk-based biomaterials used for tissue engineering appli-
cations (scaffolds, hydrogels, films, fibers, or nanoparticles in drug delivery) have been
successfully designed and developed for various tissues such as bones, tendons, ligaments,
skin, muscles, and nerves. However, the use of natural spider silk remains limited due to
low production yields and difficulties in cultivation. Hence, the only practical solution is
the production of recombinant spider silk proteins.

Preliminary research results and tissue engineering examples with silk-based materi-
als showed no inflammatory reactions, but in vivo studies of spider silk-based materials
remain limited. The degradation of fibers by macrophages confirmed the property of
biodegradability, and consequently the newly grown tissue can replace the silk material.
Furthermore, the by-products of silk degradation are non-toxic, which means they can be
recognized and neutralized by the immune system, unlike many synthetic polymers. In
this regard, another important characteristic is the rate of degradation. Spider silk materials
remain mechanically stable for a significant time, without increase in brittleness or sus-
ceptibility to tearing under physiological conditions, which is a desired material property
in neurological-related applications. Bioactive bone grafts with conductive properties for
signaling pathways are the latest research direction promising great advancements.

Silk proteins are important in designing tissue-on-chip or organ-on-chip technologies
and micro devices that have started to be used for the precise engineering of artificial tissues
and organs, disease modeling, and the further selection of adequate medical treatments.
Recent research indicates that silk (films, hydrogels, capsules, or liposomes coated with silk
proteins) has the potential to provide controlled drug release at the target destination.

The specific properties of spider silk material show some clear advantages and disad-
vantages. However, a comprehensive understanding of its nanostructure and associated
mechanisms in bioactive material systems is needed, as well as further clinical trials to gain
approval for its use in tissue engineering.
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Abstract: This paper presents advances in designs of resurfacing arthroplasty endoprostheses that
occurred through their historical generations. The critical characteristics of contemporary generation
hip resurfacing arthroplasty endoprostheses are given and the failures resulting from the specific
generation cemented and short stem fixation of the femoral component are reviewed. On the
background of these failures, the critical need arises for an alternative approach to the fixation of
components of resurfacing arthroplasty leading towards the first generation of biomimetic fixation for
resurfacing arthroplasty endoprostheses. The state of the art of the completed bioengineering research
on the first biomimetic fixation for resurfacing arthroplasty endoprostheses is presented. This new
design type of completely cementless and stemless resurfacing arthroplasty endoprostheses of the
hip joint (and other joints), where endoprosthesis components are embedded in the surrounding
bone via the prototype biomimetic multi-spiked connecting scaffold (MSC-Scaffold), initiates the first
at all generations of biomimetic endoprostheses of diarthrodial joints.

Keywords: resurfacing arthroplasty; resurfacing endoprostheses; biomimetic multi-spiked connect-
ing scaffold (MSC-Scaffold); biomimetic fixation

1. Introduction

Hip resurfacing arthroplasty (HRA) involves replacing the femoral head acetabular
articular cartilage, and subchondral bone with prosthetic components designed to replace
the removed articular cartilage and subchondral periarticular bone to minimize the change
in overall joint kinematics [1]. The important benefit of advocating for HRA over the long-
stem total hip arthroplasty (THA) is the possibility of preserving at the initial operation
a bone stock. Replacing diseased tissue with near anatomic-sized femoral component
retains the potential for revision since the femoral canal was not violated [2,3]. Along with
the bone tissue preservation, the HRA design solutions and applied fixation techniques
are assumed, contrary to the long-stem THA systems, to allow near-physiological load
transfer in periarticular bone allowing the recreation of closely native hip kinematics
and bone biomechanics [4]. With its excellent functional outcome [5–7], HRA remains a
reasonable alternative to THA in the appropriate patient cohort [8], and by many surgeons,
it is considered an excellent option for hip reconstruction in young patients and/or high
activity level patients diagnosed with osteonecrosis of the femoral head or acetabular
dysplasia [9].

The contemporary generation of HRA endoprostheses has been utilized for over
20 years, while resurfacing arthroplasty has a hundred-year-long history [10–13]. From its
beginning, the concept of resurfacing arthroplasty evolved through the variety of designs

Biomimetics 2024, 9, 99. https://doi.org/10.3390/biomimetics9020099 https://www.mdpi.com/journal/biomimetics34



Biomimetics 2024, 9, 99

of endoprosthesis components, different material choices used and through the changes
in fixation methods. Through the decades, its success has varied widely and was always
limited by specific technological limitations of particular eras. The registered failures
of resurfacing arthroplasty endoprostheses coupled with new technological capabilities
are the foundations of occurring innovations and indications for the new designs. To
achieve successful long-term results, apart from design features of resurfacing arthroplasty
endoprostheses and applied manufacturing processes, the key importance also are patient
selection and surgeon experience [9].

This review aims to present chronologically the background of the chronological
milestones through the past consecutive design generations of resurfacing arthroplasty
endoprostheses and critical insight into contemporary HRA endoprostheses, the state-of-
art bioengineering research on the first generation of biomimetic fixation for resurfacing
arthroplasty endoprostheses.

2. Milestones of Early Materials and Designs of Resurfacing Arthroplasty
Endoprostheses

The first design considered to be the start basis for later-known HRA was devised in
1923 by Smith-Petersen and applied to regenerate worn and damaged articular cartilage [14].
The thin, ball-shaped, hollow hemisphere manufactured of glass, which fits over the ball
of the hip joint, was placed between the femoral head and the acetabulum and intended
to stimulate cartilage regeneration on both sides of the moulded glass joint. The glass
shell was supposed to be removed after the restoration of the cartilage. Even though the
glass was biocompatible and provided a smooth surface for motion, the system failed
immediately because it could not withstand physiological weight-bearing stress. Different
types of glass with improved properties were used in further developed versions of this
design, leading to attempts with other materials, such as Viscaloid (a derivative of celluloid)
in 1925, Pyrex in 1933, and Bakelite in 1937 [15]. The performance of these solutions was
far from satisfactory, causing severe inflammatory reactions due to material wear debris in
the joint. The glass mould arthroplasty could not withstand weight-bearing pressure and
failed shortly after surgery [14].

Around the same time, Groves introduced one of the first ivory hip arthroplasties [16].
In 1927, he replaced the femoral head in an ankylosed hip with a stemmed ivory head
replacement. The design was similar to contemporary HRA endoprostheses [17].

In the 1930s, Vitallium®, a new alloy of cobalt, chrome, and molybdenum (CoCrMo), was
developed, and in 1938, Smith-Petersen incorporated it in his mould arthroplasty [14,18,19].
This allowed movement between the cup and the bone surfaces of the acetabulum and
the femoral head and neck and since then Vitallium® mould arthroplasty has been widely
performed. Its survival rate and functional outcome were inferior to total hip arthroplasty,
and it was found to provide long-term function of the hip joint [15,18,20], but the general
material performance and implant survival turned out to be unpredictable and poor [20–23].
Although Vitallium® was found to be an inert and durable material for this type of surgery,
its surface characteristics were less than adequate [24].

Further efforts to explore new materials for joint arthroplasty led the Judet brothers to
introduce an acrylic femoral resurfacing implant in 1946 [25]. In this technique, also called
hemiarthroplasty, the artificial femoral stem was inserted into the cavity of femoral marrow
with or without any kind of cementing. The Judet hip yielded favorable early results; this
implant was poorly tolerated, and acrylic wear debris elicited an osteolytic reaction within
the hip joint and surrounding tissue, leading to acetabular erosion and implant failure [25].
The acrylic material was soon discarded in favor of CoCrMo.

Sir John Charnley, in the 1950s, introduced hip resurfacing of the low friction material,
Teflon (polytetrafluoroethylene, PTFE), to produce thin shells, which were used to “resur-
face” the femur and acetabulum. In this design, the acetabulum was lined with a thin shell
of the material, while the head of the femur was similarly covered with a hollow sphere.
It was hoped that the motion would take place preferentially between the two slippery
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PTFE surfaces rather than between one of the PTFE surfaces and the bone to which it was
attached. Charnley assumed that if the PTFE implant remained stationary in relation to
the subjacent bone, there seemed some hope that mechanical bonding might improve if
bone grew into irregularities provided for this purpose [26]. This design ended shortly,
causing postoperative osteolysis at a very early stage due to PTFE wear debris, leading to
catastrophic failure in many cases [27].

Further developments were undertaken to improve on the early failures. In 1964,
Townley, based on Judet and Judet’s design, developed the CoCrMo femoral component to
articulate with a polyurethane acetabular cup [28]. Due to the ultimately demonstrated poor
wear characteristics of the polyurethane cup and significant osteolysis, it was substituted
with polyethylene (PE). Since it still demonstrated a high failure rate, the PE cup was
replaced by a CoCrMo acetabular component. Although there are known earlier examples
of the use of a metal-on-metal bearing couple applied in hip replacement, see Wiles in
1938 [29] or Haboush in 1951 [30], Müller and Boltzy were the first who published their
results and are recognized as the metal-on-metal resurfacing arthroplasty pioneers [31].

Their initial concept featured a femoral component made from CoCrMo articulating
with small Teflon or PE pads, known as “sliding bearings”, fixed to the acetabular cup’s
inner surface. In 1968, Müller [32] shifted away from metal-on-metal articulation, opting
instead for a metal-on-PE prosthesis with a curved stem. However, a high early re-operation
rate of 50% prompted a revision of this approach [33]. In a similar vein, Gérard developed
an HRA system in 1970, which utilized both a CoCrMo femoral head and acetabulum,
allowing movement between the components as well as between the components and the
surrounding bone [34]. In 1972, PE was implemented as a bearing material in the acetabular
cup of this system. Nonetheless, this was discontinued in 1975 following reports about
enhanced wear and osteolysis [34,35].

Also, in 1972, Nishio combined a Urist cementless acetabular cup [36] with his own
femoral head of CoCrMo, which due to the growing trend for metal-on-PE designs in 1975,
was substituted with the acetabular component with a PE-lined cementless socket [37,38].
In 1976, Salzer used the first ceramic-on-ceramic resurfacing endoprosthesis, which had
both components made of alumina (Al2O3) [39]. Its acetabular component had three pegs
for primary stability, and the femoral cup was twisted on to the prepared head. This
solution was soon abandoned due to the high rates of loosening resulting from the lack of
secondary fixation.

The high failure rates of these early-generation devices were the consequence of
unproven material selection, the limitations in materials properties, and manufacturing of
the time, crude implant design, lack of solid implant fixation at the bone–implant interface,
and unrefined surgical techniques and instrumentation. These resurfacing arthroplasties
had an unacceptably high wear rate resulting in failure secondary to osteolysis (i.e., aseptic
loosening or inflammatory bone resorption) [40–42].

In the development of resurfacing implant generations of the 1970s and 1980s, par-
ticular attention has been paid to improved materials and enhanced fixation strategies
to improve survivorship. New bearing materials were incorporated into hip resurfacing
prostheses, and the concept of cementing components to ensure initial rigid fixation of
endoprosthesis components within the bone became a way of eliminating issues associated
with current cementless designs.

In 1971, Trentani [43] in Italy and Furuya [44] in Japan independently carried out the
first cemented double-cup arthroplasty. Trentani and Paltrinieri developed hip resurfacing
with a cemented stainless steel femoral head articulating with an acetabular ultra-high
molecular weight polyethylene (UHMWPE) cup. Furuya implanted resurfacings using a
stainless steel acetabular component articulating with a high-density polyethylene (HDPE)
femoral component fixed with cement. In 1972, Freeman [45,46] first implanted a cemented
double cup arthroplasty consisting of an HDPE femoral head coupled with a CoCrMo
acetabular cup, but in 1974, the design was modified to consist of a CoCrMo femoral head
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and an HDPE cup. In 1973, Eicher and Capello [47] developed a cemented hip resurfacing
using a metal femoral and a polyethylene acetabular component.

Similar solutions in which cemented resurfacing endoprostheses included metal or
ceramic femoral heads articulating against polyethylene acetabular cups and a reversed
design where a polyethylene head articulated against a metal cup were introduced inde-
pendently by Wagner [48], Amstutz [2,49,50], Eicher and Capello [47], and Tanaka [51].
These designs also failed, and their poor performance and outcomes were explained by
stress shielding, significant loss of blood supply, and consequential compromise to the
femoral head [52,53].

In the early 1980s, the development of cementless fixation for resurfacing endopros-
thesis components derived from the belief that cement was the main cause of implant
failure [54].

In 1982, Amstutz introduced a plasma-sprayed (PS) metal-backed polyethylene ac-
etabular component for use with cement, and in 1983, he implanted the first cementless
resurfacing arthroplasty with a Ti-6Al-4V femoral component articulating with modular
UHMWPE acetabular liners and a porous backing of pure titanium (Ti) mesh [49,50].

In 1987, Amstutz et al. presented another cementless, porous surface replacement.
In this design, porous-coated or sintered beads coated with a metallic acetabular shell
was used for bone fixation on both the acetabular shell with the UHMWPE insert and
the CoCrMo porous-coated femoral component [55]. Although these designs achieved
adequate initial cementless fixation, there were more failures with the femoral than the
acetabular component due to the high wear rate of the thin polyethylene line [56,57].

In 1989, Buechel and Pappas introduced a Ti-6Al-4V modular acetabular component
mated with a Ti-6Al-4V femoral head coated with a titanium nitride ceramic material.
Although their laboratory simulations on the use of titanium nitride ceramic film against
polyethylene in a joint couple were encouraging [58], the case report at the 11-year follow-
up showed severe metallosis with catastrophic wear on the polyethylene liner [59].

A chronological review of early generations of resurfacing arthroplasty endoprostheses
is presented in Table 1.

Table 1. Early resurfacing arthroplasty endoprostheses (chronological review).

Surgeon/Designer Introduced Materials Fixation Reference

Smith-Petersen 1923 Glass [14]
Smith-Petersen 1925 Viscaloid

Groves 1927 Ivory [16]
Smith-Petersen 1933 Pyrex
Smith-Petersen 1937 Bakelite
Smith-Petersen 1938 Vitallium® (CoCrMo) [14,18,19]
Judet and Judet 1946 Acrylic [25]

Charnley 1951 Teflon [26,27]

Townley 1964
CoCrMo femoral head/polyurethane

acetabular cup
CoCrMo femoral head/PE acetabular cup

[28]

Müller and Boltzy 1968 CoCrMo femoral head/CoCrMo acetabular cup [31]

Gérard 1970 CoCrMo femoral head/CoCrMo acetabular cup
CoCrMo femoral head/PE acetabular cup [34,35]

Trentani & Paltrinieri 1971 stainless steel femoral head/UHMWPE
acetabular cup Cemented [42]

Furuya 1971 HDPE femoral head/stainless steel
acetabular cup Cemented [43]

Nishio 1972 CoCrMo femoral head/CoCrMo acetabular cup Cementless [37]

Nishio 1975 CoCrMo femoral head/polyethylene
acetabular cup Cementless [38]
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Table 1. Cont.

Surgeon/Designer Introduced Materials Fixation Reference

Freeman 1972
1974

HDPE femoral head/CoCrMo acetabular cup
CoCrMo femoral head/UHMWPE acetabular cup

Cemented
Cemented [45,46]

Eicher and Capello 1973 CoCrMo femoral head/UHMWPE acetabular cup Cemented [47]

Wagner 1974 CoCrMo femoral head/UHMWPE acetabular cup
Al2O3 femoral head/UHMWPE acetabular cup Cemented [48]

Amstutz 1975 CoCrMo femoral head/UHMWPE acetabular cup Cemented [49,50]
Salzer 1976 Al2O3 femoral head/Al2O3 acetabular cup Cementless [39]
Tanaka 1978 CoCrMo femoral head/UHMWPE acetabular cup Cemented [50]

Amstutz 1982
CoCrMo femoral head/UHMWPE PS

metal-backed
acetabular cup

Cementless
(Press fit) [49,50]

Amstutz 1983
Ti-6Al-4V femoral head with sintered titanium

fiber mesh/UHMWPE liner with porous backing
of pure titanium mesh

Cementless [49,50]

Amstutz 1987

Porous-coated CoCrMo femoral head
UHMWPE insert

Porous-coated or sintered bead-coated metallic
acetabular cup

Cementless [55]

Buechel and Pappas 1989 Titanium nitride-coated Ti-6Al-4V femoral head,
UHMWPE liner, Ti-6Al-4V acetabular cup Cementless [57,59]

The results of hip resurfacing in the 1970s and 1980s were disappointing. Failures were
the result of poor materials (conventional polyethylene was susceptible to wear [60,61]),
poor implant design, inadequate instrumentation, and an imprecise surgical technique [62].
The extensive damage to the acetabulum was partially due to the significant bone re-
moval needed for the acetabular component and its cement mantle, largely attributed to
periprosthetic osteolysis. Moreover, the combination of a large articulation diameter with
thin polyethylene cups or liners resulted in rapid deterioration and the generation of a
considerable amount of biologically active particles, causing bone loss and loosening of the
implant. Failures of hip resurfacing in the 1970s and 1980s were also attributed to avascular
necrosis of the femoral head and acetabular component loosening due to high frictional
torque, but with present knowledge, it is clear that the production of large volumes of
biologically active particulate wear debris induced osteolysis that led to bone loss and
implant loosening and caused a high incidence of fractures of the femoral neck [63]. The
consistency of peri-implant bone destruction with wear particle-induced osteolysis, not
avascular necrosis, was confirmed by the retrieval studies carried out by Howie et al. [64]
and Campbell et al. [65]. It led to these solutions of hip resurfacing being largely abandoned
by the mid-1980s [62].

3. Characteristics of Contemporary Hip Resurfacing Arthroplasty Endoprostheses

Resurfacing arthroplasty has been experiencing a renaissance since the early 1990s.
The first two designs to appear were introduced in the early 1990s by Wagner [66] and
McMinn [67]. From this time on, all further hip resurfacing devices used exclusively
CoCrMo metal-on-metal bearings. Both of these first systems were cementless. Wag-
ner’s endoprosthesis had a threaded internal geometry of the femoral component and
a grit-blasted Ti surface coating at the bone interfaces, while McMinn’s endoprosthesis
had anti-rotation ridges and a short epiphyseal stem to assist with femoral component
alignment and stability; the first was coated with hydroxyapatite (HA) and later press
fit, while the acetabular component had HA coating and peripheral fins for rotational
stability. The experience gained with these solutions has shown the enduring fixation of
the acetabular components [68] and improved results in terms of loosening at the early
stage [69] but has demonstrated poor outcomes in longer-term follow-up [54,70,71]. The
Wagner system was discontinued, while subsequent modifications to the McMinn design
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involved cement fixation of both components, and then the hybrid configuration evolved
into the development of the Cormet™ (Corin Group, Cirencester, UK) in 1997 and current
Cormet 2000 (Corin Medical Ltd., Cirencester, UK) in 2007, as well as Birmingham Hip
Resurfacing (BHR)™ (Smith & Nephew, Memphis, TN, USA) endoprostheses in 1997.
Meanwhile, Amstutz began a series of innovations that culminated in the Conserve Plus™
(Wright Medical Technology Inc., Arlington, TN, USA) in 1993 and began implanting it
at the end of 1996 [71]. It was a hybrid (i.e., porous fixation with sintered beads on the
acetabular side and cemented on the femoral side) [54].

At the turn of the 21st century, most hip resurfacing systems were hybrid with a
thin-walled one-piece cementless acetabular component and a cemented femoral compo-
nent. The femoral components featured a short epiphyseal stem designed for alignment
during insertion.

These systems offered several benefits, such as enhanced durability in fixation, reduced
wear, improved bone tissue protection, and a decreased rate of complications, particularly
fractures and sprains. Numerous clinical studies and joint registry reports provided
extensive evidence indicating positive outcomes and survival of surface implants. They
proved to be a success, with 96%, 92%, and 88.5% survivorship at ten years for Cormet,
BHR, and Converse, respectively [72–76].

Following these successes, in the early 2000s, numerous hybrid hip resurfacing sys-
tems emerged, e.g., the Durom™ (Zimmer Inc., Warsaw, IN, USA) introduced in 2001, the
Articular Surface Replacement (ASR™) (DePuy Orthopaedics Inc., Warsaw, IN, USA), in-
troduced in 2003, the Icon™ (IO International Orthopaedics Holding, Geisingen, Germany)
and the ReCap™ (Biomet Inc., Warsaw, IN, USA), both introduced in 2004, the ADEPT™
hip resurfacing system (Finsbury Orthopaedics Ltd., Leatherhead, UK), introduced in 2005,
the MITCH hip resurfacing system (Stryker, Kalamazoo, MI, USA), introduced in 2006, the
ROMAX® Resurfacing System (Medacta, Castel San Pietro, Switzerland), introduced in
2008, the DynaMoM hip resurfacing prosthesis (Tornier, Saint-Ismier, France), introduced in
2008, and the Minimally Invasive Hip Resurfacing (MIHR) International® metal-on-metal
(MoM) hip system (Comis Orthopaedics Ltd., Birmingham, UK), introduced in 2009 [77]. A
list of contemporary generations of HRA endoprostheses is presented in Table 2.

Table 2. Contemporary HRA endoprostheses.

System Introduced Femoral Component
Material and Fixation

Acetabular Component
Bearing

Material/Bone-Contacting
Material

References

Wagner’s 1991 CoCrMo
cementless, press-fit

CoCrMo/grit-blasted
Ti coating, cementless [66]

McMinn’s 1992
CoCrMo

cementless, initially HA
coating, then cemented

CoCrMo/HA coating,
cementless [67]

Conserve Plus™ (Wright Medical
Technology Inc., Arlington,

TN, USA)
1996 CoCrMo

cemented
CoCrMo/CrCrMo beads
+ HA coating, cementless [78–80]

BHR™ (Smith & Nephew,
Memphis, TN, USA) 1997 CoCrMo

cemented
CoCrMo/CrCrMo beads
+ HA coating, cementless [81,82]

Cormet™ (Corin Group,
Cirencester, UK) 1997

CoCrMo
cemented (cementless
option with PS Ti, HA

coating)

CoCrMo/PS Ti + HA coating,
cementless [83,84]

Durom™ (Zimmer Inc., Warsaw,
IN, USA) 2001 CoCrMo

cemented CoCrMo/PS Ti, cementless [85,86]
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Table 2. Cont.

System Introduced Femoral Component
Material and Fixation

Acetabular Component
Bearing

Material/Bone-Contacting
Material

References

ASR™ (DePuy Orthopaedics Inc.,
Warsaw, IN, USA) 2003 CoCrMo

cemented
CoCrMo/CrCrMo beads
+ HA coating, cementless [87,88]

Icon™
(IO International

Orthopaedics Holding,
Geisingen, Germany)

2004 CoCrMo
cemented

CoCrMo/CrCrMo beads
+ HA coating [89,90]

ReCap™
(Biomet Inc., Warsaw, IN, USA) 2004

CoCrMo
cemented (cementless
option PS Ti-6Al-4V)

CoCrMo/PS Ti-6Al-4V
+ HA coating [91]

ACCIS™
(Van Straten Medical, The

Netherlands;
Implantcast, Buxtehude,

Germany)

2004
TiNbN-coated CoCrMo

cemented fixation,
cementless from 2009

TiNbN-coated CoCrMo/
PS Ti [92]

ADEPT®

(Finsbury Orthopaedics Ltd.,
Leatherhead, UK)

2005 CoCrMo
cemented

CoCrMo/CrCrMo beads
+ HA coating [93,94]

MITCH
(Stryker, Kalamazoo, MI, USA) 2006 CoCrMo

cemented CoCrMo/PS Ti + HA coating [95]

ESKA-BIONIK®

(ESKA Implants GmbH & Co.,
Lübeck, Germany)

2006
CoCrMo;

Spongiosa Metal®

(cemented option)

CoCrMo + CoCrMo
insert/Spongiosa Metal® [96–98]

ESKA-CERAM®

(ESKA Implants GmbH & Co.,
Lübeck, Germany)

2007

CoCrMo;
Spongiosa Metal®

(CoCrMo with TiNb
coating)

polyurethane/Al2O3
+ polyurethane/Al2O3 insert/

Spongiosa Metal®

(CoCrMo with TiNb coating)

[98–100]

Cormet 2000
(Corin Medical Ltd.,

Cirencester, UK)
2007 CoCrMo

cemented CoCrMo/PS Ti + HA coating [84,101]

ROMAX®

(Medacta, Castel San Pietro,
Switzerland)

2008 CoCrMo
cemented CoCrMo/PS Ti + HA coating [102,103]

DynaMoM
(Tornier, Saint-Ismier, France) 2008 CoCrMo

cemented CoCrMo/PS Ti + HA coating [104]

MIHR International®

(Comis Orthopaedics Ltd.,
Birmingham, UK)

2009 CoCrMo
cemented

CoCrMo/HA coating,
cementless [105]

Instead of all implants having a CoCrMo-on-CoCrMo bearing, the Advanced Ceramic
Coated Implant Systems (ACCIS™) (Van Straten Medical, The Netherlands; Implantcast,
Buxtehude, Germany), introduced in 2004, has titanium–niobium–nitride (TiNbN) ceramic
surfaces engineered by physical vapor deposition (PVD) to minimize wear and prevent
tribocorrosion and metal ion release. Total hip resurfacing represented the fastest-growing
section in orthopedic surgery [106,107]. Although some early clinical follow-up studies of
this system demonstrated promising results [108], there were also results reporting catas-
trophic failure of the prosthesis, and an unacceptably high revision rate was demonstrated
due to unknown causes that led to cease implanting the ACCIS™ [109,110].

Another step towards biomimetics was the series of ESKA hip resurfacing systems
developed by ESKA Implants GmbH & Co. (Lübeck, Germany) beginning in 2006. The
first was a metal-on-metal ESKA-BIONIK® hip resurfacing system (also known as Biosurf®

hip resurfacing), which has a unique bearing surface hydrodynamic lubrication in the
bearings through the concavo–convex pattern designed to reduce abrasive wear. The
pattern provided circumferentially distributed escape dimples for wear particles and
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improved lubrication by providing room for the lubricant [111]. The acetabular component
had a spongiosa metal structured surface called Spongiosa Metal® made of a CoCrMo
with a titanium niobium (TiNb) coating or an HA coating, available upon request, for
cementless anchorage through osseous integration that proved to have excellent long
stability in clinical trials [96,97]. The cementless anchorage via the Spongiosa Metal®

was also applied in the case of the femoral component. Further, in 2007, based on the
composite material ENDOCERAM®, consisting of a polyurethane matrix and a mixed-in
glass ceramic powder [100,112], the ceramic-on-ceramic ESKA-CERAM® hip resurfacing
system was launched. The ESKA resurfacing implants were the only designs with a
cementless acetabular shell in combination with a modular ceramic insert.

Research indicates that the use of cement does not consistently ensure long-term stabil-
ity of endoprostheses in bones. The most common (ca. 75% of observed) complications of
currently used cement resurfacing arthroplasty include the resorption of periarticular bone
tissue, loosening at the bone–cement–implant junction zone, migration of endoprosthesis
components, and femoral fractures [113–116]. Additionally, stress-shielding areas near the
short stem of the femoral component often lead to loosening and migration [116–121]. In
cemented HRA, while cement initially anchors the femoral component, it to penetrates
deeply into the femoral head’s cancellous bone. Often, the area affected by cement penetra-
tion exceeds 30% of the femoral head’s total volume (some studies report over 50% [122]),
leading to reduced local blood flow. This, in turn, weakens the internal microstructure of
the cancellous bone in the femoral head, resulting in various complications [123–129].

Currently, available HRA systems exhibit a range of survival rates over five years, from
a high of 97.1% to a low of 80.9% [10]. This variability has raised safety concerns regarding
certain resurfacing arthroplasty endoprostheses. As a consequence, systems such as the
ASR™ by DePuy Orthopaedics Inc., based in Warsaw, IN, USA, have been withdrawn from
the market due to their significant rate of postoperative complications [130].

The predominant reason for early HRA failures, accounting for approximately 35% of
necessary revision surgeries, is femoral neck fracture [131,132]. Additionally, aseptic loos-
ening of either the femoral or acetabular components is another frequent reason for HRA
failures [133,134]. Aseptic bone necrosis (osteonecrosis), often linked with periprosthetic
fractures or identified as a contributing factor to such fractures after HRA [116], is also seen
as a consequence of using cement for endoprosthesis component fixation [135] or is due
to intraoperative damage to the blood vessels supplying the femoral head [136]. The heat
generated during cement polymerization can severely damage the surrounding implant
tissue, leading to the collapse of the femoral head [137,138]. Moreover, as previously noted,
the implantation process of the femoral HRA endoprosthesis component typically forces
substantial amounts of cement into the cancellous bone of the femoral head, creating a
thick cement layer [139].

Aseptic bone necrosis is often seen in the early and middle stages following hip
surgery, typically linked to either reduced blood flow to the femoral head or heat damage
incurred during the operation [140]. Zustin et al. [140] conducted a histological analysis of
123 bone–implant samples from various resurfacing endoprostheses systems, including
ASR™ by DePuy Orthopaedics, BHR™ by Smith & Nephew, Cormet™ by Corin Group,
Durom™ by Zimmer Inc., and ReCap™ by Biomet Inc. These samples were collected from
patients who had diagnoses other than osteonecrosis prior to surgery. The study found
that osteonecrosis occurred in 88% of the cases, often linked with periprosthetic fractures.
Of the revisions examined, 85 were due to periprosthetic fractures, with 60% of these
fractures exhibiting complete bone necrosis near the fracture line, which are thus classified
as post-necrotic fractures. Additionally, 8% of the revisions were due to the loosening of
the acetabulum, and the remaining 23% were for various other reasons, including groin
pain related to the femoral component. The majority of bone–implant specimens analyzed
displayed extensive aseptic necrosis histologically, identified as the reason for 46% of all
failures, particularly those linked to post-necrotic periprosthetic fractures and the collapse
of the femoral head [141]. Steiger et al. [142] reported that, excluding infections, the leading

41



Biomimetics 2024, 9, 99

causes for the primary revision following HRA are hip fractures (43%), loosening/lysis
(32%), metal allergic reactions (7%), and pain (6%). Therefore, in cases involving serious
postoperative complications, the primary revision focused on the femoral component
accounts for 62% of all such revisions in the procedures mentioned [142].

ReCap™ is the only fully porous-coated femoral component currently available. The
seven-year follow-up study carried out by Gross [143] suggested that cementless femoral
fixation with a short epiphyseal stem may be a viable alternative to the cement fixation of
HRA and pointed out that a study on a larger number of patients should be warranted.

In Figure 1, we present, from our own experience, the roentgenogram of a patient
(female, 52 y.o.) with a perceived limp requiring a cane for ambulation, showing the
loosening and fracture at the femoral neck that occurred after one month.
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Figure 1. Anteroposterior radiographs demonstrating the Birmingham Hip Resurfacing system in
situ (a) with femoral component loosening and (b) femoral neck fracture after one month.

It should be noted that the cementless femoral fixation applied in the ReCap™ using a
porous coating with sintered beads allows only shallow ingrowth of bone tissue into the
pore space of the coating, and this requires the use of a short epiphyseal stem to ensure the
proper fixation of the cap. Further studies [144,145] justify the validity of striving for more
biomimetic bone ingrowth fixation methods in the case of the femoral component of hip
resurfacing versus non-biomimetic approaches in terms of the cemented fixation methods.

4. First Biomimetic Resurfacing Arthroplasty Endoprosthesis with the Multi-Spiked
Connecting Scaffold

A significant shift in the design philosophy for HRA endoprostheses emerged with
the introduction of the original multi-spiked connecting scaffold (MSC-Scaffold) concept
by Rogala [146–148]. This concept moved away from the traditional cemented hip en-
doprostheses with short epiphyseal stems towards a biomimetic, stemless, and entirely
cementless design, which preserves periarticular bone tissue. The MSC-Scaffold employs
a spike-palisade system that integrates the components of resurfacing arthroplasty HRA
endoprostheses with the intertrabecular space of the periarticular cancellous bone. The
prototype of the MSC-Scaffold was developed by a bioengineering clinical research team
under the auspices of two research grants from the National Science Centre Poland (No.
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4T07C05629 and No. N518412638, led by R. Uklejewski) and further research. This rep-
resents a pivotal innovation in the fixation of resurfacing endoprosthesis components
within the periarticular trabecular bone. A comprehensive overview of the bioengineering
research conducted on the biomimetic MSC-Scaffold prototype for a new generation of
HRA endoprostheses can be found in a recent monograph [149].

The MSC-Scaffold’s spikes are designed to imitate the natural interdigitation system
of the subchondral bone, which intricately weaves into the trabeculae of the surrounding
cancellous bone. This design facilitates a gradual structural and biomechanical transi-
tion between the joint’s distinct morphological elements—the articular cartilage and the
surrounding trabecular bone tissue of the epiphysis. Illustrated in Figure 2, the scheme
shows how the subchondral bone, through its system of interdigitations, interlocks with
the trabeculae of the periarticular cancellous bone. This unique interlocking mechanism
forms a vital transition zone that naturally secures the articular cartilage of diarthrodial
joints to the periarticular cancellous bone. Moreover, the spacing between the spikes in the
MSC-Scaffold prototype is designed to allow for the growth of new bone tissue. This space
acts as an osteoconductive interface, promoting the integration of periarticular trabecular
bone tissue in diarthrodial human joints undergoing resurfacing arthroplasty with these
endoprostheses [149].
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Figure 2. Histological scheme showing the hyaline cartilage and the subchondral bone with its
interdigitations, anchoring among the trabeculae of the cancellous bone tissue [149].

The MSC-Scaffold facilitates the initial setting of endoprosthesis components within
the bone, stimulating the bone tissue growth in its interspike spaces, leading to osseointe-
gration. This process securely anchors the resurfacing endoprosthesis components within
the periarticular bone for long-term stability. During surgery, the surgeon inserts the MSC-
Scaffold spikes into the bone to a specific depth for initial mechanical stability, while the
subsequent growth of new bone tissue in the spaces between the spikes provides final
biological fixation during the patient’s postoperative rehabilitation. The MSC-Scaffold’s
non-cemented approach to fixing HRA endoprostheses in a physiologically optimal manner
could potentially reduce complications associated with bone cement use. When implanting
the biomimetic MSC-Scaffold in the cancellous bone’s intertrabecular space, the spikes in a
controlled fashion disrupt the bone’s trabecular microarchitecture to a beneficial osteoinduc-
tive degree. This disruption prompts adaptive remodeling and bone tissue development in
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the interspike areas. Furthermore, the spikes are designed to integrate with the cancellous
bone’s trabecular bioconstruction, effectively dampening vibrations from dynamic joint
loads and enhancing the biomechanical stability of the endoprostheses in bone tissue. This
integration helps prevent the spraining and loosening of the implanted components [149].

Designed according to above-described assumptions, the MSC-Scaffold prototype
facilitates the in vivo infill of its interspike spaces with newly grown trabecular bone tissue,
reflecting the natural microstructure, a process not achievable with cemented HRA. This
biomimetic fixation device and method for the HRA endoprosthesis components within the
periarticular bone suggests that the mechanical load distribution within the periarticular
bone will closely resemble that in a natural hip joint. The biomimetic MSC-Scaffold
prototype aims to replicate in the implant–bone interface the transfer of mechanical loads
occurring in a natural joint, which leads to almost natural biodynamics and bone tissue
remodeling around the implant. Consequently, effective osteoconduction is anticipated,
promoting bone tissue growth into the interspike space of the MSC-Scaffold. Additionally,
the macrodimensions of the femoral component’s bearing part are designed to conserve
the posterolateral and medial epiphyseal femoral arteries (subcapsular arteriae retinaculares:
superior and inferior) of the femoral head. It ensures the preservation of physiological blood
supply, meaning the preservation of key factors for adequate remodeling of the femoral
head’s trabecular bone [149].

Initial attempts at producing MSC-Scaffold prototypes through conventional subtrac-
tive manufacturing methods, such as die-sinking electrical discharge machining, were
unsuccessful. This led to the conclusion that the fabrication of MSC-Scaffold for anchoring
the components of joint resurfacing endoprostheses, as an integral part of these devices,
necessitates the use of additive manufacturing technologies. Despite these methods being
relatively obscure and not widely accessible in the mid-2000s, particularly for producing
biocompatible metals and alloys [150], efforts were made to explore and assess the techno-
logical capabilities of fabricating the MSC-Scaffold using available additive technologies.
Experiments with Selective Laser Sintering (SLS) and Electron Beam Melting (EBM) un-
covered numerous unacceptable flaws in the early prototypes [151]. Further exploration
to achieve manufacturing standards that ensured uniform density and mechanical prop-
erties akin to homogeneous materials led to the identification of Selective Laser Melting
(SLM) as a suitable technology for producing prototype HRA endoprosthesis with the
MSC-Scaffold [152–154]. An illustration of the HRA endoprosthesis prototype featuring
the MSC-Scaffold is provided in Figure 3.

The development of the MSC-Scaffold prototype involved refining its structural and
osteoconductive characteristics within the interspike space. This process led to a reevalua-
tion of the initial design assumptions of the MSC-Scaffold, highlighting crucial insights into
compensating for the revealed technological constraints of SLM technology in future design
strategies. This meant focusing on enhancing pro-osteoconductive structural functionality
for the effective design of subsequent MSC-Scaffold prototypes [155]. Biological verification
of the functionalized MSC-Scaffold with human osteoblasts demonstrated that its interspike
region offers an efficient space for the proliferation and spread of osteoblasts. These cells
exhibited a propensity to form a three-dimensional intercellular network, reflecting the
characteristic biostructure of lamellar bone tissue found in the trabeculae of trabecular
bone [156].

Early pilot implantations of structurally functionalized MSC-Scaffold preprototypes in
an animal model (swine; breed: Polish Large White) demonstrated no postoperative issues,
such as implant loosening, migration, or other early complications. Histopathological
analysis revealed that the majority of the interspike spaces were filled with newly formed
and mineralized bone tissue. It secured the primary biological fixation of the MSC-Scaffold
preprototypes in the periarticular trabecular bone [157]. These findings also highlighted
the necessity for improved bone contact, suggesting the surface of the MSC-Scaffold spikes
be coated with calcium phosphate (CaP) to more closely mimic the biochemical properties
of native bone biomineral (HA).
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scaffold (MSC-Scaffold) [149].

Research into electrochemical cathodic deposition of CaPs on the spike surfaces ini-
tially used constant current densities [158] and then moved to a potentiostatic electrode-
position process, followed by immersion in simulated body fluid [159]. This led to the
development of efficient process parameters that ensured biomineral coverage of the bone-
contacting surface, with a Ca/P molar ratio similar to that of native bone HA. Testing
the CaP-coated surfaces with human osteoblasts indicated that such modifications are
favorable for bone cell proliferation, alkaline phosphatase activity, and hence, the mineral-
ization and osteoinduction/osteointegration potential of the MSC-Scaffold. The distance
between the MSC-Scaffold spikes was found to be a significant factor affecting alkaline
phosphatase activity. Biointegration assessments of these prototypes implanted into the
knee joints of swine (breed: Polish Large White), performed eight weeks post-implantation,
showed a scaffolding effect with the majority of interspike spaces filled by newly formed
and remodeled bone tissue, ensuring primary biological fixation. Notably, based on calcula-
tions performed on micro-CT reconstructions of explanted knee joints, a higher percentage
(about 12%) of trabeculae was observed between the spikes of the CaP-modified MSC-
Scaffold [159].

Biomechanical studies on the bone–implant system relevant to the MSC-Scaffold’s
design were conducted, with numerical simulations identifying key geometric features that
ensure physiological load transfer from the MSC-Scaffold to the surrounding bone [160].
A validated numerical model, developed and tested with micro-CT-assisted mechanical
tests, simulated the MSC-Scaffold embedded in cancellous bone material [161]. Analysis
of the Huber–Mises–Hencky (HMH)-reduced stress distribution from these simulations
confirmed that the structural biomimicry of the MSC-Scaffold prototype enables a physio-
logically uniform surface transfer of the mechanical load from the spikes to the trabeculae
of the periarticular trabecular bone. In conclusion, the early postoperative biomechanical
load capacity (loadability) of the articular surface of the cementless and stemless HRA
endoprosthesis with the MSC-Scaffold is considered to be the crucial design criterion for such
endoprostheses. In the early postoperative rehabilitation period, the controlled loading
by the patient of the joint with such endoprosthesis will enable bone tissue to grow in the
MSC-Scaffold interspike spaces and will ensure the final bone–implant fixation.

Pilot studies on the MSC-Scaffold in an animal model involved the implantation of
prototype partial knee resurfacing endoprostheses with the MSC-Scaffold to ten experi-
mental animals (swine; breed: Polish Large White) [162]. Micro-CT analyses of specimens
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explanted from these animals eight weeks after surgery revealed (1) the interspike space
occupied by newly formed and remodeled mature bone tissue, (2) initial stages of osseoin-
tegration in the form of bone tissue creeping substitution identified in deeper areas of
the MSC-Scaffold and (3) the distribution of different radiological phases changing as a
function of the distance from the bases of the spikes [162]. These results demonstrate that
the biomimetic fixation method via the MSC-Scaffold ensures a cementless and stemless
anchoring of the endoprosthesis component in the trabecular bone.

With the completion of preclinical bioengineering research on the MSC-Scaffold, the
next phase of clinical surgical research in humans is set to begin, involving experimental
surgical treatments of damaged knee and hip joints using prototype resurfacing endopros-
theses with the biomimetic MSC-Scaffold.

5. Summary and Final Remarks

The goals of HRA are restoring joint anatomy, biomechanics, and function while pro-
longing the life of a patient with endoprosthesis by preserving bone stock for easy further
possible revision arthroplasty in the form of traditional total hip arthroplasty. Over decades
of its history, the designs of HRA endoprostheses have undergone a variety of technological
innovations in terms of evolution in materials and fixation techniques, which often resulted
in promising outcomes and the extension of implant survival. Although these early hip
resurfacing designs showed good early functional results, they most disappointingly failed
in longer follow-ups due to the inadequacy of materials, poor implant design, inadequate
instrumentation, and an imprecise surgical technique. Most studies on the failures of
contemporary resurfacing arthroplasties, in which practically all femoral components are
fixed with cement, lead to the conclusion that femoral cement failure is the most common
late cause of failure in hip resurfacing. In osteonecrotic femoral heads, there is a lack of
adequate blood supply, which prevents peri-implant bone regeneration and deepens the
deterioration of bone surrounding the implant leading to dysfunction in terms of load
transfer in the artificial joint. This often led to femoral loosening, migration, or fractures
that resulted in ceasing some of the contemporary designs of resurfacing endoprostheses.
Since cement was a confirmed causative factor in femoral failures after resurfacing, the need
arises for biomimetic bone–implant fixation methods that would provide a biomimetic
structure and biomechanics of the artificial joint.

The newly developed fixation method for resurfacing arthroplasty endoprostheses is
distinguished by the biomimetics inherent in its MSC-Scaffold, which are characterized by
the following:

(1) Resemblance to the microstructure of the periarticular subchondral and cancellous
bone tissue;

(2) Conservation of the femoral head’s posterolateral and medial epiphyseal arteries
(subcapsular arteriae retinaculares: superior and inferior);

(3) Facilitation of a load transfer that mimics natural bone biomechanics, reflecting the me-
chanical behavior observed in a natural hip joint where the load is transmitted through
the trabeculae in the femoral head and neck, continuing along the femoral shaft.

Against many observed failures of the standard fixation technique of contemporary
HRA endoprostheses, where the femoral component is fixed with the use of cement, our
prototype of a biomimetic MSC-Scaffold can be regarded as a promising breakthrough
in bone–implant advanced interfacing in joint resurfacing arthroplasty endoprostheses
fixation techniques. The MSC-Scaffold prototype manufactured with modern advanced
laser additive technology opens a new generation for the first biomimetic resurfacing joint
endoprostheses.

This new design type of completely cementless and stemless resurfacing arthroplasty
endoprostheses of the hip joint (and other joints), where endoprosthesis components are
embedded in the surrounding bone via the prototype biomimetic multi-spiked connecting
scaffold (MSC-Scaffold), initiates the first of all generations of biomimetic endoprostheses
of diarthrodial joints.
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Abstract: Previously, 3D-printed bone grafts made of titanium alloy with bioactive coating has
shown great potential for the restoration of bone defects. Implanted into a medullary canal titanium
graft with cellular structure demonstrated stimulation of the reparative osteogenesis and successful
osseointegration of the graft into a single bone-implant block. The purpose of this study was to
investigate osseointegration of a 3D-printed degradable polymeric implant with cellular structure
as preclinical testing of a new technique for bone defect restoration. During an experimental study
in sheep, a 20 mm-long segmental tibial defect was filled with an original cylindrical implant
with cellular structure made of polycaprolactone coated with hydroxyapatite. X-ray radiographs
demonstrated reparative bone regeneration from the periosteum lying on the periphery of cylindrical
implant to its center in a week after the surgery. Cellular structure of the implant was fully filled with
newly-formed bone tissue on the 4th week after the surgery. The bone tissue regeneration from the
proximal and distal bone fragments was evident on 3rd week. This provides insight into the use of
bioactive degradable implants for the restoration of segmental bone defects. Degradable implant
with bioactive coating implanted into a long bone segmental defect provides stimulation of reparative
osteogenesis and osseointegration into the single implant-bone block.

Keywords: bone defect; degradable implant; polycaprolactone; hydroxyapatite; osseointegration

1. Introduction

Unsatisfactory outcomes of orthopedic surgery for non-unions and bone defects are
not rare [1–3]. The methods of transosseous osteosynthesis developed by G. Ilizarov based
on low-invasive surgery, fixation stability, preservation of blood supply, and functional load-
ing demonstrated its efficiency in the treatment of pseudarthrosis and bone defects [4–6].
On the other hand, inconveniencies and disadvantages of external fixation are numerous:
long-lasting external frame wearing, staged in-patient stay, delayed functional recovery,
high rate of pin-site infections, decreased life quality of patients with external frame, and
external fixation index in single-level lengthening for bone transport on tibia being over
40 days/cm in adult patients [7–9]. Recently, an idea appeared to fill bone defects with a
personalized titanium implants, the design of which (inner cells and pores) is similar to the
structure of spongy bone [10–12]. Experimental studies demonstrated that osseointegration
of such an implant provides fast and durable restoration of a bone defect, but the titanium
does not allow monitoring the process of reparative bone regeneration and its functional re-
structuring in clinical conditions by the methods of X-rays [13–15]. Furthermore, sometimes
a metal implant remained into the bone arises concerns of a patient.

Over the past few years, there has been significant interest in the use of artificial
bioresorbable scaffolds made by 3D printing to treat large bone defects [16–18]. One of
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the main advantages of 3D printing is the ability to personalize the scaffold, which can be
designed to fit the size and shape of the bone defect with a similar structure and morphology
to the tissue it will replace. Fused Deposition Modeling (FDM) is a simple and cost-
effective 3D printing technique that allows for printing with thermoplastic polymers and
polymer composites with a print resolution of up to 50 µm. Currently, new linear polyester-
based bioresorbable materials for FDM 3D printing of personalized scaffolds for bone
tissue engineering are actively studied. Polylactic acid (PLA) and PLA-based composites
have been the most extensively studied, as they show good printability, a high level of
biocompatibility, support cell adhesion and proliferation, and can accelerate the formation
of bone tissue and osseointegration at the defect site in the combination with calcium
phosphates [19–22]. An alternative to PLA is another linear polyester polycaprolactone
(PCL). Compared to PLA, PCL has a much lower glass transition temperature, unique
elastic properties at human body temperature, and is known for its good suturability [23].
The low melting temperature of PCL allows for adapting the strategy of FDM printing, and
its high elasticity makes it easy to implant and withstand cyclic loads [24,25]. Previously,
it was shown that 3D-printed PCL composite scaffolds filled with hydroxyapatite (HA)
demonstrated a good level of biocompatibility, support for cell adhesion, growth, and
proliferation [26,27].

Recent studies have shown that the printed infill pattern is also important for the
biocompatibility of biomimetic scaffolds [28–30]. Triply periodic minimal surfaces (TPMS)
have gained attention due to their high surface-to-volume ratio and interconnected porosity,
which closely mimic the structure of natural materials [31]. Numerous of studies have
employed gyroid-like TPMS infill patterns for 3D printing of PCL-based scaffolds and
showed improved cytocompatibility, mechanical strength, and osteoblast proliferation
compared to conventional cubic and rectangular infill patterns [32–38]. Studies demonstrate
the potential of using TPMS structures in the design and fabrication of personalized
biomimetic scaffolds for bone tissue engineering.

The purpose of this experimental study was the assessment of the reparative osteogen-
esis and osseointegration of a biomimetic TPMS-structured degradable cylindrical implant
with bioactive coating for long bone defect filling.

2. Materials and Methods

This non-randomized study was performed on five mixed-breed sheep of feminine
sex aged of 1 year in 2022. All the cheeps received the same postoperative care and same
complete feeding, they were examined by veterinarian doctor 5 days per week. They were
allowed to walk with no limitations in adapted vivarium.

Applied implants for bone defect filling had dimensions of 40 mm height and 18 mm
diameter (Figure 1a,b). The implants were 3D printed of ε-polycaprolactone (PCL; Sigma-
Aldrich, St. Louis, MO, USA; Mn 80,000 g/mol) and coated with hydroxyapatite (HA;
Fluidinova, Portugal; particle size 10 ± 5 µm). The implants were fabricated via Fused
Deposition Modeling (FDM) additive technology at Tomsk Polytechnic University (Tomsk,
Russia). PCL pellets were melted and extruded with the use of Filabot EX2 (Filabot HQ,
Barre, VT, USA) commercial single screw extruder to fabricate filament of 2.8 ± 0.15 mm
diameter. The temperature of extrusion was 80 ± 2 ◦C and the rate of extrusion was
2 m/min. Extruded filament was used for the 3D printing of scaffolds with the use of
Ultimaker S5 (Ultimaker B.V., Utrecht, The Netherlands) commercial FDM 3D printer. The
temperature of the glass substrate was 35 ◦C, and the temperature of the printing nozzle
was 200 ◦C. The printing was performed at printing rate of 6 mm/s. Dimensions and
shape of implants were designed exactly in accordance with the transverse dimensions of
the experimental animals tibial shaft and presented in Figure S1. The middle part of the
implants was designed in the form of 20 mm long porous cylinder with 18 mm diameter
and intramedullary cannel of 5 mm diameter. The inner space of the middle part of implants
was printed in the form of a gyroid divided into cells of 1 mm diameter with walls thickness
of 450 µm. Intramedullary canal of 5 mm diameter was designed in the center of the porous
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part. The outer walls of the cylinder had pores of 1 mm diameter to facilitate ingrowth
of blood vessels to the bone defect from the side of periosteal tissues and intramedullary
canal of adjacent bone fragments. The end face surfaces of the middle porous part were
printed in the form of hollow cylinders of 10 mm long each with small pores of 1 mm. The
external and internal surfaces of the implant were coated with a bioactive layer of HA.
«Solvent/non-solvent» treatment of scaffolds was performed with the use of the mixture
of toluene and ethanol at 3:7 v/v ratio. HA was mixed with the toluene/ethanol mixture
at 10% w/w and stirred on magnetic stirrer for 30 min to obtain suspension. Scaffolds
were dipped into the suspension for 2 min at room temperature under continuous stirring.
Coated scaffolds were washed with ethanol and dried for 24 h under vacuum (1 mbar) at
room temperature.
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Figure 1. 3D-printed cylindrical implant: (a)—screenshot of 3D model of the implant from Cura 5.1.0
slicer, (b)—3D-printed PCL cylindrical implant; (c)—computer tomography of a porous part of the
implant (×2.5).

Protocol. The study protocol included the following phases:

• 1–2 days before surgery: physical examination and standard AP and lateral radio-
graphs of both tibiae including adjacent joints;

• D0: surgery;
• Postoperative period: standard AP and lateral radiographs were taken on the D1 and

later once every week;
• Euthanasia at D30 (Euthanasia was performed by an intravenous injection of sodium

thiopental 5%, 45 mg/kg).

Surgery. All the surgical interventions were performed under general anesthesia with
a sodium thiopental 5% solution (10–15 mg/kg) with atropine as needed. The same surgeon
performed all the surgeries. The first stage of the surgery consisted of the modeling of a
tibial defect: a longitudinal incision was made along the anterior surface of the tibia and the
shaft of the tibia was exposed. The periosteum was dissected longitudinally, and 20 mm
long sector of the shaft was resected with an oscillating saw. Then, the cylindrical implant
was mounted on the defect site by the integration of free ends of the bone fragments
into hollow cylinders on the end face surfaces of the implant. The wound was sutured
layer-by-layer, and the limb was fixed with the Ilizarov fixator. Regarding geometry of
circular external fixator, the Ilizarov frame comprised two distal circular rings of 110 mm
diameter made of stainless steel and two proximal rings of 110 mm diameter in three
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quarters connected by three 12 cm long threaded rods (Figure 2b). The gaps of proximal
rings were oriented posteriorly as so allowing flexion motion in knee joint while walking.
Three stain steel 1.5-mm wires were inserted in proximal tibial fragment and three Kirscher
wires without olive of the same diameter were inserted in the distal tibial fragment (one of
distal wires was inserted through tibia and fibula). Angulation between wires was about
90◦. All wires were tensioned with 100 kg forces with graduated wire—tensioner. The
external frame fixation lasted 30 days in each animal. In contrast to rigid half-pins, an
external fixator with wires provides biomechanical benefit with the weight bearing on the
bone regenerate while walking and does not demonstrate stiffness with negative influence
on bone remodelling [39,40]. Cefazolin was administered intramuscularly 7 days after the
surgery (0.5 g twice a day). In postoperative period the wounds underwent daily control,
pin-site care was performed every 2 days. The experimental surgeries were performed by
one surgical team.
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Figure 2. Filling tibia segmental defect with degradable implant: (a)—radiograph of a defect filled
with the implant (scan lines are marked); (b)—photo of an experimental animal on the 4th postopera-
tive day.

Radiographically control was performed using Premium VET X-ray system (TOSHIBA
(Rotanode) Model E7239. N: 10G749, Japan) and digital radiography system with CANON
CXDI-401C COMPACT flat-panel detector (Canon Inc. Medical Equipment Group, Tochigi,
Japan). The optical density of the interfragmentary gap filled with implant and newly
formed bone tissue was measured with original software (Certificate for the Computer
Program No. 2014611777 RF) by the transverse and longitudinal scanning (Figure 2a).

Computer tomography (CT) of anatomical specimens was preformed using the PRODIS
Compact table microtomography system (PRODIS. NDT Ltd., Moscow, Russia) and VG
Studio 3.5 (Volume Graphics GmbH, Heidelberg, Germany) software.

For morphological study the specimens were dissected in the longitudinal direction to
visually assess the state of the bone and soft tissues lying on the implant surface, and to
assess the tissue substrate filling the cells of the implant and the longitudinal axial canal of
the implant.
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AtteStat 12.0.5 (Kurgan, Russia) software was used for the statistical analysis. The
statistical values described the mean and standard deviations.

Ethics. Approval was obtained from the institutional ethics committee before the
experiment (Ethics Committee of the Ilizarov National Medical Research Center for Trau-
matology and Orthopedics, Kurgan, Russia (protocol code 1(71), date of approval 28 April
2022). Interventions, animal care, and euthanasia conformed to the requirements of the
European Convention for the Protection of Vertebrate Animals used for Experimental and
other Scientific Purposes (Strasbourg, 18 March 1986), principles of laboratory animal care
(NIH publication number 85-23, revised 1985), and the national laws.

3. Results

Three-dimensional-printed PCL implant and CT of porous part of the implant are
presented in Figure 1b,c, respectively. Implants have smooth surface with open pores in
the middle part (Figure 1b). CT images show regular porous structure of the middle part of
implant with visible inner intramedullary canal (Figure 1c).

A promising approach for modifying the surface of biodegradable polyesters involves
treatment of the polymer with a mixture of organic solvents to partially swell its sur-
face [41–43]. It was shown that a mixture of toluene and ethanol has no destructive effect
on the PCL scaffold structure and allows non-covalent immobilization of gelatin and iodine.
The swelled surface layer of the polymer is able to adsorb molecules and particles from
the contacting medium. Such mechanism of adsorption is highly suitable for the immo-
bilization of inorganic particles. HA distributed evenly over the surface of the implant
in the form of dispersed segregated particles (white particles in the SEM micrograph of
implant surface) (Figure 3). EDX mapping of the HA coated surface and chemical composi-
tion of implants examined by FTIR are shown in the supporting information manuscript
(Figures S2 and S3).
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Figure 3. Microscopic appearance of the HA coated gyroid PCL implant: (a)—SEM micrograph
of PCL implant with HA coating, (b)—HA coated surface at 250× magnification, (c)—HA coated
surface at 1000× magnification.

The body weight of animals at the beginning of the study was 37.2 ± 3.2 kg (ranged
from 34 to 38.5 kg). In a month after surgery the mean weight was 37.1 kg (34.5 kg to 37.9 kg).
The sheep started walking with total weight-bearing on the limb that has undergone surgery
since the 3th–5th day (Figure 2b). There was neither septic nor neurological complications
during the study. The weight-bearing function of the experimental limb was maintained
until the end of the study.

The radiography demonstrated to be enough informative for assessment of bone repar-
ative regeneration: the PCL implant was X-ray transparent enough. X-ray transparency
of the implant allowed monitoring of reparative bone regeneration and bone tissue in-
growth. On the first day of the study the cellular structure of the implant was clearly visible
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(Figure 4a). The optical density inside the cells corresponded to the density of the soft
tissues surrounding the bone. Less pronounced shadow was visible along the axial channel
of the implant, as well as the denser shadow from the superposition of muscle tissue.
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Figure 4. Optical density of the osseointegration zone of an implant (transverse scanning, white
arrows indicate the zone of implant axial channel): (a)—day of surgery (×1.1); (b)—7th days of
fixation (×1.0); (c)—21st days of fixation (zone of the cortices is expanded, zone of implant axial
channel disappeared) (×0.8).

A slight periosteal reaction was noted closing to the ends of the implant at the 7th day
after the surgery (Figure 4b). Densitometry revealed that all the cells of the implant were
filled with the substance which optical density is higher than the density of surrounding
soft tissues. An area of a low density was located in the middle of the implant along the
axial line. We hypothesized that this area was not yet filled with newly forming bone
tissue of low mineralization. By the 21st day of the study, the optical density in transverse
scanning increased. It was no longer possible to distinguish the area of the axial canal of
the implant (Figure 4c).

We compared optical density of cylindrical implant in longitudinal scanning with the
optical density of the distal tibial fragment (Table 1). The optical density of the implant
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was increasing during the study and approaching to the values of the optical density of the
distal tibial fragment.

Table 1. Dynamics of the optical density of the degradable implant on the bone defect site.

Period of Study,
Days

Average Optical Density of
the Bone Defect, a.u.

Optical Density of the Shaft of the
Adjacent Distal Shaft End, a.u.

Coefficient of Optical Density
(Relative to the Distal Bone

Fragment)

D0 (surgery) 103 ± 10.7 382 ± 10.4 0.20

7 106 ± 20.4 349 ± 17.4 0.33

14 149 ± 21.2 405 ± 20.1 0.38

21 159 ± 23.1 307 ± 15.5 0.50

28 312 ± 15.9 409 ± 20.3 0.75

Longitudinal scanning of the implant zone compared to the density of the distal tibial
fragment revealed increasing optical density during experimental study (Figure 5).
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Figure 5. Dynamics of the optical density (longitudinal scanning) of bioactive implant zone (double
arrow): (a)—the day of the surgery, (b)—7th day after surgery, (c)—14th day after surgery, (d)—28th
day after surgery.

There was no pathological reaction from the soft tissues and signs of inflammation:
subcutaneous tissue, fascia, muscles, and periosteum were of the usual structure. On the
transverse and longitudinal sections of the implants after euthanasia (one month after
the surgery), all cells of implants and longitudinal axial canals were filled with bone
spongy substance (Figure 6a,b). Comparative analysis of the images with the use of
CT reconstruction in the range of the shades of gray and color visualization revealed
the presence of colored structures of high-intensity on the surface (in the outer pores of
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implants) and in the cells of the implant proving bone ingrowth (Figure 6c,d). In the
longitudinal axial canal, images of trabecular structure of 5–6 mm long were observed
(Figure 6c,e, white arrows). They were united with the proximal and distal bone fragments.
The intensity of these structures corresponded to the intensity of cortical bone.
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Figure 6. Bone-implant block after 30 days of the experiment: (a)—photo of the anatomical prepa-
ration of the tibia (the arrow indicates newly formed bone in the central canal), (b)—photo of the
longitudinal section of the anatomical preparation, (c)—CT reconstruction of the anatomical prepa-
ration in the range of the shades of gray (×1.1), (d)—CT image of a cross-sectioned anatomical
preparation in the range of the shades of gray (×2.8), (e)—colored visualization of a cross-sectioned
anatomical preparation using the Smart colors filter (×1.1).

On the sides of the proximal and distal bone fragments, the implants were periosteally
covered with cone-shaped bands of dense compact bone tissue (Figure 6e). Moreover, low
mineralized bone trabeculae were found in the cells of implants (Figure 6d). There were no
signs of resorption or porosity of the compact plate of a bone fragments.

Thus, the study demonstrated ingrowth of bone tissue into cylindrical PCL-HA im-
plant both from the adjacent bone ends and periosteal structures. By the 30th postoperative
day the implant and bone defect were filled in with a newly-formed bone tissue.
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4. Discussion

Architecture and surface properties are among the most important characteristics for
the biocompatibility of scaffolds. The ideal scaffold should provide an optimal surface for
cell adhesion and interconnected porous architecture for vascularization and extracellular
matrix reproduction [44,45]. Three-dimensional printing technologies implement a highly
adaptable and predictable scaffold design: layer-by-layer fabrication allows the formation
of various shapes and a wide range of infills from ordinary 2D grids to 3D structures with
triply periodic minimal surfaces. Providing an interconnected 3D porous structure, high
surface area and high-energy adsorption [46–48], TPMS appears to be biomimetic and
highly desirable for the design of scaffolds. However, among various biomimetic TPMS
structures, a gyroid is the most convenient to use due to the presence of the gyroid infill in
advanced slicer software. The possibility to design the gyroid infill directly with the use of
slicing software makes the scaffolds design highly variable and reproducible.

Ilizarov’s distraction osteogenesis method demonstrates effectiveness in treatment
and reconstruction of large bone defects [3–5]. However, difficulties and complications
associated with the use of the Ilizarov bone transport technique have been reported: high
rate of pin-site infection, prolonged time of external frame fixation, joint contractures, risk
of ischemic regeneration in compromised soft tissues around a large defect, and physical
and psychological suffering of patients [4,5,49,50].

Combination of Masquelet technique (induced membrane technique) followed by
Ilizarov bone transport demonstrated effectiveness in the treatment of nonunions of long
bones [51,52]. The bone transport through induced membrane chamber allowed improving
outcomes and avoiding bone grafting. However, the healing index remained high, varying
from 35 to 60 days/cm [53].

Previously, it was demonstrated that an ideal type of non-free bone grafting for bone
defects filling presents a vascularized autologous osteotomized bone fragment transported
gradually in the interfragmental gap within the soft tissue envelopment providing os-
teogenic properties [54,55]. An autologous graft allows to avoid graft harvesting but risks
of delayed bone union, pin-site infection, and prolonged external frame wearing are not
negligible.

Another option for treatment of extensive diaphyseal and metaphyseal bone defects,
emerging for the latest 20 years, is presented by 3D printed scaffolds for hard tissue replace-
ment [56,57]. This technique gives an alternative method to repair bone defects caused by
osteomyelitis or trauma [58,59]. Materials for large bone defect reconstruction required to
ensure high resistance to mechanical load. The titanium porous implants corresponded to
these requirements providing high mechanical resistance to loading force [60]. On the other
hand, biomaterials used in bone defect repairing should provide osteoinductivity. It is the
second requirement of an ideal bone graft material for total long bone defect reconstruc-
tion. A scaffold promoting new bone tissue formation should enable conducting of bone
regeneration [61]. Non-degradable materials provide only maintenance of the anatomical
function rather than bone regeneration. High stiffness of metallic biomaterials results in
a stress-shielding effect leading to microfractures of additional bone tissue surrounding
implants [62]. Habibovic et al. [63] and Lan Levengood et al. [64] advocate necessity of an
intrinsic microporosity and macropores to enhance new bone formation on the surfaces
of 3D scaffold implants. Moreover, the increase in the porosity of implants decreases the
stress-shielding effect. However, the strength of implants simultaneously reduces [65].

Biomaterials used in bone defect repairing should provide osteoinductivity. Three-
dimensional printing of calcium-phosphates scaffolds enables biocompatibility and osteoin-
ductive properties of implants [66]. Depending on filling the 3D-printed titanium scaffolds
can provide antibacterial and osteoconductive properties [67]. However, it is still limited
compared to the one of rhBMP-2 regarding osteoinduction properties. The recombinant
human BMP-2 stimulates mesenchymal stem cells to differentiate into preosteoblasts and
osteoblasts, and acts as a trigger for migration of osteoblasts in vivo and in vitro [68]. The
use of BMP-2 for clinical purposes arises concerns: the release of rh-BMP-2, especially in
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surrounding soft tissues, could cause heterotopic ossifications, osteolysis and cancer [69,70].
For this reason, an osteoinductive activity of an implant has to be limited to contacting
surfaces of a reconstructed bone and implant to avoid any systemic undesirable side effect.

Coating of surfaces with hydroxyapatite (HA) improves bioactivity and osteointegra-
tion of metallic implants [71]. Only implants with bioactive HA-coated surfaces ensure
primary implant stability which results in an improved contact between bone and im-
plant [72]. The osteoinductive layer of HA on the implant can be achieved by micro arc
oxidation in an electrolyte with calcium and phosphate or by composite coating including
fluorocarbon plastic filled with dispersed hydroxyapatite [73]. Uklejewski et al., emphasize
the role of a biomineral coating with a native Ca/P ratio [74]. It can be one of crucial
factors in mechanics of interacting biomaterials the innovative multi-spiked connecting
scaffold [75].

On the other hand, there are certain limitations of clinical use of titanium implants
in long bone defects in humans. Porous 3D scaffolds fabricated of titanium alloys induce
osseointegration but material obstructs radiological control of ingrowth of newly formed
bone in early postoperative period and in long-term follow up after surgery in clinics [76].

Recently, a scaffold-guided bone regeneration with use of highly porous biodegradable
scaffolds providing long-term mechanical stability has been emerged [76]. Our earlier
morphological studies demonstrated a positive effect of implant hydroxyapatite coating
on the reparative bone formation in experimental fractures: porous surfaces contribute
to a microvascular development followed by formation of dense trabecular structure on
the implant surface without formation of a connective tissue envelope [77]. In cases of
a significant defect in long bone shaft and the absence of bone marrow and endosteum,
the periosteum ensures the main role in the reparative osteogenesis process of restoring
the bone substance [13]. The formation of bone tissue is associated primarily with the
intensity of angiogenesis: perivascular cells that have differentiation potential similar to
mesenchymal stem/progenitor cells migrate together with the vessels into the cells of the
graft differentiating into one or more of the cellular components of the vascular bed [78,79].
Possessing multipotent properties and inducibility to osteogenesis, in the presence of HA
(inducer), which is present on the surface of both external and internal structures of the
new implant, perivasculitis differentiate into osteoblasts [73,80].

The proposed PCL-HA cylindrical implant ensures ingrowth of bone tissue into cells
of implant from the surrounding periosteum. Development of bone tissues from medullary
canal of adjacent bone fragments was also achieved. The newly formed bone was observed
on the implantation site in one month after implantation. Implant material (PCL) allowed
to assess new bone development within the implant. In this experimental study the highly
porous biodegradable construct was stabilized with Ilizarov frame.

We suppose that PCL osteoinductive biodegradable implants coated with HA allow to
overcome inconveniences of stress-shielding effect and limited (even absent) radiological
assessment typical for metal (titanium alloys and steels) 3D-printed implants. The use
of temporary limited external fixation or degradable material providing a long-lasting
mechanical resistance represents an option for mechanical resistance while bone healing.

This study did not evaluate the stability of bone fragments when the PCL-HA im-
plant was applied for experimental defect filling. We recognize it as a weak point of the
research. Thus, additional studies are required for assessment of biomechanical stability of
bone fragments with such type of polymeric implants. Furthermore, morphological and
biomechanical studies will clarify the remodeling of bone inside the implant in the process
of polymeric matrix degradation.

5. Conclusions

In the present study, a method for the restoration of long bone segmental defect with
the use of bioactive degradable 3D-printed implant was proposed. Porous biomimetic
implant was 3D printed of biodegradable polymer PCL and coated with bioactive mineral
HA. Experimental in vivo study with the use of laboratory sheep revealed that the porous
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degradable 3D implants with bioactive coating located in a long bone segmental defect
provide stimulation of reparative osteogenesis and osseointegration into the single implant-
bone block. Ingrowth of bone tissue into cylindrical PCL-HA implant from adjacent
bone ends and periosteal structures was observed to start from day 7 of study. By the 30th
postoperative day, the implant was filled in with bone tissue. Moreover, this type of implant
made of degradable polymer allows radiological assessment of reparative osteogenesis in
long bone defect filling.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomimetics8020138/s1. Figure S1. Drawing of the implant:
(a)—front view, (b)—top view, (c)—A-A section; Figure S2. EDX elemental mapping of the HA coated
implants: (a)—carbon (C), (b)—calcium (Ca), (c)—phosphorus (P), (d)—EDX spectra; Figure S3.
Chemical characterization of the implants by FTIR.

Author Contributions: Conceptualization, A.P., S.T. and D.P.; methodology, N.K., D.P. and G.D.;
validation, A.P. and A.S., formal analysis, G.D., E.G. and N.K.; writing—original draft preparation,
A.P., G.D. and S.T.; writing—review and editing, D.P.; visualization, E.G. All authors have read and
agreed to the published version of the manuscript.

Funding: This research in the part of the bioactive degradable 3D-implant manufacturing was
supported by the Ministry of Science and Higher Education of the Russian Federation, project Nauka
FSWW-2023-0007.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of the Ilizarov National Medical Research
Center for Traumatology and Orthopedics, Kurgan, Russia (protocol code 1(71), date of approval
28 April 2022).

Data Availability Statement: Data are available upon a demand to corresponding author (D.P.).

Acknowledgments: The authors would like to thank Alexey Gogolev for the kind help with CT of
implants, and many thanks goes to Vadim Bocharov for his help with implants fabrication.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. El-Rosasy, M.A.; Ayoub, M.A. Traumatic Composite Bone and Soft Tissue Loss of the Leg: Region-Specific Classification and

Treatment Algorithm. Injury 2020, 51, 1352–1361. [CrossRef] [PubMed]
2. Lu, V.; Zhang, J.; Zhou, A.; Krkovic, M. Management of post-traumatic femoral defects with a monorail external fixator over an

intramedullary nail. Eur. J. Orthop. Surg. Traumatol. 2022, 32, 1119–1126. [CrossRef] [PubMed]
3. Jia, Q.; Liu, Y.; Alimujiang, A.; Guo, J.; Chen, D.; Wang, Y.; Yusufu, A.; Ma, C. Nine-year-long complex humeral nonunion

salvaged by distraction osteogenesis technique: A case report and review of the literature. BMC Surg. 2022, 22, 77. [CrossRef]
[PubMed]

4. El-Alfy, B.; El-Mowafi, H.; El-Moghazy, N. Distraction osteogenesis in management of composite bone and soft tissue defects. Int.
Orthop. 2010, 34, 115–118. [CrossRef]

5. Rozbruch, R.S.; Weitzman, A.M.; Watson, T.J.; Freudigman, P.; Katz, H.V.; Ilizarov, S. Simultaneous treatment of tibial bone and
soft tissue defects with the Ilizarov method. J. Orthop. Trauma 2006, 20, 197–205. [CrossRef]

6. Smith, W.R.; Elbatrawy, Y.A.; Andreassen, G.S.; Philips, G.C.; Guerreschi, F.; Lovisetti, L.; Catagni, M.A. Treatment of traumatic
forearm bone loss with Ilizarov ring fixation and bone transport. Int. Orthop. 2007, 31, 165–170. [CrossRef]

7. Cao, Z.; Zhang, Y.; Lipa, K.; Qing, L.; Wu, P.; Tang, J. Ilizarov Bone Transfer for Treatment of Large Tibial Bone Defects: Clinical
Results and Management of Complications. J. Pers. Med. 2022, 12, 1774. [CrossRef]

8. Liodakis, E.; Kenawey, M.; Krettek, C.; Wiebking, U.; Hankemeier, S. Comparison of 39 post-traumatic tibia bone transports
performed with and without the use of an intramedullary rod: The long-term outcomes. Int. Orthop. 2011, 35, 1397–1402.
[CrossRef]

9. Wang, X.; Xiang, C.; Yan, C.; Chen, Q.; Chen, L.; Jiang, K.; Li, Y. Effectiveness of bone transport with a locking plate versus
conventional bone transport for tibial defects. Zhongguo Xiu Fu Chong Jian Wai Ke Za Zhi 2022, 36, 983–988. (In Chinese)

10. Kumar, A.; Nune, K.C.; Misra, R.D.K. Design and biological functionality of a novel hybrid Ti-6Al-4V/hydrogel system for
reconstruction of bone defects. J. Tissue Eng. Regen. Med. 2018, 12, 1133–1144. [CrossRef]

11. Wang, Z.; Han, L.; Zhou, Y.; Cai, J.; Sun, S.; Ma, J.; Wang, W.; Li, X.; Ma, L. The combination of a 3D-Printed porous Ti-6Al-4V
alloy scaffold and stem cell sheet technology for the construction of biomimetic engineered bone at an ectopic site. Mater. Today
Bio. 2022, 16, 100433. [CrossRef] [PubMed]

63



Biomimetics 2023, 8, 138

12. Ma, L.; Wang, X.; Zhou, Y.; Ji, X.; Cheng, S.; Bian, D.; Fan, L.; Zhou, L.; Ning, C.; Zhang, Y. Biomimetic Ti-6Al-4V alloy/gelatin
methacrylate hybrid scaffold with enhanced osteogenic and angiogenic capabilities for large bone defect restoration. Bioact. Mater.
2021, 6, 3437–3448. [CrossRef]

13. Popkov, A.; Kononovich, N.; Gorbach, E.; Popkov, D. Osteointegration technology in long bone defect reconstruction: Experimen-
tal study. Acta Bioeng. Biomech. 2020, 22, 85–91. [CrossRef] [PubMed]

14. Hubbe, U.; Beiser, S.; Kuhn, S.; Stark, T.; Hoess, A.; Cristina-Schmitz, H.; Vasilikos, I.; Metzger, M.C.; Rothweiler, R. A fully
ingrowing implant for cranial reconstruction: Results in critical size defects in sheep using 3D-printed titanium scaffold. Biomater.
Adv. 2022, 136, 212754. [CrossRef]

15. Liu, B.; Hou, G.; Yang, Z.; Li, X.; Zheng, Y.; Wen, P.; Liu, Z.; Zhou, F.; Tian, Y. Repair of critical diaphyseal defects of lower limbs
by 3D printed porous Ti6Al4V scaffolds without additional bone grafting: A prospective clinical study. J. Mater. Sci. Mater. Med.
2022, 33, 64. [CrossRef] [PubMed]

16. Zhang, L.; Yang, G.; Johnson, B.N.; Jia, X. Three-dimensional (3D) printed scaffold and material selection for bone repair. Acta
Biomater. 2019, 84, 16–33. [CrossRef]

17. Alonzo, M.; Primo, F.A.; Kumar, S.A.; Mudloff, J.A.; Dominguez, E.; Fregoso, G.; Ortiz, N.; Weiss, W.M.; Joddar, B. Bone tissue
engineering techniques, advances and scaffolds for treatment of bone defects. Curr. Opin. Biomed Eng. 2021, 17, 100248. [CrossRef]

18. Arif, Z.U.; Khalid, M.Y.; Noroozi, R.; Sadeghianmaryan, A.; Jalalvand, M.; Hossain, M. Recent advances in 3D-printed polylactide
and polycaprolactone-based biomaterials for tissue engineering applications. Int. J. Biol. Macromol. 2022, 218, 930–968. [CrossRef]

19. Fu, Z.; Cui, J.; Zhao, B.; Shen, S.G.; Lin, K. An overview of polyester/hydroxyapatite composites for bone tissue repairing. J.
Orthop. Translat. 2021, 28, 118–130. [CrossRef]

20. Bal, Z.; Korkusuz, F.; Ishiguro, H.; Okada, R.; Kushioka, J.; Chijimatsu, R.; Kodama, J.; Tateiwa, D.; Ukon, Y.; Nakagawa, S.; et al.
A novel nano-hydroxyapatite/synthetic polymer/bone morphogenetic protein-2 composite for efficient bone regeneration. Spine
J. 2021, 21, 865–873. [CrossRef]

21. Fijoł, N.; Abdelhamid, H.N.; Pillai, B.; Hall, S.A.; Thomas, N.; Mathew, A.P. 3D-printed monolithic biofilters based on a polylactic
acid (PLA)—hydroxyapatite (HAp) composite for heavy metal removal from an aqueous medium. RSC Adv. 2021, 11, 32408–32418.
[CrossRef]

22. Pérez, E. Mechanical Performance of in Vitro Degraded Polylactic Acid/Hydroxyapatite Composites. J. Mater. Sci. 2021, 56,
19915–19935. [CrossRef]

23. Cengiz, I.F.; Pereira, H.; Espregueira-Mendes, J.; Kwon, I.K.; Reis, R.L.; Oliveira, J.M. Suturable regenerated silk fibroin scaffold
reinforced with 3D-printed polycaprolactone mesh: Biomechanical performance and subcutaneous implantation. J. Mater. Sci.
Mater. Med. 2019, 30, 63. [CrossRef]

24. Evlashin, S.; Dyakonov, P.; Tarkhov, M.; Dagesyan, S.; Rodionov, S.; Shpichka, A.; Kostenko, M.; Konev, S.; Sergeichev, I.; Timashev,
P.; et al. Flexible Polycaprolactone and Polycaprolactone/Graphene Scaffolds for Tissue Engineering. Materials 2019, 12, 2991.
[CrossRef]

25. Chen, Y.P.; Lo, T.S.; Lin, Y.T.; Chien, Y.H.; Lu, C.J.; Liu, S.J. Fabrication of Drug-Eluting Polycaprolactone/poly(lactic-co-glycolic
Acid) Prolapse Mats Using Solution-Extrusion 3D Printing and Coaxial Electrospinning Techniques. Polymers 2021, 13, 2295.
[CrossRef] [PubMed]

26. Gerdes, S.; Mostafavi, A.; Ramesh, S.; Memic, A.; Rivero, I.V.; Rao, P.; Tamayol, A. Process-Structure-Quality Relationships
of Three-Dimensional Printed Poly(Caprolactone)-Hydroxyapatite Scaffolds. Tissue Eng. Part A 2020, 26, 279–291. [CrossRef]
[PubMed]

27. Porta, M.; Tonda-Turo, C.; Pierantozzi, D.; Ciardelli, G.; Mancuso, E. Towards 3D Multi-Layer Scaffolds for Periodontal Tissue
Engineering Applications: Addressing Manufacturing and Architectural Challenges. Polymers 2020, 12, 2233. [CrossRef]
[PubMed]

28. Olivares, A.L.; Marsal, E.; Planell, J.A.; Lacroix, D. Finite element study of scaffold architecture design and culture conditions for
tissue engineering. Biomaterials 2009, 30, 6142–6149. [CrossRef]

29. Ravoor, J.; Thangavel, M.; Elsen, S.R. Comprehensive Review on Design and Manufacturing of Bio-scaffolds for Bone Reconstruc-
tion. ACS Appl. Bio Mater. 2021, 4, 8129–8158. [CrossRef]

30. Zhao, F.; Xiong, Y.; Ito, K.; van Rietbergen, B.; Hofmann, S. Porous Geometry Guided Micro-mechanical Environment Within
Scaffolds for Cell Mechanobiology Study in Bone Tissue Engineering. Front. Bioeng. Biotechnol. 2021, 9, 736489. [CrossRef]

31. Siddique, S.H.; Hazell, P.J.; Wang, H.; Escobedo, J.P.; Ameri, A.A.H. Lessons from Nature: 3D Printed Bio-Inspired Porous
Structures for Impact Energy Absorption—A Review. Addit. Manuf. 2022, 58, 103051. [CrossRef]

32. Hernandez, I.; Kumar, A.; Joddar, B. A Bioactive Hydrogel and 3D Printed Polycaprolactone System for Bone Tissue Engineering.
Gels 2017, 3, 26. [CrossRef] [PubMed]

33. Fonseca, D.R.; Sobreiro-Almeida, R.; Sol, P.C.; Neves, N.M. Development of non-orthogonal 3D-printed scaffolds to enhance their
osteogenic performance. Biomater. Sci. 2018, 6, 1569–1579. [CrossRef]

34. Hashimi, N.S.; Soman, S.S.; Govindharaj, M.; Vijayavenkataraman, S. 3D Printing of Complex Architected Metamaterial Structures
by Simple Material Extrusion for Bone Tissue Engineering. Mater. Today Commun. 2022, 31, 103382. [CrossRef]

35. Wang, F.; Tankus, E.B.; Santarella, F.; Rohr, N.; Sharma, N.; Märtin, S.; Michalscheck, M.; Maintz, M.; Cao, S.; Thieringer, F.M.
Fabrication and Characterization of PCL/HA Filament as a 3D Printing Material Using Thermal Extrusion Technology for Bone
Tissue Engineering. Polymers 2022, 14, 669. [CrossRef] [PubMed]

64



Biomimetics 2023, 8, 138

36. Dong, Z.; Zhao, X. Application of TPMS structure in bone regeneration. Eng. Regen. 2021, 2, 154–162. [CrossRef]
37. Zhu, H.; Li, M.; Huang, X.; Qi, D.; Nogueira, L.P.; Yuan, X.; Liu, W.; Lei, Z.; Jiang, J.; Dai, H.; et al. 3D printed tricalcium

phosphate-bioglass scaffold with gyroid structure enhance bone ingrowth in challenging bone defect treatment. Appl. Mater.
Today 2021, 25, 101166. [CrossRef]

38. Van Hede, D.; Liang, B.; Anania, S.; Barzegari, M.; Verlee, B.; Nolens, G.; Pirson, J.; Geris, L.; Lambert, F. 3D-Printed Synthetic
Hydroxyapatite Scaffold with In Silico Optimized Macrostructure Enhances Bone Formation In Vivo. Adv. Funct. Mater. 2022,
32, 2105002. [CrossRef]

39. Merloz, P.; Maurel, N.; Marchard, D.; Lavaste, F.; Barnole, J.; Faure, C.; Butel, J. Three-dimensional rigidity of the Ilizarov external
fixator (original and modified) implanted at the femur. Experimental study and clinical deductions. Rev. Chir. Orthop. Reparatrice
L’appareil Mot. 1991, 77, 65–76.

40. Glatt, V.; Samchukov, M.; Cherkashin, A.; Iobst, C. Reverse Dynamization Accelerates Bone-Healing in a Large-Animal Osteotomy
Model. J. Bone Jt. Surg. Am. 2021, 103, 257–263. [CrossRef]

41. Goreninskii, S.; Stankevich, K.; Bolbasov, E.; Danilenko, N.; Filimonov, V.; Tverdokhlebov, S. Comparison of the Influence
of “Solvent/Non-Solvent” Treatment for the Attachment of Signal Molecules on the Structure of Electrospun PCL and PLLA
Biodegradable Scaffolds. MATEC Web Conf. 2016, 79, 01025. [CrossRef]

42. Goreninskii, S.I.; Stankevich, K.S.; Nemoykina, A.L.; Bolbasov, E.N.; Tverdokhlebov, S.I.; Filimonov, V.D. A first method for
preparation of biodegradable fibrous scaffolds containing iodine on the fibre surfaces. Bull. Mater. Sci. 2018, 41, 100. [CrossRef]

43. Goreninskii, S.I.; Guliaev, R.O.; Stankevich, K.S.; Danilenko, N.V.; Bolbasov, E.N.; Golovkin, A.S.; Mishanin, A.I.; Filimonov, V.D.;
Tverdokhlebov, S.I. “Solvent/non-solvent” treatment as a method for non-covalent immobilization of gelatin on the surface of
poly(l-lactic acid) electrospun scaffolds. Colloids Surf. B Biointerfaces 2019, 177, 137–140. [CrossRef] [PubMed]

44. Chan, B.P.; Leong, K.W. Scaffolding in tissue engineering: General approaches and tissue-specific considerations. Eur. Spine J.
2008, 17 (Suppl. S4), 467. [CrossRef] [PubMed]

45. Carotenuto, F.; Politi, S.; Ul Haq, A.; De Matteis, F.; Tamburri, E.; Terranova, M.L.; Teodori, L.; Pasquo, A.; Di Nardo, P. From Soft
to Hard Biomimetic Materials: Tuning Micro/Nano-Architecture of Scaffolds for Tissue Regeneration. Micromachines 2022, 13,
780. [CrossRef] [PubMed]

46. Santos, J.; Pires, T.; Gouveia, B.P.; Castro, A.P.; Fernandes, P.R. On the permeability of TPMS scaffolds. J. Mech. Behav. Biomed.
Mater. 2020, 110, 103932. [CrossRef]

47. Yang, S.D.; Lee, H.G.; Kim, J. A phase-field approach for minimizing the area of triply periodic surfaces with volume constraint.
Comput. Phys. Commun. 2010, 181, 1037–1046. [CrossRef]

48. Tripathi, Y.; Shukla, M.; Bhatt, A.D. Implicit-Function-Based Design and Additive Manufacturing of Triply Periodic Minimal
Surfaces Scaffolds for Bone Tissue Engineering. J. Mater. Eng. Perform. 2019, 28, 7445–7451. [CrossRef]

49. Liu, Y.; Yushan, M.; Liu, Z.; Liu, J.; Ma, C.; Yusufu, A. Complications of bone transport technique using the Ilizarov method in
the lower extremity: A retrospective analysis of 282 consecutive cases over 10 years. BMC Musculoskelet. Disord. 2020, 21, 354.
[CrossRef]

50. Krappinger, D.; Irenberger, A.; Zegg, M.; Huber, B. Treatment of large posttraumatic tibial bone defects using the Ilizarov method:
A subjective outcome assessment. Arch. Orthop. Trauma Surg. 2013, 133, 789–795. [CrossRef]

51. Hamiti, Y.; Yushan, M.; Lu, C.; Yusufu, A. Reconstruction of massive tibial defect caused by osteomyelitis using induced
membrane followed by trifocal bone transport technique: A retrospective study and our experience. BMC Surg. 2021, 21, 419.
[CrossRef]

52. Borzunov, D.Y.; Kolchin, S.N.; Mokhovikov, D.S.; Malkova, T.A. Ilizarov bone transport combined with the Masquelet technique
for bone defects of various etiologies (preliminary results). World J. Orthop. 2022, 13, 278–288. [CrossRef]

53. Khaled, A.; El-Gebaly, O.; El-Rosasy, M. Masquelet-Ilizarov technique for the management of bone loss post debridement of
infected tibial nonunion. Int. Orthop. 2022, 46, 1937–1944. [CrossRef] [PubMed]

54. Catagni, M.A.; Azzam, W.; Guerreschi, F.; Lovisetti, L.; Poli, P.; Khan, M.S.; Di Giacomo, L.M. Trifocal versus bifocal bone
transport in treatment of long segmental tibial bone defects. Bone Jt. J. 2019, 101-B, 162–169. [CrossRef] [PubMed]

55. Li, R.; Zhu, G.; Chen, C.; Chen, Y.; Ren, G. Bone Transport for Treatment of Traumatic Composite Tibial Bone and Soft Tissue
Defects: Any Specific Needs besides the Ilizarov Technique? Biomed. Res. Int. 2020, 2020, 2716547. [CrossRef] [PubMed]

56. Manassero, M.; Viateau, V.; Matthys, R.; Deschepper, M.; Vallefuoco, R.; Bensidhoum, M.; Petite, H. A novel murine femoral
segmental critical-sized defect model stabilized by plate osteosynthesis for bone tissue engineering purposes. Tissue Eng. Part C
Methods 2013, 19, 271–280. [CrossRef]

57. Lyu, L.; Yang, S.; Jing, Y.; Zhang, C.; Wang, J. Examining trabecular morphology and chemical composition of peri-scaffold
osseointegrated bone. J. Orthop. Surg. Res. 2020, 15, 406. [CrossRef]

58. Coriaty, N.; Pettibone, K.; Todd, N.; Rush, S.; Carter, R.; Zdenek, C. Titanium Scaffolding: An Innovative Modality for Salvage of
Failed First Ray Procedures. J. Foot Ankle Surg. 2018, 57, 593–599. [CrossRef]

59. Gamieldien, H.; Ferreira, N.; Birkholtz, F.F.; Hilton, T.; Campbell, N.; Laubscher, M. Filling the gap: A series of 3D-printed
titanium truss cages for the management of large, lower limb bone defects in a developing country setting. Eur. J. Orthop. Surg.
Traumatol. 2022, 33, 497–505. [CrossRef]

60. Geetha, M.; Singh, A.K.; Asokamani, R.; Gogia, A.K. Ti-based biomaterials, the ultimate choice for orthopaedic implants. A
review. Prag. Mater. Sci. 2009, 54, 397–425. [CrossRef]

65



Biomimetics 2023, 8, 138

61. Guarino, V.; Causa, F.; Ambrosio, L. Bioactive scaffolds for bone and ligament tissue. Expert Rev. Med. Devices 2007, 4, 405–418.
[CrossRef] [PubMed]

62. Noyama, Y.; Miura, T.; Ishimoto, T.; Itaya, T.; Niinomi, M.; Nakano, T. Bone loss and reduced bone quality of the human femur
after total hip arthroplasty under stress-shielding effects by titanium-based implant. Mater. Trans. 2012, 53, 565–570. [CrossRef]

63. Habibovic, P.; Yuan, H.; van der Valk, C.M.; Meijer, G.; van Blitterswijk, C.A.; de Groot, K. 3D microenvironment as essential
element for osteoinduction by biomaterials. Biomaterials 2005, 26, 3565–3575. [CrossRef] [PubMed]

64. Lan Levengood, S.K.; Polak, S.J.; Poellmann, M.J.; Hoelzle, D.J.; Maki, A.J.; Clark, S.G.; Wheeler, M.B.; Wagoner Johnson, A.J. The
effect of BMP-2 on micro- and macroscale osteointegration of biphasic calcium phosphate scaffolds with multiscale porosity. Acta
Biomater. 2010, 6, 3283–3291. [CrossRef]

65. Chen, D.; Li, D.; Pan, K.; Gao, S.; Wang, B.; Sun, M.; Zhao, C.; Liu, X.; Li, N. Strength enhancement and modulus modulation in
auxetic meta-biomaterials produced by selective laser melting. Acta Biomater. 2022, 153, 596–613. [CrossRef]

66. Le Guéhennec, L.; Van Hede, D.; Plougonven, E.; Nolens, G.; Verlée, B.; De Pauw, M.C.; Lambert, F. In vitro and in vivo
biocompatibility of calcium-phosphate scaffolds three-dimensional printed by stereolithography for bone regeneration. J. Biomed.
Mater. Res. A 2020, 108, 412–425. [CrossRef] [PubMed]

67. Li, S.; He, Y.; Li, J.; Sheng, J.; Long, S.; Li, Z.; Jiang, B.; Fu, H.; Weng, J.; Wu, J.; et al. Titanium scaffold loaded with strontium and
copper double-doped hydroxyapatite can inhibit bacterial growth and enhance osteogenesis. J. Biomater. Appl. 2022, 37, 195–203.
[CrossRef]

68. Liu, S.; Liu, Y.; Jiang, L.; Li, Z.; Lee, S.; Liu, C.; Wang, J.; Zhang, J. Recombinant human BMP-2 accelerates the migration of bone
marrow mesenchymal stem cells via the CDC42/PAK1/LIMK1 pathway in vitro and in vivo. Biomater. Sci. 2018, 7, 362–372.
[CrossRef]

69. Tannoury, C.A.; An, H.S. Complications with the use of bone morphogenetic protein 2 (BMP-2) in spine surgery. Spine J. 2014, 14,
552–559. [CrossRef]

70. Steib, J.-P.; Bouchaib, J.; Walter, A.; Shuller, S.; Charles, P. Could an osteoinductor result in degeneration of a neurofibroma in NF
1? Eur. Spine J. 2010, 19 (Suppl. S2), S220–S225. [CrossRef]

71. Zweymuller, K.A. Bony ongrowth on the surface of HA-coated femoral implants: An x-ray analysis. Z Orthop. Unfall. 2012, 150,
27–31. [PubMed]

72. Popkov, A.V.; Gorbach, E.N.; Kononovich, N.A.; Popkov, D.A.; Tverdokhlebov, S.I.; Shesterikov, E.V. Bioactivity and osteointegra-
tion of hydroxyapatite-coated stainless steel and titanium wires used for intramedullary osteosynthesis. Strateg. Trauma Limb
Reconstr. 2017, 12, 107–113. [CrossRef] [PubMed]

73. Bolbasov, E.N.; Popkov, A.V.; Popkov, D.A.; Gorbach, E.N.; Khlusov, I.A.; Golovkin, A.S.; Sinev, A.; Bouznik, V.M.; Tverdokhlebov,
S.I.; Anissimov, Y.G. Osteoinductive composite coatings for flexible intramedullary nails. Mater. Sci. Eng. C Mater. Biol. Appl.
2017, 75, 207–220. [CrossRef] [PubMed]

74. Uklejewski, R.; Winiecki, M.; Krawczyk, P.; Tokłowicz, R. Native Osseous CaP Biomineral Coating on a Biomimetic Multi-Spiked
Connecting Scaffold Prototype for Cementless Resurfacing Arthroplasty Achieved by Combined Electrochemical Deposition.
Materials 2019, 12, 3994. [CrossRef]
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Abstract: In this study, biomimetic borate-based bioactive glass scaffolds containing hexagonal boron
nitride hBN nanoparticles (0.1, 0.2, 0.5, 1, and 2% by weight) were manufactured with the polymer
foam replication technique to be used in hard tissue engineering and drug delivery applications. To
create three-dimensional cylindrical-shaped scaffolds, polyurethane foams were used as templates
and covered using a suspension of glass and hBN powder mixture. Then, a heat treatment was applied
at 570 ◦C in an air atmosphere to remove the polymer foam from the structure and to sinter the glass
structures. The structural, morphological, and mechanical properties of the fabricated composites
were examined in detail. The in vitro bioactivity of the prepared composites was tested in simulated
body fluid, and the release behavior of gentamicin sulfate and 5-fluorouracil from glass scaffolds
were analyzed separately as a function of time. The cytotoxicity was investigated using osteoblastic
MC3T3-E1 cells. The findings indicated that the hBN nanoparticles, up to a certain concentration in
the glass matrix, improved the mechanical strength of the glass scaffolds, which mimic the cancellous
bone. Additionally, the inclusion of hBN nanoparticles enhanced the in vitro hydroxyapatite-forming
ability of bioactive glass composites. The presence of hBN nanoparticles accelerated the drug release
rates of the system. It was concluded that bioactive glass/hBN composite scaffolds mimicking native
bone tissue could be used for bone tissue repair and regeneration applications.

Keywords: bioactive glass; hBN nanoparticles; biomimetic; scaffolds; drug delivery

1. Introduction

Bone tissue may be deformed and unable to function because of aging, disease, trauma,
or injury. Today, new methods are being developed for the treatment and regeneration of
damaged bone tissue [1]. Ceramic, polymer, and metal-based biomaterials can be utilized
in bone tissue engineering applications. Another type of biomedical material utilized
in the same application area is bioactive glass. Bioactive glasses are materials that can
react with physiological fluids and bond to the bone surface by forming hydroxyapatite
on their surface [2]. They exhibit calcium phosphate nucleation and mimic bone mineral
maturation, also demonstrating attractive characteristics for bone tissue engineering [2–4].
The 45S5 coded glass synthesized by Hench et al. [2] and known as Bioglass contains
P2O5–SiO2–CaO–Na2O. Similarly, the 13-93 composition (wt%), another bioactive glass
used in biomedical applications, has 53% SiO2, 6 Na2O, 12 K2O, 5 MgO, 20 CaO, and
4 P2O5 contents [5]. Likewise, borate-based 13-93B3 bioactive glass has been developed
by replacing SiO2 in the 13-93 bioactive glass composition with B2O3, and it has higher
bioactivity compared to silicate-based bioactive glasses [6,7]. However, the primary disad-
vantage of borate glasses is their lower mechanical strength compared to their silicate-based
counterparts. To overcome this limitation, the preparation of the bioactive glass matrix
composites in the presence of two dimensional nanomaterials and also polymer coatings
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are commonly employed. Previously, the inclusion of pristine graphene [8–11], graphene
oxide [12,13], and tungsten disulfide [14,15] in bioactive glasses has been reported. In
general, the use of the aforementioned two dimensional materials in the glass network
improved the mechanical properties of the composites.

Hexagonal boron nitride is a two dimensional material that is similar to graphene
both physically and chemically and is therefore known as white graphene. It has the same
crystallographic appearance; however, in contains boron and nitrogen atoms instead of
carbon [16–18]. On the other hand, unlike graphene, it is an insulator. Studies in the field
of biomedical applications related to hBN have revealed that boron nitride nanotubes are
biocompatible and do not have a toxic effect [19,20]. On the other hand, there are also few
studies reporting the cytotoxic influence of boron nitride nanotubes on certain cell types.
Their toxicity was found to be highly dependent on the cellular accumulation enhanced
for straight nanotubes [21]. For this reason, many composite structures, including boron
nitride and, especially, hydroxyapatite–boron nitride composites, have been prepared and
demonstrated as a scaffolding material for tissue engineering applications as well as a
drug delivery vehicle [22–24]. In a former study, the influence of hexagonal boron nitride
nanoparticles incorporated into a PCL and PCL-PLGA matrix, which was coated on the
surface of borate bioactive glass scaffolds, have been investigated [25]. Results showed that
the incorporation of hBN nanoparticles inside the polymer matrix improved the compres-
sive strength of the bioactive glass composite scaffolds as well as their in vitro bioactivity
and biocompatibility [25]. The function of boron nitride nanosheets as the reinforcing
material on the mechanical strength of borosilicate glass matrix was also investigated by
Saggar et al. [26]. Results indicated that fracture toughness and the flexural strength of the
glass composites raised as a function of boron nitride concentration in the glass. Although
the use of boron nitride-based systems in the biomedical field and the preparation of
biocomposites have been studied, the inclusion of hBN nanoparticles directly inside the
bioactive glass matrix on the structural, mechanical, and biological performance and drug-
release behavior has not yet been published. This study aimed to fabricate borate-based
bioactive glass scaffolds containing hexagonal boron nitride (0.1, 0.2, 0.5, 1, and 2 weight
percent) nanoparticles for bone tissue engineering applications using the polymer foam
replication method. In this context, the structural and morphological characteristics of
hBN-containing bioactive glass composite scaffolds, compressive strength, in vitro mineral-
ization in simulated body fluid, cytotoxicity against pre-osteoblast MC3T3-E1 cells, and the
drug delivery properties of gentamicin and fluorouracil-loaded scaffolds were investigated.

2. Experimental Studies
2.1. Materials

In the study, 13-93B3 bioactive glass powders (5.5 Na2O, 11.1 K2O, 4.6 MgO, 18.5 CaO,
3.7 P2O5, 56.6 B2O3 wt.%) synthesized by the melt-quenching method (d50: 2.5 µm and
a density of 2.5 g/cm3) were used. The hexagonal boron nitride (hBN) nanopowders
(99.85%+ purity, 65–75 nm, density: 2.3 g/cm3) used in the preparation of the composites
were obtained from Nanografi Nanotechnology, Ankara, Turkey. They contain 0.03% Fe2O3,
0.002% CaO, 0.04% MgO, and 0.1% B2O3 as an impurity. Anhydrous ethanol (≥99.9%
purity) and ethyl cellulose (d = 1.14 g/mL) were purchased from Sigma-Aldrich (Steinheim,
Germany) to be used in scaffold manufacture using the polymer foam replication method.

2.2. Porous Biomimetic Scaffold Manufacture

The polymer foam replication method, which was developed within the scope of
another study, was used to manufacture three-dimensional bioactive glass scaffolds that
mimic the cancellous bone [10,25]. In the method, poly(urethane) foams with a pore density
of 60 pores per inch were cut to a diameter of 12 mm and a length of 35 mm and coated
by dipping method using a homogeneously prepared bioactive glass-based suspension
(40 vol.% bioactive glass powder, ethanol, 4% ethyl cellulose). Likewise, polymer foams
coated with the same glass suspension, but also containing 0.1, 0.2, 0.5, 1, and 2 hBN
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nanoparticles by weight, were prepared and left to dry at room temperature and then heat-
treated at 570 ◦C (1 h, heating rate < 1 ◦C/min below 350 ◦C) to remove the polyurethane
foam in the structure and fabricate a dense three-dimensional bioactive glass scaffold.

2.3. Instrumentation

The morphological characteristics of the prepared glass scaffolds were examined with
a stereo microscope (Nikon, SMZ745T, Tokyo, Japan) to observe the distribution of the
additive nanoparticles with the bioactive glass and to determine the changes in the pore
structure of the prepared scaffolds. In addition, total porosity measurement was performed
using Archimedes’ principle to determine the porosity of the scaffolds.

FTIR spectroscopy (Thermo Scientific, Nicolet, IS20, Waltham, MA USA) was used
for structural analysis, and measurements were made by using an ATR module in the
wavelength range of 550–4000 cm−1. In XRD analysis, the Malvern Pan-Analytical brand,
Empyrean model diffractometer was used. A Cu-Kα X-ray tube was utilized in the mea-
surement, and samples were analyzed in the range of 10◦–90◦ at a scanning speed of
0.01◦/min.

The effect of hBN nanoparticles used in the study on the mechanical properties of
bioactive glass scaffolds was analyzed by compression test. Cylindrical bioactive glass
scaffolds with a height of ~6–8 mm and a diameter of ~6 mm were used for the compression
test. Measurements were carried out with a Shimadzu brand Autograph AG-IS model
test device using a deformation rate of 0.5 mm/min. Measurements were performed for
5 different samples and results were averaged. Before mechanical testing, the contact
surfaces of each sample were ground to produce parallel surfaces.

2.4. In Vitro Mineralization

The bioactivity of the samples was tested in simulated body fluid (SBF). For the
preparation of the simulated body fluid, the protocol developed by Kokubo et al. [27]
was followed. The chemicals NaCl, NaHCO3, KCl, K2HPO4.3H2O, MgCl2.6H2O, CaCl2,
and Na2SO4 (Sigma-Aldrich, Steinheim, Germany) were dissolved in deionized water and
buffered at a pH of 7.40 with tris(hydroxymethyl)aminomethane ((CH2OH)3CNH2) and
1 M hydrochloric acid (Fisher Scientific Inc., USA) at 37 ◦C. A total 500 mL of SBF per 1 g of
sample was used and the scaffolds were disinfected with ethanol before immersion in SBF.
Tissue scaffolds immersed in SBF were kept in an incubator at 37 ◦C for 7, 14, and 30 days.
When the specified time expired, the scaffolds were removed from the incubator and left
to dry after washing with deionized water and ethanol. The changes in the samples as
a result of holding in SBF were examined using a scanning electron microscope (ZEISS,
GeminiSEM 560) and FTIR spectroscopy under the conditions described previously.

2.5. Drug Delivery Studies
2.5.1. Gentamicin

Gentamicin (Genta ampoule, İbrahim Etem Ulagay İlaç, İstanbul, Turkey, containing
80 mg/2 mL gentamicin, 124.8 mg in the form of gentamicin sulfate) was used as the first
drug to investigate drug release behavior from bioactive glass composite scaffolds prepared
in the study. Before the drug release studies, the samples were disinfected by soaking in
ethanol, and then 50 microliters of Genta solution (40 mg/mL gentamicin) were dropped
onto the sample surface with the help of a micropipette. After drying for 24 h, drug-loaded
samples were soaked in a 5 mL of phosphate-buffered saline (PBS) solution and the amount
of drug released into the PBS was measured with a UV–Vis spectrophotometer at 256 nm
(Thermo Scientific, Evolution 201, Waltham, MA USA) for up to 96 h.

2.5.2. Fluorouracil (5-FU)

For the 5-FU loading studies, bioactive glass composite scaffolds were immersed in a
5 mL of 5 mg/100 mL drug solution (5-FU, Sigma-Aldrich, Steinheim Germany), which is
prepared in PBS (pH 7.4) for 48 h at 37 ◦C in a dark environment. In the adsorption study,
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at the end of 48 h, 2 mL of the drug solution mixture was taken, and the absorbance was
measured at 266 nm with a UV–Visible spectrophotometer (Thermo Scientific, Evolution
201, Waltham, MA, USA). Bioactive glass scaffolds were removed from the drug solution
and dried at 40 ◦C for 48 h before release experiments.

For drug release studies, the drug-loaded bioactive glass scaffolds were immersed in
10 mL of PBS at pH 7.4. The release experiments were made at 37 ◦C under static conditions.
For each time interval, 2 mL of the drug solution sample was taken and replaced with the
same amount of fresh PBS solution. The absorbance values of the samples were recorded
at 266 nm using the spectrophotometer, and the amount released from the calibration
curve was obtained. Drug loading and delivery experiments were performed in triplicate
and results were averaged. Through the experiments, the direct light contact of the drug
solution was prevented and drug solutions were freshly prepared.

In the study, the drug release kinetics were also investigated. For this purpose, the
obtained release profiles were analyzed using zero order, first order, and Higuchi kinetic
models [28].

2.6. Cytotoxicity

The in vitro cytotoxicity of the biomimetic scaffolds was examined using the osteoblas-
tic cells (MC3T3-E1, Subclone-4, ATCC, CRL-2593, Manassas, VA, USA) using MTT (3-
[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide) (Sigma-Aldrich, Steinheim,
Germany) assay which is a colorimetric method used to understand the metabolic activity
of living cells. Scaffolds were sterilized at 350 ◦C before cell culture experiments. Osteoblas-
tic cells were cultured in a growth medium containing Alpha-Minimum Essential Medium
with L-glutamine with 10% fetal bovine serum and 100 U/mL penicillin–100 mg/mL strep-
tomycin. For this purpose, MC3T3-E1 cells (5 × 104) were seeded onto each scaffold in the
presence of 1.9 mL of culture media and cultured for 72 h at 37 ◦C in a 5% CO2 incubator.
Following this, MTT solution was added and the cells were cultured for a further 4 h.
The formazan crystals formed at this stage were dissolved by dimethyl sulfoxide (DMSO,
Sigma-Aldrich, Steinheim, Germany). A multi-plate reader (Thermo-Scientific, Waltham,
MA, USA) was used to measure the color change at a wavelength of 570 nm that is directly
related to the amount of formazan. The morphology of the osteoblastic cells was observed
after culturing with the glass scaffolds for 72 h using an optical microscope.

The statistical analyses for the MTT test results were carried out with Graph Pad Prism
5. Results were analyzed by using one-way ANOVA. Values with p ≤ 0.05 (*), p ≤ 0,01 (**)
were considered statistically significant.

3. Results and Discussion

The SEM images of hBN nanoparticles used in the study and the digital images
of the fabricated bioactive glass scaffolds are given in Figure 1a–c. Based on the SEM
micrographs and the report of the manufacturer company, the average particle size of the
hBN nanoparticles is 65–75 nm, and it can be seen that they exist in a platelet structure with
round morphology and also tend to agglomerate.

The digital images of porous bioactive glass scaffolds (6 mm diameter, 3 mm height)
produced using the polymer foam replication method and containing hBN nanoparticles at
different volume ratios show no significant change in the morphology of the scaffolds at
varying hBN concentrations. This result is also supported by the optical microscope images
given in Figure 2. Optical microscope images demonstrate that the prepared scaffolds have
an interconnected, open pore structure, and the addition of hBN does not change the pore
structure significantly. It is understood from the optical microscope images given at high
magnification that the average pore diameter is ~500 µm.
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Figure 1. (a,b) SEM micrographs of the as-received hBN nanopowders; (c) digital image of the
fabricated glass scaffolds.
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Figure 2. Optical microscope images of the (a) bare B3, (b) 0.1 hBN, (c) 0.2 hBN, (d) 0.5 hBN,
(e) 1 hBN, and (f) 2 hBN-containing borate bioactive glass scaffolds. Low magnification image scale
bar: 2000 µm; high magnification image scale bar: 900 µm.

The XRD patterns of the prepared scaffolds after sintering at 570 ◦C are shown in
Figure 3a. It can be seen that the glass samples subjected to heat treatment maintain their
amorphous structure up to 0.5% hBN concentration. The characteristic peak formation
of hBN in the structure is observed with bioactive glass samples at higher boron nitride
concentrations. The intense peak observed in Figure 3a corresponds to the hBN peak of
(2θ-27◦) the 002 plane in the XRD pattern (JCPDS 034-0421). This characteristic peak is
similar to the 2θ-26◦ peak seen in the XRD pattern of graphene. In addition, although the
characteristic peak observed overlaps with the hydroxylated boron nitride (BNO) peak, it is
known that BNO conversion occurs at 1000 ◦C [29]. It is known that the oxidation character
of boron nitride nanostructures is affected by the specific surface area, and boron nitride
nanocrystals (for 210 nm edge length, 270 nm thickness) maintain their thermal stability in
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the air up to 900 ◦C. [30]. In addition, the low-intensity peaks observed in the pattern at
~2θ-29◦ belong to B2O3 [31].
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Figure 3. (a) XRD pattern; (b) FTIR spectra of the prepared bioactive scaffolds containing hBN
nanopowders.

According to the FTIR spectra given in Figure 3b, it is seen that the inclusion of hBN
nanoparticles in the bioactive glass structure does not cause a significant change in the
molecular structure of the composite scaffolds. Accordingly, peaks at 1300–1500 cm−1 and
720 cm−1 wavenumbers are due to the presence of B2O3 groups. The broad peak in the
1300–1500 cm−1 wavenumber range belongs to the bending and stretching vibrations of
the B–O–B bonds in the BO3 triple system and the low-intensity peak at ∼726 cm−1 is due
to B−O−B linkages. On the other hand, the broad band in the range of 900–1100 cm−1 also
belongs to the stretching vibrations of BO4

− groups in the structure [32]. In the spectrum of
the 2hBN-B3 glass, the shoulder observed at 1100 cm−1 corresponds to the B–O–H in-plane
bending [33].

In Figure 4a, according to the graph showing the total porosity values of the scaffolds, it
was determined that there was a slight decrease in the porosity values with increasing hBN
concentration. While the mean porosity value of the scaffolds without hBN was 77 ± 3.6%,
this value was measured as 72 ± 2.8% in the scaffold with the highest hBN concentration.

In Figure 4b, the compressive strength values of the scaffolds are given. Accord-
ingly, while the compressive strength value of the 13-93B3 scaffold without additives was
0.79 ± 0.2 MPa, the compressive strength of the sample containing 0.2% hBN was mea-
sured to be 2.22 ± 0.3 MPa. A decrease in compressive strength values was observed at
hBN concentrations higher than this value presumably due to the agglomeration of hBN
nanopowders added to the structure at high concentrations.

In a previous study by Turk and Deliormanlı [10], the compressive strength of 13-93B3
bioactive glass scaffolds prepared using the polymer foam replication method containing
graphene nanopowders at different concentrations (1, 3, 5, and 10 wt%) was investigated.
The results showed that the highest compressive strength value was obtained in the sample
containing 5% graphene as 1.86± 0.7 MPa. In the current study, the maximum compressive
strength value was obtained for the hBN-containing 13-93B3 bioactive glass scaffolds at
0.2% hBN concentration, and the strength of these scaffolds is approximately 19% higher
than that of graphene-bioactive glass scaffolds. The special layer-stacking structure of hBN,
the partial ionicity of boron and nitrogen atoms, and the polarity of the orbitals in the
structure may influence the observed increase in the compressive strength of the scaffolds.
Due to the partial ionicity of the B and N atoms in the hBN structure, the layers are aligned
by the overlapping of the positive B and negative N atoms. In this particular case, the
hBN atoms have an AÁ stacking structure, while the graphite structure has an AB (Bernall
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stacking) stacking. In this case, only some of the carbon atoms are located directly above or
below the neighbor. Unlike graphene, in hexagonal boron nitride, the layer thickness does
not affect the mechanical properties much. As the layer thickness increases in the graphene
structure, the deviation of the mechanical property values is related to the inhomogeneous
deformation and stacking structure. These mentioned factors cause the shift of the interlayer
and energy loss during the loading and unloading cycle. The main reason for this difference
in graphene is the spontaneous sliding of the graphene layers on the graphene surface due
to the negative increase in shear energy as a result of large in-plane stress and out-of-plane
pressure applications and warped layer (AB) stacking. This is because of the overlapping
2Pz orbitals in the graphene structure. On the other hand, the more polar orbitals in hBN
become localized in the same stress condition to positively increase the sliding energy
barrier, thus making the hBN resistant to interlayer shifting [34–39]. In the current study,
the improvement obtained in the compressive strength of bioactive glass-based scaffolds
in the presence of hBN nanoparticles may be attributed to the uniform dispersion of the
nanoparticles in the glass matrix and the stress transfer between the nanoparticles and
matrix. A higher level of nanoparticle loading presumably reduced the load transfer
between matrix and filler due to the agglomeration of nanoparticles, which in turn caused
a decrease in the compressive strength.

Figure 4. Graphs showing (a) the total porosity and (b) the compressive strength of the composite
scaffolds.

In another study [40], it was reported that boron nitride nanolayers added to the
akermanite matrix improved the mechanical strength of akermanite. In that study, the
compressive strength of akermanite-boron nitride nanolayer composites increased with
0.5% and 1% boron nitride additives by weight, while the compressive strength decreased
at higher concentrations.

The FTIR spectra of bioactive glass scaffolds kept in SBF for 7, 14, and 30 days are given
in Figure 5a–c. When the results of the SBF-treated (7 days) scaffolds were examined, no
significant difference was observed in the spectra of the scaffolds at low hBN concentrations,
whereas the formation of PO4

3− (at 550 cm−1 and 1000 cm−1) and CO3
− (at 1389 cm−1)

groups starting from 1% hBN were observed. This is particularly evident in glass samples
containing 2% hBN. When the scaffolds kept in SBF for 14 days were examined, the
peaks representing hydroxyapatite formation on the surfaces of the samples were seen on
the spectrum. Accordingly, the peak at 1022 cm−1 was assigned to the PO4

3− group v3
vibration, and the peak at 554 cm−1 corresponded to the v4 vibration of the same group. The
split peak at 550 cm−1 and 604 cm−1 observed in the glass samples kept in SBF for 30 days
belongs to the bending mode of orthophosphate and demonstrates that hydroxyapatite is
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formed in the structure. The peak observed at 964 cm−1 represents the PO4
3− v1 vibrations

and the peaks at ~874 cm−1 and ~1400 cm−1 may be due to the presence of the CO3
−

group [41,42]. Results revealed that peak intensities representing crystalline hydroxyapatite
formation increased as a function of immersion time in SBF.
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Figure 5. FTIR spectra of the SBF treated bioactive glass scaffolds for (a) 7d, (b) 14 d, and (c) 30 d; 
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Figure 5. FTIR spectra of the SBF treated bioactive glass scaffolds for (a) 7d, (b) 14 d, and (c) 30 d;
(d) graph showing the weight loss of the scaffolds as a function of SBF immersion time.

In general, the presence of hBN nanoparticles appeared to enhance the HA-forming
ability of bioactive glass starting from certain concentrations, presumably due to their high
surface area. Similarly, in a different study, hydroxyapatite precipitation was reported on
the surface of boron nitride nanoparticles in 5 days when immersed in simulated body
fluid [43]. This result supports the increase in bioactivity seen in bioactive glass scaffolds
containing hBN nanoparticles.

The weight loss values of the fabricated bioactive glass scaffolds after soaking in
SBF at 37 ◦C are given in Figure 5d. Accordingly, it was observed that the bare borate
glass scaffolds kept in SBF for 7 days lost approximately 15% of their original weight,
while this value was calculated as ~31% in the scaffolds containing 2% hBN. At the end
of 30 days, it was observed that all of the glass scaffolds under investigation lost 67% of
their weight. It was observed that the percentage of weight loss increased with increasing
hBN concentration. This behavior may be correlated with the loose network of the borate
glasses. Unlike silica, the coordination number of boron prevents the full formation of the
3D network structure, causing the boron-based glass to have lower chemical stability [43].
It is also known that ions such as Na+, K+, Mg2+, and (BO3)−3 dissolve in solution and all
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CaO in the glass reacts with phosphate ions in SBF to form HA and the theoretical weight
loss of fully transformed 13-93B3 bioactive glass scaffolds is 67% [3,44].

The SEM images of glass scaffolds kept in SBF for 7 days and 30 days are given in
Figures 6 and 7, respectively. Accordingly, it is understood that a new substance formation
occurred on the surface of the scaffolds, which were kept in SBF for both 7 days and 30 days.
At the end of 30 days, HA formation increased significantly and formed a thick layer on
the surface of the scaffolds. Plate-like HA formations came together to form spherical
aggregates. It was determined that the second phase material observed in the micrographs
was compatible with the HA morphology [45,46].
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Figure 6. SEM micrographs of the SBF-treated bioactive glass scaffolds for 7 d (a,b) B3; (c,d) 0.1 hBN-
B3; (e,f) 0.2 hBN-B3; (g,h) 0.5 hBN-B3; (i,j) 1 hBN-B3; (k,l) 2 hBN-B3.
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Figure 7. SEM micrographs of the SBF-treated bioactive glass scaffolds for 30 d (a,b) B3; (c,d) 0.1 hBN-
B3; (e,f) 0.2 hBN-B3; (g,h) 0.5 hBN-B3; (i,j) 1 hBN-B3; (k,l) 2 hBN-B3.

The results of gentamicin release experiments from bioactive glass scaffolds containing
hBN are demonstrated in Figure 8. In this study, drug delivery from the scaffolds loaded
with gentamicin sulfate was monitored for up to 96 h. The results revealed that the
gentamicin release from the scaffolds was very rapid and the cumulative release amount
reached 100% in up to 24 h. This may be attributed to the weak physical adsorption of
the gentamicin sulfate to the glass surface. Drug release kinetic studies revealed that the
highest correlation coefficient (R2) value among gentamicin release profiles was obtained in
the first order model (see Table 1). The logarithm of the percentage of the drug remaining
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in this kinetic model [47] versus the time (hour) plot gives a straight line. It can be seen
that the drug release behaviors of the bare and hBN-containing bioactive glass samples (at
all concentrations) were similar.
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Figure 8. (a) Cumulative gentamicin sulfate release curve; graphs showing the first order drug release
for (b) bare B3, (c) 2 hBN-B3.

Table 1. Gentamicin sulfate release kinetics model parameters. K0, K1, and KH are zero order, first
order, and Higuchi model rate constants. t is time, and C0 is the initial concentration of the drug.

Sample
Zero Order

Ct = C0 + K0.t
First Order

logC = logC0−K1.t/2.303
Higuchi

Q = KH
√

t

R2 K0 R2 K1 R2 KH

B3 0.6478 10.024 0.9291 0.4044 0.8682 33.372
0.1 hBN-B3 0.6729 10.901 0.9809 0.5964 0.8855 35.956
0.2 hBN-B3 0.6754 10.595 0.9526 0.5013 0.886 34.895
0.5 hBN-B3 0.6462 10.389 0.9501 0.4641 0.8681 34.626
1 hBN-B3 0.6671 10.229 0.9357 0.4301 0.8819 33.82
2 hBN-B3 0.7027 10.676 0.9669 0.4299 0.9041 34.824
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The other drug tested in the study was fluorouracil. The antimetabolite drug fluo-
ropyrimidine 5-fluorouracil is frequently used to treat cancer. 5-FU has anticancer prop-
erties, since it inhibits thymidylate synthase and integrates its metabolites into RNA and
DNA [48–50]. Figure 9 demonstrates the results of the fluorouracil loading and the re-
lease experiments into a PBS medium. Accordingly, the drug adsorption percentage to
the bioactive glass scaffolds was in the range of 25% to 30%. Drug release experiments
showed that after 24 h, the cumulative drug release amount was calculated to be 11% to
13%. After 196 h immersion in PBS, 20 to 26% of the drug was released from the scaffolds.
The difference obtained in the cumulative release rates between gentamicin and the 5-FU
may be attributed to the chemical structure of the drugs and the loading method followed
in the experiments. In a past study, Dehaghani et al. [51] investigated the encapsulation
of 5-FU into carbon nanotubes and boron nitride nanotubes (BNT) theoretically. Results
revealed that due to the raised van der Waals contact energy between the drug and the
BNT, 5-FU was adsorbed into the cavity of the BNT more quickly than the CNT. Similarly,
the electrical response of BN nanocones to 5-FU was studied by Wang et. al. [52] using
density functional theory. Results indicated that the boron nitride nanocones may be
suitable candidates for the detection of 5-FU and can be utilized in electronic sensors. In
the current study, the drug release kinetics studies for 5-FU showed that the release of the
drug followed Higuchi kinetic model (R2 = 0.97 and 0.98 bare and 2% hBN-containing glass
scaffolds, respectively), which describes the diffusion-based delivery process from a porous
vehicle (Table 2). Figure 10 depicts the drug release graphs fitted by the Higuchi kinetic
model. El-Kady et al. [53] also reported that 5-FU release from silicate-based sol-gel-derived
bioactive glass nanoparticles was fitted using the Higuchi model (square root of time) and
followed by a diffusion-controlled release mechanism.

Figure 9. (a) 5-FU adsorption curve; (b) cumulative 5-FU release curve for studied bioactive glass
scaffolds.

Table 2. 5-FU release kinetics model parameters. K0, K1, and KH are zero order, first order, and
Higuchi model rate constants. T is time, and C0 is the initial concentration of the drug.

Sample
Zero Order

Ct = C0 + K0.t
First Order

logC = logC0−K1.t/2.303
Higuchi

Q = KH
√

t

R2 K0 R2 K1 R2 KH

B3 0.896 0.0923 0.9138 0.0011 0.9661 1.415
0.1 hBN-B3 0.893 0.0866 0.9097 0.001 0.9669 1.331
0.2 hBN-B3 0.887 0.1048 0.9079 0.0012 0.9632 1.613
0.5 hBN-B3 0.59 0.0951 0.8814 0.0011 0.9487 1.476
1 hBN-B3 0.859 0.782 0.8767 0.0009 0.948 1.214
2 hBN-B3 0.908 0.1063 0.9268 0.0013 0.9759 1.627
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Figure 10. Graphs showing the Higuchi model 5-FU release for (a) bare B3, (b) 0.1 hBN-B3, (c) 0.2 hBN-
B3, (d) 0.5 hBN-B3, (e) 1 hBN-B3, and (f) 2 hBN-B3.

The results of the MTT assay, which was made to understand the cytotoxicity of the
fabricated samples, are given in Figure 11. Accordingly, starting from a 0.5% hBN content, a
significant decrease (~50%) was observed in cell viability after 72 h. However, cell viability
was calculated to be 86% for 0.2% hBN-containing glass scaffolds under the same conditions.
This may be attributed to the increase obtained from the in vitro degradation of the glass
scaffolds as the hBN concentration increased. Recently, it was seen that when they are used
as a coating material inside a polymeric matrix over borate-based 13-93B3 bioactive glass
scaffolds, hBN nanoparticles did not show any toxic effect for the same type of cells [25].
However, in the current study, hBN nanoparticles were embedded directly inside the
glass matrix, and following the degradation of the glass in the cell culture medium, 2D
nanoparticles may diffuse into the cell membrane more easily. Similarly, a recent study
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by Khalid et al. [54] reported the toxicological effects of boron nitride nanotubes. Results
showed that the cytotoxicity of boron nitride nanotubes was higher in HeLa cancer cells
(80%) compared to the HEK-293 normal cells (60%) for 48 h incubation.

Figure 11. Graph showing the MTT assay results after incubation for 72 h. * indicates the statistical
significance, p < 0.05.

Figure 12 shows the optical microscope images of the osteoblastic MC3T3-E1 cells after
incubation for 72 h in the presence of fabricated bioactive glass composite scaffolds. Based
on the optical microscope images there was no significant difference in cell morphology
depending on the hBN concentration in the glass matrix.
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Figure 12. Optical microscope images of the MC3T3-E1 cells after incubation for 72 h in the presence
of composite bioactive glass scaffolds containing (a) 0, (b) 0.1%, (c) 0.2%, (d) 0.5%, (e) 1%, and (f) 2%
hBN nanopowders. Magnification at 100×.
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4. Conclusions

Within the scope of this study, biomimetic borate bioactive glass scaffolds containing
hBN nanopowders were produced and in vitro characterizations were carried out. Accord-
ing to XRD analysis results, it was seen that hBN generally remained stable in the bioactive
glass matrix. The applied mechanical test results showed that the hBN nanoparticle addi-
tion (depending on the concentration) improved the compressive strength of the bioactive
glass scaffolds. In vitro bioactivity studies in SBF indicated that the incorporation of hBN
improved the hydroxyapatite-forming ability of bioactive glass scaffolds. According to the
results of drug release experiments of antibiotic-loaded scaffolds in PBS medium, it was
understood that all scaffolds showed burst drug release behavior, presumably due to the
rapid degradation of 13-93B3 glass and weak interaction of the drug molecule with the
glass surface. It was observed that the drug release kinetics of the scaffolds fit the first order
kinetic model. On the other hand, the cumulative release of 5-FU from the scaffolds was
measured to be 20% to 26% after 196 h. Fluorouracil showed sustained release behavior
from the borate glass scaffolds and the release kinetics were fitted by the Higuchi model.
In vitro cytotoxicity experiments revealed that the presence of hexagonal boron nitride
nanopowders in a bioactive glass matrix up to 0.2% did not cause any toxicity in mouse
calvarial pre-osteoblast cells after 72 h of incubation.
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Abstract: Composite biomaterials that combine osteoconductive and osteoinductive properties are
a promising approach for bone tissue engineering (BTE) since they stimulate osteogenesis while
mimicking extracellular matrix (ECM) morphology. In this context, the aim of the present research
was to produce polyvinylpyrrolidone (PVP) nanofibers containing mesoporous bioactive glass (MBG)
80S15 nanoparticles. These composite materials were produced by the electrospinning technique.
Design of experiments (DOE) was used to estimate the optimal electrospinning parameters to reduce
average fiber diameter. The polymeric matrices were thermally crosslinked under different conditions,
and the fibers’ morphology was studied using scanning electron microscopy (SEM). Evaluation of the
mechanical properties of nanofibrous mats revealed a dependence on thermal crosslinking parameters
and on the presence of MBG 80S15 particles inside the polymeric fibers. Degradation tests indicated
that the presence of MBG led to a faster degradation of nanofibrous mats and to a higher swelling
capacity. The assessment of in vitro bioactivity in simulated body fluid (SBF) was performed using
MBG pellets and PVP/MBG (1:1) composites to assess if the bioactive properties of MBG 80S15 were
kept when it was incorporated into PVP nanofibers. FTIR and XRD analysis along with SEM–EDS
results indicated that a hydroxy-carbonate apatite (HCA) layer formed on the surface of MBG pellets
and nanofibrous webs after soaking in SBF over different time periods. In general, the materials
revealed no cytotoxic effects on the Saos-2 cell line. The overall results for the materials produced
show the potential of the composites to be used in BTE.

Keywords: electrospun polyvinylpyrrolidone; polymeric scaffolds; bone regeneration; mesoporous
bioactive glass

1. Introduction

Bone transplantation is one of the most common surgical procedures, ranking only
behind blood transfusion [1]. Large bone defects result mainly from high-energy traumatic
events such as traffic accidents or large bone resection due to different pathologies such as
tumors or infections [2]. The body’s innate healing mechanisms frequently cannot spon-
taneously repair these defects. Bone tissue engineering (BTE) has gained more relevance
recently since it can offer promising approaches to bone defects treatment by providing
stimulus and osteoconductive templates to facilitate the formation of new bone tissue [3].
Additionally, the biomaterials employed in BTE must possess angiogenic properties, pro-
moting the formation of blood vessels within the constructs. This ensures that the newly
regenerated tissue obtains sufficient oxygen and nutrients for its survival [4].

In 1969, BioGlass® 45S5 was first introduced by L. Hench and his collaborators [5]. It
is well-established in the literature that BioGlass® 45S5 exhibits non-cytotoxicity and can
generate a surface hydroxyapatite (HA) layer that closely resembles the composition of
natural bone. This discovery paved the way to a wide range of different bioactive glasses
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(BGs), thus leading to a wide range of clinical applications in soft and hard tissues (tooth
and bone) [6]. Regarding biomedical applications, BG-based materials hold significant
importance in dentistry, as BG is capable of creating a chemical bond directly with adjacent
tissues and elevating the local pH level to above 5.5; thus, bacteria are deterred from
colonizing and thriving at the dental implantation sites, preventing the early stages of
caries. Furthermore, the elastic modulus of BG-based materials is comparable to that of the
nearby tissues, thus reducing the probability of local bone resorption [7–9].

BGs are mostly applied in BTE since they allow the development of scaffolds that
possess both osteogenic and angiogenic properties [10]. BioGlass® 45S5 particles have
demonstrated interesting results on potential angiogenic effects, considering the increased
secretion of vascular endothelial growth factor (VEGF) in vitro and enhancement of vascu-
larization in vivo [11]. Furthermore, Hench and Polak demonstrated that the dissolution
products of BGs can exert genetic control over the osteoblast cell cycle, leading to the fast
expression of genes that govern osteogenesis [12]. Whether obtained through melting
or sol-gel processing, every bioactive glass has the potential to induce bioreactivity or
bioactivity by means of its capability to interact with living tissue and form strong bonds to
bone. These strong bonds are formed by the precipitation of a hydroxy-carbonate apatite
(HCA) layer on the BG surface upon exposure to appropriate physiological fluids or during
in vivo applications [13].

Recently, a novel family of mesoporous bioactive glasses (MBGs) exhibiting well-
defined mesoporous structures and greater specific surface area has demonstrated remark-
able potential for hard tissue engineering applications. The increased interface effects
lead to high reactivity, thus improving bioactivity when compared to standard BGs. The
synthesis of highly ordered mesoporous materials depends on the use of surfactants as
structure-directing agents, which facilitate the formation of channels within the inorganic
component. Upon removal of the surfactant, these channels are preserved, resulting in
a well-ordered mesoporous structure [14]. In addition, some studies are focusing on im-
proving the properties of BGs by incorporating doping agents instead of manipulating the
ratios of different BG components. The doping process aims to improve various aspects
of BGs, including their mechanical properties, bioactivity, and biological outcomes, such
as promoting angiogenesis, antibacterial activity, bone cell migration, proliferation, and
differentiation, or reducing the patient’s inflammatory response. It is possible to incorpo-
rate inorganic elements (Ag+, Sr2+, Cu2+, Zn2+, Mg2+, etc.) or organic compounds such as
VEGF, bone morphogenetic proteins (BMPs), dexamethasone (DEX), gentamicin, etc. [15].
For example, Bellucci et al. studied the effect of replacing 10 mol% of CaO with MgO
or SrO from a silicate BG. The researchers reported that the doped BGs, especially the
Mg-doped, further improved the bioactivity [16]. Tang et al. demonstrated that BGs loaded
with rhBMP-2 promoted excellent cell attachment, ingrowth, and osteogenesis in vitro and
supported complete bone regeneration in vivo using a rabbit radius critical size defect
model [17]. Lim et al. produced electrospun nanofiber matrices that incorporated BG
nanoparticles loaded with DEX. The research group reported that these scaffolds promoted
the odontogenesis of human dental pulp cells (HDPCs) [18].

BGs and MBGs can be produced to feature different morphologies (e.g., powder,
granules, monoliths, fiber, coatings, etc.) [19]. In this application area, it is important to
take into account both micro-sized and nanoscale powder particles, which can be used in
the production of composite material scaffolds, such as the combination of electrospun
biodegradable polymers and MBGs, which is the purpose of this work. Several studies
have been carried out in order to combine polymers with inorganic phases such as BGs
or HA. In this context, Petretta et al. have reported the production of composite scaffolds
based on polycaprolactone (PCL) and Mg-containing bioactive glasses [20]. In general, the
main benefit of using these composite materials is that they retain the bioactivity of the
inorganic bioactive filler while preserving the mechanical properties of the polymer, such
as flexibility and the ability to deform under loads. Moreover, the incorporation of MBG
powder nanoparticles in a polymeric mat mimics the natural bone structure more accurately
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as it consists of nanoscale hydroxyapatite crystallites together with the polymeric phase of
collagen type I. This natural combination is responsible for the mechanical properties of
bone [13]. From this perspective, the size of the BG or MBG particles incorporated into the
polymeric matrices also plays an important role in enhancing bioactivity. Research studies
suggest that replicating the nanoscale characteristics of bone can enhance the attachment
and growth of bone-forming cells [21].

Polyvinylpyrrolidone (PVP) is a synthetic polymer that exhibits high solubility in
water as well as numerous organic solvents. PVP has found extensive application in
the production of hydrogels, wound dressings, nanofibers/scaffolds, and drug and gene
delivery systems. During World War II, PVP gained significant recognition as a blood
plasma substitute [22].

The ability of the electrospinning technique to produce nanofibrous scaffolds that
mimic ECM while incorporating other materials in particulate form makes it the ideal
technique to produce composite scaffolds for bone tissue engineering [23,24]. In this paper,
we have successfully prepared MBG 80S15 by using Pluronic F127 as a structure-directing
agent through an evaporation-induced self-assembly (EISA) process. Nanosized MBG
80S15 powder was further incorporated into electrospun PVP nanofibers, and its properties
were studied to assess the potential of such composites for use in BTE applications. Further-
more, the coupling of PVP with MBG nanoparticles produces composite 2D materials where
it is possible to control the degradation and bioactivity rates to fit the natural processes of
bone repair.

2. Materials and Methods

Analytical-grade chemical reagents were utilized in this research without the need for
additional purification.

2.1. Synthesis of Mesoporous Bioactive Glass MBG 80S15

Mesoporous Bioactive Glass MBG 80S15 is a ternary bioactive glass (SiO2–CaO–P2O5)
which is produced by a sol-gel technique adapted from a previously described method by
Yan et al. [25]. MBG was synthesized by using the nonionic block copolymer Pluronic F127
(EO106PO70EO106) (Sigma-Aldrich, Lisbon, Portugal) as structure-directing agent (EO is
poly(ethylene oxide), and PO is poly(propylene oxide)).

In a typical synthesis of MBG 80S15, in order to achieve a molar ratio of Si/Ca/P = 80:15:5,
tetraethyl orthosilicate (Sigma-Aldrich) (TEOS, 6.7 g), calcium nitrate-4-hydrate (PanReac
AppliChem, Darmstadt, Germany) Ca(NO3)2·4H2O (1.4 g), triethyl phosphate (Sigma-
Aldrich) (TEP, 0.73 g), and 0.5 M HCl (1.0 g) were dissolved in absolute ethanol (Sigma-
Aldrich) (60 g). TEOS, TEP and calcium nitrate-4-hydrate were used as precursors of SiO2,
P2O5 and CaO, respectively.

The mixture was allowed to react for 30 min at room temperature under magnetic
stirring at 250 rpm (2Mag Mix 15 Eco Stirrer, Germany) for the acid hydrolysis of TEOS.
Then, 1.82 g of Pluronic F127 was added to the mixture and the resultant solution was
also stirred at room temperature for 60 h to undergo an evaporation-induced self-assembly
(EISA) process. The gel obtained was heated at 60 ◦C (Memmert Incubator Modell 100–800,
Schwabach, Germany) under atmospheric pressure for 24 h to completely remove the
alcohol. Subsequently, the dried gel was calcined in a muffle furnace (Nabertherm GmbH
HTCT 01/16, Lilienthal, Germany) at 700 ◦C for 5 h (ramp of 2 ◦C·min−1) to obtain the final
MBG 80S15 products. The resulting powder was ground in a planetary ball mill (Planetary
Mono Mill Pulverisette 6—Fritsch, Idar-Oberstein, Germany) for 6 h at 400 rpm using
zirconia balls with a 2 mm diameter. The final average grain size obtained, according to
SEM images using ImageJ software, (version 1.52n, National Institutes of Health, Bethesda,
MD, USA), was about 174 ± 119 nm (100 measurements).
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2.2. Optimization of Electrospinning Process by DOE

A solution of 18% w/v PVP ( Mw ∼ 1, 300, 000 g/mol) (Sigma-Aldrich) in ethanol
(Sigma-Aldrich) was prepared for electrospinning, which was carried out at a temperature
of 20 ◦C with a humidity level of approximately 40%.

In this study, the environmental conditions and the solution parameters were kept
constant. Four operating variables (flow rate, tip-collector distance, applied voltage, and
needle gauge) were studied by applying a custom Design of Experiments and response
surface methodology (RSM) as a statistical method. The custom DOE was performed using
JMP software, version 13.0 (S.A.S. Institute Inc., Cary, NC, USA) to investigate the effect of
above-mentioned electrospinning process parameters and the interactions between these
variables on the average electrospun PVP fiber diameter.

The range of each variable was chosen considering the set of values that allow the PVP
electrospinning process based on the literature and previous experiments (Table 1). Within
the range defined for each variable, the software selected a set of experiments consisting of a
minimum of 27 runs. To determine how to optimize the parameters, several outputs were
measured: the samples were analyzed by SEM to observe the overall structure of the collected
mats and the average fiber diameter was calculated using ImageJ Software by selecting at least
25 random fibers [26]. Using the RSM, the overall desirable response (the set of variables that
minimizes the average fiber diameter) was obtained from the software’s calculations within
the pre-selected range of each variable. The software also estimated the resulting average PVP
fiber diameter for that set of variables, which was about 652 ± 179 nm.

Table 1. Range of four independent variables in a custom design of experiments (JMP software,
version 13.0) aiming to minimize average electrospun PVP fiber diameter and respective desirable
response using RSM.

Variable Type Range Desirable Response Estimated Output (nm)

Applied voltage (kV) Continuous 15–20 18.6

652 ± 179
Flow rate (mL·h−1) Continuous 0.1–0.4 0.1

Tip-collector distance (cm) Continuous 15–20 17.3

Needle gauge Categorical G23; G27 G27

In addition, for all the experiments and subsequent membrane production, a 1 mL
syringe was loaded with the polymer solution which was dispensed using a syringe pump
(KDS100, KD Scientific, Holliston, MA, USA) at different rates from 0.1 to 0.4 mL·h−1. A
high voltage supply (Glassman High Voltage INC EL 30kV, High Bridge, NJ, USA) was
connected to the metallic needle (ITEC Iberiana Technical, Braga, Portugal), and a sheet of
aluminum foil was used as collector and placed in front of the needle tip (schematically
represented in Figure 1) at distances ranging from 15 to 20 cm to collect the fibers.

2.2.1. PVP/MBG Composite Production

To obtain the solution for electrospinning, the MBG powder was first combined with
ethanol and subsequently sonicated for 15 min at 320 W for further dispersion. PVP was
weighed and dissolved in the previously dispersed solution containing the solvent to obtain
a final polymer concentration of 18 w/v %. The final blend was magnetically stirred for at
least 30 min, resulting in a well-dispersed MBG powder in the polymeric solution. Different
percentages of the MBG powder were added to ethanol for further dispersion: 10; 28; 56;
83; and 100% by weight with respect to PVP content. The quantity of MBG powder utilized
in this study must be significant to promote bioactivity and regulate the degradation rate of
PVP to some extent [27]. In this context, the composites containing 100% MBG by weight
with respect to PVP are of major interest. This composite will be denominated PVP/MBG
(1:1) as the mass content of MBG and PVP is the same.
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Electrospinning was carried out with the same processing parameters estimated from
the DOE to plain PVP, except for the needle gauge. The composites were electrospun
with a G23 needle (ITEC Iberiana Technical, Braga, Portugal) to prevent clogging. The
membranes produced were kept in a desiccator until the crosslinking treatment due to the
water solubility of PVP.

Figure 1. Schematic representation of an electrospinning apparatus in horizontal setup with a static
plate collector.

2.2.2. Thermal Crosslinking

The water solubility of PVP restricts the use of electrospun PVP-based nanofibers
without any further treatment. Nonetheless, the solubility of PVP can be reduced by heating
it in air between 150 and 200 ◦C [28]. The as-spun PVP and PVP/MBG composites were
crosslinked in an incubator (Memmert Incubator Modell 100–800, Schwabach, Germany) at
different temperatures within the above-mentioned range. Final temperatures of 150, 165,
and 180 ◦C were studied for different times: 3, 4, 5, 8, 12, and 24 h. To investigate the effect
of thermal crosslinking, the membranes were immersed for 24 h in water, dried at 60 ◦C
and analyzed by SEM.

2.3. Characterization

The images captured using transmission electron microscopy (TEM) were acquired
using a Hitachi H-8100II (Tokyo, Japan) instrument equipped with thermo-ionic emission
LaB6, offering a resolution of 2.7 Å. The analysis of the membranes was conducted on the
thinnest membrane that could be technically extracted (around 15–20 min of deposition).

Powder X-ray diffraction (XRD) was employed to confirm the crystalline phases
present in the samples. X-ray diffraction patterns were obtained using an X’Pert PRO
PANAlytical X-ray diffractometer (Malvern, UK). The measurements were taken over a
range of 2θ values from 15◦ to 80◦, using Cu-Kα radiation (λ = 1.54060 Å) with a step size
of 0.033.

The Nicolet 6700-Thermo Electron Corporation Attenuated Total Reflectance-Fourier
Transform Infrared (ATR-FTIR) spectrometer (Watertown, WI, USA) was employed to
obtain the FTIR spectra of the samples. The measurements were taken in the 480–4000 cm−1

range with a resolution of 2 cm−1.
Carl Zeiss Auriga (Oberkochen, Germany) scanning electron microscopy (SEM) equip-

ment was used to analyze the fiber morphology. The samples were previously coated with
a thin layer of either iridium–palladium or carbon, depending on which elements were
being studied by complementary EDS analysis.
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N2 adsorption–desorption isotherms were measured with a Gas Porosimeter Mi-
cromeritics (ASAP 2010, Norcross, GA, USA) at −196 ◦C. Prior to the measurements, the
samples underwent a 12 h outgassing process at 300 ◦C in vacuum. The specific surface
area was calculated using the Barrett–Emmett–Teller (BET) method. The pore volume and
pore size distribution were determined using the Barrett–Joyner–Halanda (BJH) method
based on the adsorption branches of the isotherms. The total pore volume was estimated
from the adsorbed amount at a maximum relative pressure.

Thermo-gravimetric analysis (TGA) curves were recorded with the Simultaneous
Thermal Analyser (STA 449 F3 Jupiter Netzsch (Selb, Germany)) under an inert nitrogen
atmosphere at a heating rate of 10 ◦C/min from room temperature to 900 ◦C. Differential
TGA (DTGA) was obtained by differentiating the respective TGA curve.

2.4. Swelling and Degradation Assays

The success of thermal crosslinking was studied by testing the dissolution of crosslinked
mats immersed in phosphate buffer solution (PBS, pH 7.4) at 37 ◦C at different time points:
1, 3, 7, 13, 17, 21 and 28 days. At these time points, the degradation of PVP and PVP/MBG
composites fibers in physiological solutions was assessed by measuring the membranes’
weight loss. The samples were removed from PBS, gently rinsed with Millipore water to
remove saline and dried at 37 ◦C until constant mass was reached The percentage of weight
loss (WL %) was computed as WL % = 100 × (W0−Wr)

W0
, where W0 and Wr are the initial and

the residual weight of the sample, respectively.
The swelling ratio is a measure of the liquid-absorbing capacity of a matrix. The dry

weight of each sample was measured (Wd) before soaking in PBS (pH 7.4). The mass of
each sample was planned to be at least 10 mg, ensuring the membrane stability over the
experiment. At pre-determined intervals of time (5, 15, and 30 min; 1 and 5 h; 1, 3, and
7 days) the specimens were removed from the PBS. The excess liquid on each matrix was
removed, and the wet matrices were weighed (Ww). The swelling ratio (Q) was calculated
as: Q = Ww−Wd

Wd .
In both degradation and swelling experiments, all samples were cut with dimensions

of 20 mm × 20 mm and placed in a plastic container (Falcon tube, 50 mL) filled with PBS (pH
7.4). The experiments were performed in an incubator with an orbital shaker (Comecta—
Heated Incubator with Shaker S-100D, Barcelona, Spain) at 37 ◦C. An average of at least
three samples was taken for each time point. The samples were weighed with an accuracy
of 0.1 mg on an analytical balance (Sartorius Quintix Model 224-1S, Goettingen, Germany).

2.5. Mechanical Response—Tensile Tests

The tensile tests were carried out using a Rheometric Scientific uniaxial tensile testing
machine equipped with a 20 N load cell and controlled by Minimat software (Minimat
Control Software Version 1.60 February 1994 (c) PL Thermal Science 1984-94 Rheometric
Scientific Ltd., New Castle, DE, USA). All experiments were conducted at room temperature
and approximately 50% humidity, with a velocity of 1 mm·min−1. At least 10 samples
of each membrane type were tested, and each sample was cut into a rectangular shape
measuring 10 mm in width and 20 mm in length. The thickness of the samples was
measured using a digital micrometer (Mitutoyo 0–25 mm, Aurora, IL, USA). The stress–
strain curves were used to determine the ultimate tensile strength, Young’s modulus and
yield strength.

2.6. Cytotoxicity Assays

The cytotoxicity of the membranes was evaluated using the extract method and the
Saos-2 cell line (American Type Culture Collection, HTB-85), following the standard ISO-
10993 for the biological evaluation of medical devices, specifically Part 5: tests for in vitro
cytotoxicity. To produce the extract, different samples were cut to have an identical mass of
30 mg and pre-sterilized at 120 ◦C for 2 h. Each sample was placed in 1.5 mL (resulting in
an extract concentration of 20 mg·mL−1) of McCoy 5A culture medium supplemented with
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2.2 g/L sodium bicarbonate (both from Sigma Aldrich, Portugal), penicillin (100 U/mL)
and streptomycin (100 µg/mL) (Gibco Life Technologies, Billings, MT, USA) and 10% FBS
(Fetal Bovine Serum, S. America origin, Biowest, Nuaillé, France) at 37 ◦C for 48 h.

Cells were seeded at a density of 30,000 cell·cm−2 in 96-well plates and grown in
fully supplemented McCoy followed by incubation at 37 ◦C in 5% CO2 for 24 h. The
subsequent step was to exchange the medium for the extract to assess whether the cells
would survive the next 48 h. Five concentrations of the extract were used: 20, 10, 5, 2.5 and
1.25 mg·mL−1 (two-fold serial dilution). Four replicates were used for each concentration.
After this period, the culture medium was removed, and a solution of resazurin (Alfa
Aesar, MA, USA) containing 10% 0.2 mg·mL−1 resazurin solution in PBS and 90% complete
culture medium was added to each well. After a 2-h incubation period, the absorbance
was measured at 570 nm and 600 nm using a multi-well plate reader (BioTek ELX800 UV,
Winooski, VT, USA). The negative control cells were cultured in complete medium while
positive control cells were exposed to 10% DMSO to induce cell death. Cell viability was
determined as a percentage of the negative control, calculated by [% cell viability = treated
cells/control cells × 100].

2.7. Bioactivity Assay

The bioactivity of PVP/MBG composites, related to the surface deposition of hydroxy-
carbonate apatite (HCA) layers, was evaluated by immersing the samples in simulated
body fluid (SBF) solution. The SBF had a composition and ionic concentration similar
to those of human body plasma, and it was prepared by dissolving respective amounts
of the reagent chemicals (NaCl (Sigma-Aldrich), NaHCO3 (Sigma-Aldrich), KCl (Sigma-
Aldrich), MgCl2·6H2O (Sigma-Aldrich), HCl (Honeywell Fluka, Lisbon, Portugal), CaCl2
(Carl Roth, Karlsruhe, Germany), Na2SO4 (Sigma-Aldrich), K2HPO4·3H2O (VWR, Lisbon,
Portugal), and (CH2OH)3(CNH)2 (Apollo Scientific, Cheshire, UK) as the buffering agent)
into deionized water according to the procedure described by Kokubo et al. [29,30]. The
prepared SBF was buffered at pH 7.4 with tris (hydroxymethyl aminomethane) and 1 M
hydrochloric acid at 37 ◦C. The polymeric matrices were cut into samples of 15 × 15 mm
and subsequently immersed in 50 mL SBF in a falcon tube for different time periods (1, 3, 5
and 10 days). This experiment followed international standards ISO/FDIS 23317 [31]; the
volume of the SBF solution (VSBF) should have been at least the volume (mL) determined
according to the following formula: VSBF = SA

10 , where SA is the surface area of the samples
(mm2). During the experiment, the samples were kept at 37 ◦C in an incubator with orbital
shaker (54 rpm), and the SBF solution was refreshed every two days. After the soaking
periods, the samples were removed from SBF, rinsed with Millipore water and dried at
room temperature. The bioactivity assay was performed for both the PVP/MBG (1:1)
composites and MBG powder. For the latter, it was necessary to produce pellets by dry
pressing. Each pellet was produced from 300 mg of powder in a hardened steel mold with
an inner diameter of 13 mm. The powder was pressed uniaxially at a load of 5 tonnes for
5 min at room temperature.

Formation of a bone-like apatite layer on the surface of the nanocomposite mats was de-
termined by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) analysis
and scanning electron microscopy coupled with energy dispersive spectroscopy (SEM–EDS).

3. Results
3.1. Mesoporous Bioactive Glass MBG 80S15

MBG synthesis was performed by the sol-gel method using Pluronic F127 as a structure-
directing agent. During the synthesis process, the evaporation of organic solvent progres-
sively increases block copolymer concentration. When the concentration of Pluronic F127
reaches critical micelle concentration, micellar aggregates form through the self-assembly
process of silica-surfactant composite micelles, which organize into liquid-crystalline
mesophases. Calcination allows the removal of the organic surfactant template and reten-
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tion of the inorganic framework to obtain highly ordered mesostructured bioactive glass
materials [14,32].

Figure 2A shows the nitrogen adsorption–desorption isotherms of the MBG 80S15
calcined powder. The isotherms obtained exhibit a type IV pattern, which is consistent
with a mesoporous structure. Additionally, at a relative pressure of approximately 0.40,
the sample displays type H1 hysteresis loops, which are indicative of cylindrical pores, in
accordance with the p6mm mesostructure. The BET surface area of the MBG calculated
from the linear part of the BET plot reached 232 m2·g−1. The pore size distribution curves
were obtained by applying the BJH model to the adsorption and desorption branches. The
MBG presents a relatively narrow pore size distribution, and the peak pore size was around
5.9 nm and 6.0 nm for adsorption and desorption branches, respectively. This proximity
between pore size results can be an indicator of a perfectly cylindrical channel. The pore
volume was also calculated using the BJH model and the result was about 0.25 cm3·g−1 for
both the adsorption and desorption branches.

Figure 2. Nitrogen adsorption-desorption isotherms (A) and TEM image (B) of MBG 80S15 powder.

A TEM image of MBG 80S15 is shown in Figure 2B. Brighter spot areas, which can
be an indicator of the expected mesoporous structure, can be observed. However, the
cylindrically ordered structure of the mesoporous BG is not evident. Analysis of the sample
structure by TEM is hindered by powder aggregation, which increases the thickness and
the opacity of the samples. Moreover, the TEM equipment resolution also limits the proper
visualization of the MBG mesoporosity.

SEM image of the MBG 80S15 obtained after 6 h of planetary ball-milling is presented
in Figure 3A. It can be observed that the size of MBG particles is in the nanoscale range, as
shown in the respective particle size distribution graph Figure 3B. The average diameter of
MBG particles is around 174 ± 119 nm. It is worth pointing out the reduced dimensions of
these particles, considering they become easier to disperse in an electrospinning solution
compared to micro-sized MBG particles.

Figure 4A represents the XRD pattern of the produced MBG 80S15. It can be observed
that there are no diffraction peaks appearing on the pattern of the sample, except for a broad
reflection at 2θ = 15–35◦ (characteristic of silicate glasses) which suggests that the MBG
80S15 produced exists in an amorphous state. The temperature assigned to the occurrence
of crystallization is about 810 ◦C [32]. It is important to note that MBG was calcinated
at 700 ◦C to ensure that the mesoporous structure retained its stability. When MBGs are
calcined at temperatures higher than 810 ◦C, the inorganic wall becomes crystalline and
the mesostructure collapses.
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Figure 3. SEM image of MBG 80S15 pellet (A) and the respective particle size distribution graph after
6 h of ball-milling (B).

Figure 4. XRD pattern (A) and FTIR spectra (B) of MBG 80S15 powder calcined at 700 ◦C for 5 h.

Figure 4B shows the FTIR spectrum of the produced MBG 80S15 powder. It is shown
that the sample exhibits the characteristic absorption bands of a silicate glass. The spectrum
shows the Si-O-Si asymmetrical stretching vibration at 1040 cm−1 and Si-O-Si symmetrical
stretching vibration at 806 cm−1. The band associated with Si-O bending (rocking) vibration
at 470 cm−1 was not detected due to the equipment resolution (the measuring process starts
at 500 cm−1) [33,34].

3.2. PVP/MBG 80S15 Composites

Custom Design of Experiments and RSM are statistical methods that allow the defi-
nition of a set of electrospinning processing parameters that minimize average PVP fiber
diameter as described above (Section 2.2). JMP software (version 13.0) estimated an average
resulting PVP fiber diameter of about 652 ± 179 nm for this set of parameters: flow rate
of 0.10 mL·h−1; applied voltage of 18.6 kV; tip-collector distance of 17.3 cm; needle gauge
G27. The SEM image and respective average size distribution are shown in Figure 5A,B.
SEM micrographs revealed that the electrospun PVP nanofiber mats were composed of
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randomly oriented, uniform and bead-free nanofibers, with an average diameter size of
656 ± 171 nm, which is quite close to the estimated value from DOE.

Figure 5. SEM images and the respective fiber diameter distribution graph of plain PVP membrane
(A,B), and PVP/MBG (1:1) composite (C,D). TEM image of PVP/MBG (1:1) composite (E).

The PVP/MBG composites were electrospun in the same conditions as plain PVP,
except for the needle gauge (G23) to avoid clogging. The SEM image of PVP/MBG (1:1)
composite and the respective fiber size distribution are represented in Figure 5C,D. It
can be observed that the incorporation of MBG particles into the PVP fibers changes
the fiber’s surface. The plain PVP fibers have a smooth surface, which becomes rough
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and irregular when the MBG particles are incorporated into the fibers, as expected due
to the particles’ aggregates as shown in the TEM image (Figure 5E). Consequently, the
average fiber diameter and standard deviation of PVP/MBG (1:1) composite fibers increase
to 826 nm and 387 nm, respectively. However, composite fibers exhibited a relatively
homogeneous distribution of embedded MBG 80S15 particles.

TGA analysis was performed on plain PVP, MBG 80S15, and composite electrospun
mats PVP/MBG (1:1). The TGA and DTGA curves obtained are reported in Figure 6A,B.
All samples show a slight initial mass loss (around 9%) at 125 ◦C, attributed to the loss of
the physically adsorbed water. The thermogram curve for MBG 80S15 previously sintered
at 700 ◦C does not show another considerable mass loss, thus presenting a residual mass of
86.4% at 900 ◦C. Meanwhile, the thermogram curve of the plain PVP membrane exhibited
a steep loss in weight between 400 and 480 ◦C, and there was no significant residual mass
left after heating to 900 ◦C, indicating complete degradation of the polymer. In contrast,
for PVP/MBG (1:1) nanocomposite fiber mats, a weight loss of 58.6% was observed within
the tested temperature range. This weight loss is associated with water removal and
PVP degradation. The residual mass of 41.4% corroborated the presence of MBG in the
nanocomposite mats. The residual mass is consistent with the theoretical amount of MBG
content in the composite, considering the initial amount introduced in the electrospinning
solution. These results, along with the SEM and TEM analyses, provided confirmation that
composite structures were effectively prepared in the present study.

Figure 6. TGA (A) and DTGA (B) curves of plain PVP (black), PVP/MBG (1:1) composite (purple),
and MBG 80S15 calcined at 700 ◦C (red).

3.3. Swelling and Degradation Assays
3.3.1. Thermal Crosslinking

PVP is water soluble, thus the as-spun nanofibers need to be crosslinked to make
them water resistant and suitable for bone tissue engineering (BTE). Thermal treatment
was found to be useful as a crosslinking agent of polymer chain segments, as it is easy to
apply. Several crosslinking conditions were tested depending on the temperature applied
(range: 150–200 ◦C) and time (range: 3–24 h) [28,35]. However, at a temperature of 165 ◦C,
the membranes showed the most promising results in terms of reducing PVP solubility
by keeping the overall nanofiber structure without burning. This temperature was kept
constant, and different crosslinking times were tested as shown in Figures 7 and 8.
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Figure 7. SEM image of electrospun plain PVP before soaking into PBS (A), and SEM images of plain
PVP thermally crosslinked at 165 ◦C for 3 h (B), 4 h (C), 5 h (D), 8 h (E), 12 h (F) and 24 h (G) after
soaking in PBS for 1 day.

Figure 8. SEM image of electrospun PVP/MBG (1:1) composite before soaking in PBS (A) and SEM
images of PVP/MBG (1:1) composites thermally crosslinked at 165 ◦C for 3 h (B), 4 h (C), 5 h (D),
8 h (E), 12 h (F) and 24 h (G) after soaking in PBS for 1 day.
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SEM images of Figure 7 show the electrospun plain PVP before and after soaking
in PBS for 24 h, depending on previous crosslinking time. Figure 8 shows a similar
study for PVP/MBG (1:1) composites, to compare how the MBG particles incorporation
affects the thermal crosslinking. Both pure PVP and PVP/MBG (1:1) thermally crosslinked
for 3 h appear to lose their fibrous structure and form a kind of rough film without
porosity. However, several differences were noticed: the fibrous structure of the plain PVP
membranes crosslinked for 4 and 5 h was not completely lost but appears as if the adjacent
fibers have fused together and are significantly reduced in porosity, whereas the composites
crosslinked for 4 and 5 h completely lose their fiber structure. In the case of the membranes
crosslinked for 8 h, the fibrous structure of the membranes is still observed in both plain
PVP and PVP/MBG (1:1), but the thickening of the fibers was clearly observed. In general,
as crosslinking time increases, most of the morphological characteristics were observed to
remain unchanged. The results also show that MBG nanoparticles’ incorporation into the
PVP fibers also reduces the degree of composite crosslinking for the same crosslinking time
and temperature when compared to pure PVP. The MBG incorporation yielded thicker and
more heterogeneous fibers; thus, the effect of the temperature on PVP crosslinking can be
slightly affected due to the filtering effect [36].

3.3.2. Degradation Assay

The rate at which a scaffold degrades is an essential parameter in bone tissue engi-
neering, as it should match the rate of ECM neogenesis. The duration necessary for bone
recovery varies based on the fracture’s shape and location, the condition of the adjacent soft
tissues and individual factors such as species, age, general health and concurrent illnesses
or injuries. In general, bone healing time ranges from 6 weeks to 6 months [37–39]. There-
fore, in vitro biodegradation was studied by measuring weight loss of fiber mats in PBS at
37 ◦C for 4 weeks. Figure 9A represents the degradation ratio of PVP/MBG composites
thermally crosslinked at 165 ◦C for 24 h with different amounts of MBG incorporated into
the PVP fibers, ranging from 10 to 100% of the polymer’s mass. Pure PVP (also described
as plain PVP) was used as a control and revealed no mass loss during the assay, while the
composite with a weight percentage of MBG equal to 100% of PVP mass (also mentioned as
PVP/MBG (1:1)) revealed a mass loss around 30% after 28 days. Moreover, the data show
that scaffold mass loss increases with MBG content for the same soaking time in PBS. This
indicated that the inclusion of MBG particles accelerated the degradation rate of the fibrous
mats. It was explained as being due to the high affinity of the MBG 80S15 with water,
which increased the ability of the composites to absorb and retain water from the medium
during the incubation periods and, consequently, raised the hydrolytic degradation of
PVP fibers [40]. The MBG dissolution over time also explains the increasing mass loss of
composites with higher MBG contents.

Figure 9B,C represent the degradation assay for electrospun plain PVP membranes
and PVP/MBG (1:1) composites, respectively. The samples were thermally crosslinked at
165◦C for different times: 3, 4, 5, 8, 12 and 24 h. Generally, polymer degradation kinetics is
affected by chemical and structural characteristics. In general, both graphics show that the
degradation ratio decreases as the crosslinking times increase, except for the PVP/MBG (1:1)
composites crosslinked for 8, 12 and 24 h, which presented similar degradation ratios over
time. This behavior was expected because thermal crosslinking can enhance the thermal and
chemical stabilities of PVP to form a stable network structure [41]. However, under the same
thermal crosslinking conditions, the incorporation of MBG accentuated the degradation
ratio compared to pure PVP. Furthermore, membranes with a low degree of crosslinking
quickly led to the high exposure of MBG particles to the medium. Consequently, the
particles could be separated from PVP fibers, thus increasing the degradation ratio even
further. The degradation ratio data of PVP/MBG (1:1) thermally crosslinked for 3 h is not
shown in the graph because the samples partially lose their physical integrity. It is worth
pointing out that all samples studied showed a fast degradation ratio during the first 2 h,
then degradation was very slow or reached a plateau.
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Figure 9. Degradation assay for PVP/MBG composites (thermally crosslinked at 165 ◦C for 24 h)
with different MBG 80S15 content: 0, 10, 28, 56, 83 and 100% of PVP mass (A); degradation assay for
electrospun PVP membranes (B) and PVP/MBG (1:1) composites (C) thermally crosslinked at 165 ◦C
for different times: 3, 4, 5, 8, 12 and 24 h.

In general, the degradation ratios studied are in agreement with the overall structural
changes of the samples after 24 h of immersion in PBS (Figures 7 and 8).

3.3.3. Swelling Assay

Figure 10A,B show the swelling assay for different PVP/MBG composites depending
on MBG content and thermal crosslinking duration, respectively. For each of the membranes
studied, the water absorption continues to increase until equilibrium is reached (approximately
24 h of incubation). Plain PVP was used as a control and its swelling ratio was calculated
at around 500%, whereas the data show as the amount of incorporated MBG increases, the
swelling ratio also increases. The PVP/MBG (1:1) composite had the highest swelling ratio
around 750–800%. The hydrophilic character of PVP, the high surface area of the matrices
and the presence of MBG nanoparticles inside the fibers are factors that positively affect the
swelling capability of the scaffolds since it is dependent on the degree of water uptake by
pure polymer or composites. On the other hand, the PVP/MBG (1:1) composites crosslinked
for 8, 12, and 24 h showed different swelling capacities (Figure 10B). As discussed above,
Figure 8E–G illustrate the respective composites after 24 h of immersion in PBS. It can be
noticed that PVP fibers reduce the structural changes after being immersed in PBS as the
crosslinking time increases, thus the water uptake from the medium and the capacity to
retain such water reaches higher levels. Another study also reported the degree of swelling
of polyester elastomers is an important parameter in characterizing their crosslinking
degree [42]. Scaffolds with swelling capacity are highly desirable, particularly for drug
delivery purposes where the drug can be trapped in the polymeric composite material and
then released in a controlled manner.
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Figure 10. Swelling assay for PVP/MBG composites (thermally crosslinked at 165 ◦C for 24 h)
with different MBG 80S15 content: 0, 10, 28, 56, 83, and 100% of PVP mass (A); Swelling assay for
PVP/MBG (1:1) composites crosslinked for different times: 8, 12, and 24 h (B).

3.4. Mechanical Response—Tensile Tests

The different membranes of PVP and PVP/MBG (1:1) composites thermally crosslinked
at 165 ◦C for 8, 12, and 24 h were submitted to uniaxial stress–strain tests as shown in
Figure 11. These results allow us to investigate the effect of thermal crosslinking and MBG
nanoparticle incorporation on the mechanical properties of the electrospun matrices.

Figure 11. Representative stress–strain curves of plain PVP (A) and PVP/MBG (1:1) composite
membranes (B) crosslinked for different times: 8, 12 and 24 h.

The comparison between plain PVP (Figure 11A) and PVP/MBG (1:1) (Figure 11B)
stress–strain curves shows that mechanical properties were significantly modified with
the MBG nanoparticles incorporation. With the incorporation of MBG nanoparticles, the
composite membranes exhibit minimal plastic deformation as their rupture occurs almost
immediately after the elastic region. This behavior is characteristic of brittle materials. The
following three mechanical parameters that characterize the membranes were obtained
from the stress–strain curves: Young’s modulus (E); the yield strength (σYS); and the
ultimate tensile strength (UTS). The results for each membrane are shown in Table 2 and
corroborate the changes in the mechanical properties. The presence of MBG in the PVP
fibers implies a significant reduction in the three mechanical parameters calculated. The
Young’s modulus decreases by a factor of around 3 up to 3.5 times with the presence of
MBG nanoparticles. This decrease along with the reduction in UTS values could be justified
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by the increase in the inhomogeneity in average fiber diameter, as seen in the SEM and
TEM images of the composites. In fact, the poor dispersion of MBG nanoparticles at high
concentrations leads to the formation of clusters, which decreases the homogeneity of PVP
fibers. A higher concentration of MBG is favorable for maintaining the bioactivity of the
scaffolds, but it may also contribute to the brittle mechanical properties observed in the
composite samples. Reducing the amount of MBG particles inside the composite matrices
leads to a trade-off between high mechanical properties and bioactivity. However, the high
bioactivity of the composite fibers in necessary for BTE applications [43,44]. In fact, previous
studies have indicated that there exists a certain threshold concentration of bioactive glass
particles beyond which the nanoparticles can cause defects instead of reinforcing the
polymer matrices, resulting in increased brittleness of the nanocomposites [40].

Table 2. Calculated mechanical parameters for each membrane type: Young’s modulus (E), ultimate
tensile strength (UTS) and yield strength (σY).

Sample E (MPa) UTS (MPa) σY (MPa)

PVP 8 h crosslinking 39.2 ± 10.9 2.45 ± 0.50 2.77 ± 056

PVP 12 h crosslinking 45.7 ± 14.1 2.27 ± 0.35 2.75 ± 0.44

PVP 24 h crosslinking 70.0 ± 16.2 3.01 ± 0.28 3.39 ± 0.38

PVP/MBG (1:1) 8 h crosslinking 11.9 ± 3.4 0.22 ± 0.07 0.23 ± 0.05

PVP/MBG (1:1) 12 h crosslinking 13.2 ± 2.5 0.23 ± 0.03 0.26 ± 0.05

PVP/MBG (1:1) 24 h crosslinking 22.9 ± 3.9 0.58 ± 0.09 0.59 ± 0.07

The time of thermal crosslinking also affected the mechanical properties of the samples.
In general, the changes were very similar for plain PVP and PVP/MBG (1:1) composites.
For instance, the plain PVP samples crosslinked for 8 and 12 h exhibited similar mechan-
ical behavior under tensile forces, which also occurred for PVP/MBG (1:1) composites
crosslinked for 8 and 12 h. Furthermore, when the samples were crosslinked for 24 h, the
mechanical parameters reached higher values. The Young’s modulus increases in both PVP
and PVP/MBG (1:1) composites by a factor of around 1.8 up to 1.9 when the crosslinking
time increases from 8 to 24 h. In general, it is expected that crosslinking processes affect
the mechanical properties of polymers since new interactions between polymer chains are
being created. These results show that longer crosslinking time is responsible for enhancing
the mechanical strength of the samples. Thus, for periods of 8 and 12 h at 165 ◦C, the
crosslinking process is not yet complete, while 24 h of thermal crosslinking means higher
bonding levels between the PVP chains.

3.5. Cytotoxicity Assays

Cytotoxicity assays were performed to evaluate the cytotoxic effect of MBG powder,
electrospun PVP and PVP/MBG (1:1) composites using the extract method. Figure 12 shows
cell viability after incubation with 20 mg·mL−1 of each type of membrane studied and the
respective two-fold dilutions. In general, the results show an absence of cytotoxic effects
in Saos-2 cells, except for plain PVP membrane thermally crosslinked at 165 ◦C for 8 h and
an extract concentration of 20 mg·mL−1. This may conflict with some researchers who
have reported an increasing interest in PVP towards its use in biomedical applications
due to its inertness, chemical stability and biocompatibility [22]. To understand these
results, it is worth pointing out that PVP was previously thermally crosslinked. At elevated
temperatures, the stability of PVP decreases and leads to the opening of pyrrolidone ring
fractions. This phenomenon results in the transfer of hydrogen atoms from one radical to
another, which leads to the formation of double bonds by hydrogen donor and saturation of
acceptor by the crosslinking process [45]. Furthermore, it can be found in the literature that
the biocompatibility of PVP-based materials depends on PVP content and on changes in
pyrrolidone rings, which may lead to the consequent loss of biocompatibility [46]. There
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are few reports about the thermal crosslinking process of PVP, and the effect of MBG
nanoparticle incorporation on the thermal behavior of electrospun PVP fibers. However, the
results presented here may lead to the hypothesis that electrospun PVP matrices were not
fully crosslinked at 165 ◦C for 8 h (in concordance with tensile tests), which may indicate the
presence of open pyrrolidone rings, consequently decreasing its biocompatibility. However,
after a two-fold dilution of the extract concentration to 10 mg·mL−1, cell viability rises
to 100%. This is in concordance with the cell viability of the PVP/MBG (1:1) composite
crosslinked in the same conditions of the above-mentioned PVP membrane (165 ◦C for 8 h).
The concentration of 20 mg·mL−1 for this composite means an individual concentration
equal to 10 mg·mL−1 of both PVP and MBG 80S15. For this concentration, both individual
materials revealed no cytotoxic effects; thus the PVP/MBG (1:1) composite also revealed
the absence of cytotoxicity.

Figure 12. Osteoblast cell line viability after 48 h exposure to diverse types of PVP membranes
through indirect method (CL stands for crosslinking). Data is expressed as average ± standard
deviation for at least five independent experiments.

3.6. Bioactivity Assay

The bioactivity of MBG 80S15 pellets and PVP/MBG (1:1) composites was investigated
in vitro by soaking the samples in SBF to detect the formation of HA on the surface. The
samples were examined by SEM, XRD and FTIR.

Figure 13 shows SEM images of MBG 80S15 before and after different immersion
intervals in SBF. Before soaking in SBF solution (Figure 13A), the MBG particle’s surface
was smooth. After soaking for 24 h, the surfaces of the MBG pellets showed important
changes. The surface appeared to be completely covered by a layer consisting of crystallite
structures with needle-like shapes. EDS analysis confirmed that the chemical composition
can be assigned to an HCA phase, given a Ca/P ratio slightly lower than 1.67 (Table 3).
Furthermore, the thickness of the HCA layer continued to grow over time. After 5 days of
immersion, cauliflower-like clusters with needlelike crystallites formed spontaneously to
reduce surface energy. These clusters grew over time, so that after MBG soaking in SBF for
10 days the surface was completely covered in cauliflower-like clusters.
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Figure 13. SEM images of MBG 80S15 before (A) and after soaking in SBF for 1 day (B), 3 days (C),
5 days (D) and 10 days (E).

Table 3. Atomic concentration (At. %) of silicon (Si) and respective Ca/P ratio during the bioactivity
assay of the different types of membrane studied and MBG 80S15 pellets before (control) and after
soaking in SBF for 1, 3, 5 and 10 days. These results were obtained from EDS analysis (CL stands
for crosslinking).

EDS (At. %) Control 1 Day 3 Days 5 Days 10 Days

Sample Ca/P Si Ca/P Si Ca/P Si Ca/P Si Ca/P Si

MBG 80S15 pellet 1.16 75.39 1.60 69.76 1.59 9.01 1.52 8.46 1.58 2.24

PVP/MBG (1:1) 8 h CL 1.49 73.59 1.48 89.89 0.75 85.96 1.23 34.48 1.64 0.60

PVP/MBG (1:1) 12 h CL 1.49 73.59 1.05 92.32 1.13 36.11 1.58 31.73 1.83 5.75

PVP/MBG (1:1) 24 h CL 1.49 73.59 1.43 85.69 1.47 77.99 3.72 85.66 1.22 66.24

The XRD results of the MBG 80S15 pellets soaked in SBF for 1, 3, 5 and 10 days are
shown in Figure 14A. As mentioned before, MBG showed the common broad band of
amorphous materials at about 15–35◦ (2θ) before soaking in SBF. After 1 day of immersion
in SBF, the XRD pattern of MBG 80S15 showed a major peak located at 32◦ (2θ) and another
peak located at 26◦ (2θ), which are assigned to the (211) and (002) reflection of an apatite-
like phase [14]. After soaking for 3 days, the four new diffraction peaks at 39, 46, 49 and 53◦

(2θ) were assigned to the (310), (222), (213) and (004) reflections of HCA, respectively. As
the immersion and mineralization time increased to 5 days, the diffraction peaks became
more intense. The above-mentioned newly formed diffraction peaks are in accordance
with the standard card of HCA (JCPD 24-0033). The XRD results demonstrate that MBG
80S15 has good bioactivity in vitro and its mineralization product is HCA. Furthermore,
the crystallinity of HCA became higher as immersion time increased [1].

The growth of HCA on MBG 80S15 surface was further investigated by FTIR spectroscopy
analysis. Figure 14B illustrates the IR spectra for MBG 80S15C samples after the same time
periods soaked in SBF that were studied by SEM. Before immersion in SBF, the adsorption
bands at 800 and 1040 cm−1 can be indexed to Si-O-Si bonds. However, when soaking
in SBF for 3 days, three P–O crystalline vibrational bands near to 568, 602 and 963 cm−1

were detected (the noise near 500 cm−1 hindered the accurate analysis of the 568 cm−1
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band). Furthermore, three other new vibrational bands were detected near to 1456, 1414 and
870 cm−1, which are assigned with C-O bond indicating the growth of the HCA layer on the
surface of MBG 80S15 [47–49].

Figure 14. XRD patterns (A) and FTIR spectra (B) of MBG 80S15 after soaking in SBF for different
periods of time.

The above SEM, XRD and FTIR results indicate that the MBGs 80S15 can induce the
formation of an HCA layer on their surface even for short SBF soaking periods, which
corroborates the superior in vitro bone forming bioactivity, pointing out the interesting
properties of the MBG 80S15 as a material for bone tissue engineering.

The ability of a biomaterial to form an HCA layer on its surface when exposed to SBF
is often used to estimate its bone-bonding potential. In order to study the formation of this
layer, the PVP/MBG (1:1) composite scaffolds were also analyzed by SEM, XRD and FTIR
before and after being soaked in SBF. Furthermore, the bioactive behavior of the composite
scaffolds is also dependent on the degradation ratio of the polymeric matrices, which in
turn is dependent on the crosslinking conditions. To study the best crosslinking conditions
considering the effect on enhancing the bioactivity of the scaffolds, the bioactivity assay
was carried out on scaffolds crosslinked at 165 ◦C for 8 h (Figure 15), 12 h (Figure 16) and
24 h (Figure 17). SEM analysis reveals the surface morphology of the scaffolds before and
after soaking in SBF for 1, 3, 5 and 10 days. After immersion for 1 day, the surface of the
samples crosslinked for 8, 12 and 24 h becomes rougher. The samples’ porosity decreases
when compared with the samples before immersion in SBF: this effect is more accentuated
for the samples crosslinked for 8 and 12 h. Several precipitates were clearly observed on
the nanocomposite surface over the immersion period. However, this effect is delayed in
samples crosslinked for 24 h, probably due to the slower degradation of the PVP fibers
hindering contact between the MBG glass particles and the medium. The bioactivity of the
scaffolds can be clearly seen in the samples crosslinked for 8 and 12 h with the micrographs
showing the spherical structures associated with the typical cauliflower-like structure.
However, there are PVP fibers that have not completely degraded yet. Figure 15E and
the respective inset micrograph show that HCA growth stretches the PVP fibers. This
phenomenon can accelerate the degradation rate of the scaffolds when compared with the
degradation rate studied for immersion in PBS. It is worth pointing out that the above-
mentioned makes it impossible to evaluate the bioactivity of composites crosslinked for 3,
4 or 5 h since the samples did not keep their physical integrity when soaked in SBF.
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Figure 15. SEM images of PVP/MBG (1:1) composite crosslinked for 8 h before (A) and after soaking
in SBF for 1 day (B), 3 days (C), 5 days (D) and 10 days (E) and respective inset micrograph at
higher magnification.

Figure 16. SEM images of PVP/MBG (1:1) composite crosslinked for 12 h before (A) and after soaking
in SBF for 1 day (B), 3 days (C), 5 days (D) and respective inset micrograph and 10 days (E).

EDS analysis (Table 3) of the nanofibrous mats surface before and after soaking in SBF
allowed the determination of the atomic concentration of silicon, calcium and phosphorus,
respectively. In general, there was a decline in silicon concentration while calcium and
phosphorus concentrations increased over time for all the samples. Moreover, the earliest
apatite precipitate is usually “Ca-deficient”, exhibiting a Ca/P ratio below 1.67. Throughout
the HCA layer formation, the HA fraction theoretically increases, and the Ca/P ratio also
increases asymptotically towards Ca/P ≈ 1.67 (for the times studied this observation is not
obvious through EDS analysis) [50].
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Figure 17. SEM images of PVP/MBG (1:1) composite crosslinked for 24 h before (A) and after soaking
in SBF for 1 day (B), 3 days (C), 5 days (D) and respective inset micrograph and 10 days (E) and
respective inset micrograph.

In general, the SEM analysis of the bioactivity assay of PVP/MBG (1:1) composites
revealed quite similar results considering the HCA precipitation for samples crosslinked
for 8 and 12 h, while the HCA precipitation on fibers’ surface seems to be delayed for the
samples crosslinked for 24 h.

To confirm the formation of the HCA layer on fiber’s surface, the PVP/MBG (1:1)
composites thermally crosslinked for 8, 12 and 24 h were also analyzed by XRD and
FTIR before and after being soaked in SBF. XRD patterns are illustrated in Figure 18A,C,E.
All samples exhibited no diffraction peaks before soaking in SBF, as expected due to the
amorphous structure of both MBG and the PVP. However, significant changes in the XRD
patterns occur after immersion in SBF for the three types of composite membranes. The
samples crosslinked for 8 h revealed different diffraction peaks as the immersion time
increased at 2θ = 26◦, 32◦, 40◦, 46◦, 49◦, 53◦ and 57◦, which correspond to the reflection
of crystalline planes with the Miller indices (002), (211), (310), (222), (213), (004) and (322),
respectively. In the case of composites crosslinked for 12 h, as the SBF immersion time
increased, the XRD patterns show diffraction peaks at 2θ = 32◦, 46◦, 53◦ and 57◦, which
correspond to the reflection of crystalline planes with the Miller indices (211), (222), (004)
and (322), respectively. Lastly, in the above-mentioned conditions, the XRD patterns of
the composites crosslinked for 24 h show diffraction peaks at 2θ = 26◦, 32◦, 46◦ and 57◦,
which correspond to the reflection of crystalline planes with the Miller indices (002), (211),
(222) and (322), respectively. As previously discussed for MBG 80S15 bioactivity assay, the
newly formed diffraction peaks for the three types of polymeric composites studied are in
concordance with the standard card of HCA (JCPD 24-0033).

104



Biomimetics 2023, 8, 206

Figure 18. XRD patterns and FTIR spectra of PVP/MBG (1:1) composites crosslinked for 8 h (A,B),
12 h (C,D) and 24 h (E,F) after soaking in SBF for different periods of time: 1, 3, 5 and 10 days.

These XRD results are in accordance with FTIR analysis (Figure 18B,D,F), revealing the
formation of the HCA structure. Starting with the FTIR spectrum of PVP/MBG (1:1) before
immersion in SBF, the following absorption bands are assigned to PVP: the band located
around 1648 cm−1 can be ascribed to the stretching vibration of the C=O in the pyrrolidone
group; the broad band near to 2850–3000 cm−1 is associated with CH stretching modes,
which can be assigned to five overlapping signals: asymmetric CH2 stretching (polymer
chain: 2983 cm−1, ring: 2954 cm−1), symmetric CH2 stretching (polymer chain: 2919 cm−1;
ring: 2885 cm−1) and ternary CH (2852 cm−1); the bands at 1427 cm−1 and 1372 cm−1

also correspond to the CH deformation modes from the CH2 group; the absorption bands
at 1288 cm−1 are related to C–N bending vibration from the pyrrolidone structure [51].
The absorption bands at 470 (not seen in the graphs due to noise), 802 and 1058 cm−1 can
be assigned to Si-O-Si bonds of the MBG 80S15. After immersion in SBF, the membranes
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crosslinked for 8 and 12 h showed similar FTIR spectra over time: the P–O symmetric
stretching vibrational bands near 970 cm−1 were detected (the noise near 500 cm−1 hindered
the accurate analysis of the other two characteristics bands of the P–O bond: 568 and
600 cm−1, associated with bending modes); after 5 days of immersion in SBF, the vibrational
band near 970 cm−1 was no longer detected due to the shift of the 1058 cm−1 band assigned
to Si-O-Si band. This shift was related to the overlap of a new band at 1036 cm−1, which is
associated with the asymmetric stretching of P–O bond [52]; three vibrational bands near
1458, 1417 and 880 cm−1 were also detected and assigned to the C-O bond. However, it
was noticed that the bands near 1458 and 1417 cm−1 increased in intensity over immersion
time, while the band at 880 cm−1 revealed only a slight change in intensity.

The above-mentioned changes in the FTIR spectra were not detected for the samples
crosslinked for 24 h, except for the shift associated with the new band at 1036 cm−1 after
10 days after immersion in SBF. The FTIR analyses are in accordance with the SEM results,
indicating the growth of the HCA layer over time, which seems to be delayed for the
scaffolds crosslinked for 24 h.

Hench has reported a detailed analysis of the reactions involved in the five-stage
mechanism of apatite formation upon contact of BGs with SBF. The five stages include:
(1) rapid ion exchange of alkali ions with hydrogen ions from the liquid medium, (2) disso-
lution of the glass network, (3) polymerization of silica gel and (4 and 5) chemisorption
and crystallization of the carbonated hydroxyapatite layer [53]. Stages (1) and (2) explain
the fading of the band at 802 cm−1 (Si-O-Si), which was noticed in all the scaffolds studied.
Furthermore, stages 1 and 2 strongly depend on PVP degradation rate, thus allowing us to
state that crosslinking directly affects the bioactivity of the polymeric composite scaffolds
studied. On the other hand, as shown in the swelling assay, the high wettability of PVP
may favor SBF interaction with MBG nanoparticles, allowing apatite mineralization inside
PVP fibers and subsequent growth in the radial direction [54].

The findings of this study are consistent with previous research that has demonstrated
that the inclusion of BG particles in polymeric matrices enhances the in vitro formation of
hydroxyapatite on the surface of nanocomposites when exposed to an SBF medium. For
instance, Lin et al., [55], Allo et al., [56] and Liverani et al. [43] performed different studies
and achieved similar conclusions. The researchers found that the incorporation of bioactive
glasses into PCL [55,56] and PCL/chitosan [43] nanofibrous matrices significantly enhanced
their apatite-formation ability in SBF compared with individual polymeric membranes.
In addition, according to Han et al. [57], composite nanofibers demonstrated superior
bioactivity compared to pure PAN-based carbon nanofibers. Additionally, Yang et al. [58]
observed that the addition of BG nanoparticles to carbon nanofiber composites increased
the rate of heterogeneous apatite nucleation [54].

4. Discussion and Conclusions

In general, the main goals proposed here have been achieved, confirming the hypothe-
sis put forward at the beginning of this study. The composites produced can be used as
bone scaffolds considering their inherent properties.

The characterization of the MBG 80S15 produced revealed the desired properties for
BTE, i.e., non-toxic effects on the Saos-2 cell line and enhanced bioactivity considering the
rapid HCA layer formation within the first 24 h after immersion in SBF. This is directly
related to the high surface area of the MBG 80S15 powder due to its mesoporosity, thereby
increasing MBG reactivity through the accelerated ion exchange with the medium.

The MBG 80S15 powder was successfully incorporated into the PVP-fibrous mats by
means of electrospinning. The resulting composite materials were thermally crosslinked to
reduce PVP water solubility, aiming to tailor the degradation ratio of PVP and PVP/MBG
(1:1) mats. The literature reports the formation of some radicals in the temperature range of
150 to 200 ◦C, which can be attributed to the dissociation of methylene of the pyrrole ring
or the methine of the main polymer chain. As a result, crosslinks in the polymer chains are
formed [59,60].
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In general, all PVP/MBG (1:1) composites thermally crosslinked at 165 ◦C for 8, 12 and
24 h showed HCA-forming ability. However, the impact of thermal crosslinking duration
on scaffolds’ bioactivity should be considered as previously discussed. When the scaffolds
were thermally crosslinked at 165 ◦C for 8 and 12 h, the bioactivity displayed similar results,
whereas the scaffolds crosslinked for 24 h showed slower reactivity. Future experiments
should be carried out to study the relation between thermal crosslinking conditions and ion
release from the composites to the medium, in order to compare the HCA layer formation.

These polymeric scaffolds also revealed the absence of cytotoxic effects on Saos-2
cells as intended for BTE applications. Moreover, the degradation ratio and swelling
capacity of the resulting composites can be tailored by varying the amount of MBG powder
incorporated or the crosslinking conditions. It is worth pointing out the importance of
thermal crosslinking conditions due to the direct relationship between swelling capacity,
degradation ratio and MBGs’ ion exchange with the medium. Consequently, the bioactivity
of the composites depends on crosslinking conditions.

The overall results indicated that the described electrospun nanocomposite fiber mats
are promising bone scaffolds, as they combine the high bioactivity of MBG 80S15 nanosized
powder and the benefit of the flexibility of electrospun PVP mats. The major hurdle to
face is to combine bioactivity and mechanical strength, since the results showed a trade-
off between bioactivity and mechanical strength in PVP/MBG (1:1) scaffolds. This effect
resulted from the inhomogeneity of PVP nanofibers’ diameter with the incorporation of
large amounts of MBG powder, which tends to agglomerate and form clusters.

For future work, it would be interesting to study the properties of these composites
using in vivo models, in order to assess the ability of the scaffolds to induce osteogenesis
and angiogenesis. Moreover, it would be of great interest to encapsulate other biomaterials
within PVP fibers, such as magnetic nanoparticles or drugs, in order to perform local treat-
ment of bone disease through magnetic hyperthermia or drug delivery and simultaneously
induce bone regeneration.

Considering the results presented, the scaffolds thermally crosslinked for 12 h showed
the most promising results. These scaffolds showed rapid HCA layer formation, which
was comparable to that obtained for scaffolds thermally crosslinked for 8 h. However,
the composites crosslinked for 12 h are easier to handle, e.g., they keep their physical
properties for longer periods when immersed in SBF solution. They also revealed high
biocompatibility and suitable swelling capacity for further drug delivery applications
combined with BTE.
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Abstract: Ceramic biocomposites based on bioactive tricalcium phosphate doped with metal ions are
a strategy for obtaining good biomimetics for human bone composition. Manufacturing with PMMA
porogen also induces bone-like porosity morphology. The poor strength of tricalcium phosphate can
be overcomed by designing ceramic composites reinforced with tetragonal and cubic zirconia. In this
work, five different bioceramic composites were manufactured without and with induced porosity
and their physical, mechanical, microstructural, and biological properties were studied. With the
addition of tetragonal and cubic zirconia, an improvement in strength of 22% and 55%, respectively,
was obtained, corresponding to up to 20.7 MPa. PMMA was suitable for adding porosity, up to 30%,
with interconnectivity while an excellent hOB cellular viability was achieved for all biocomposites.

Keywords: bioceramic composites; TCP; ZrO2; metal ions; bone regeneration; biocompatibility

1. Introduction

The average life expectancy has increased, causing the aging of the world population.
With this, health complications related to joints and bone tissue, such as osteoporosis and
osteoarthritis, can arise [1,2]. Therefore, finding alternatives that provide quality of life to
the patient is essential. Inert bioceramics (e.g., zirconia, ZrO2), do not form biochemical
bonds with surrounding tissues, i.e., do not react with the body [3]. Physical, chemical, and
mechanical properties such as high compressive strength, wear and corrosion resistance,
hardness, elastic modulus similar to that of steel, high fracture toughness, and stability in a
physiological environment, make ZrO2 a material of the highest interest for the manufacture
of orthopedic and dental prostheses [2,4].

At room temperature and in pure form, ZrO2 has a stable monoclinic crystalline
structure (m-ZrO2) up to 1170 ◦C. With increasing temperature, it becomes metastable:
tetragonal (t-ZrO2) stable up to 2370 ◦C and above this temperature, cubic (c-ZrO2) [4–6].
The m-ZrO2 is not suitable for high temperature applications due to the volume expan-
sion associated with the transformation of t-ZrO2 to m-ZrO2 [7,8], known as martensitic
transformation [5,9]. In this transformation there is an increase in volume of approximately
4.5% during cooling [6,8] which is detrimental to the mechanical behavior of ZrO2 because
the stress induced during this transformation leads to the formation of cracks [5]. In this
sense, it can be concluded that the oral environment is a strongly predisposing factor for
uncontrolled martensitic transformation [6].

Stabilizers such as yttrium oxide (Y2O3) can be added to ZrO2 to inhibit the transfor-
mation of the t-phase to m-phase. Briefly, this addition results in the part of the Zr+4 atoms
being replaced by Y+3 atoms, stabilizing the polymorphic modifications of ZrO2 when
subjected to the sintering process. This avoids the volume variations caused by phase
transformations [6,10] that form yttrium-stabilized zirconia (YSZ), where 3YSZ is mostly
tetragonal and 8YSZ is mostly the cubic crystalline phase [11]. However, several studies
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describe that the use of Y2O3 has disadvantages mainly in its degradation at low tem-
perature; this phenomenon is known as “Aging Phenomenon” while its use is limited by
unpredictable behavior in the body [1,6,9,12].

On the other hand, active bioceramics can establish connections with the surrounding
tissue and suffer progressive degradation as the new tissues form [13]. TCP can be used in
cement and bone implants for its bioactivity, osteoinduction, and bioresorbability [14,15].
By its reabsorbable nature, part of the material dissolves, providing raw material for the
growth and maintenance of the new tissue, facilitating osteoconduction [13,16]. Chemically,
it is Ca3(PO4)2 and characterized by a Ca/P ratio 1.5 [17]. As a function of the temperature
at which it is sintering, it can present three polymorphic forms: β-TCP (~<1150 ◦C), α-TCP
(~1150–1460 ◦C), and α’-TCP (~>1460 ◦C) [18,19].

Metal ions such as magnesium (Mg2+), manganese (Mn2+), zinc (Zn2+), iron (Fe3+),
and strontium (Sr2+), among others, can be added to form biomimetic bone composition
and also improve several properties of these bioceramics [14,20]. Considering the cations
in the human body, magnesium is the fourth in abundance and the second intracellular
cation in tissues [21,22]. The human body contains about 30 g of magnesium, 50% stored
in bones [23]. Magnesium plays a vital role in many enzymatic reactions, among which
are the transmission of nerve impulses and the synthesis of fatty acids and proteins. Also,
Mg2+ has an elemental role in biology because ATP needs to be bound to a magnesium
ion to be biologically active as well as in the formation of the transition state where ATP
is synthesized from ADP and inorganic phosphate. Mg2+ ions can replace Ca2+ ions
by increasing the transformation temperature of β to α, stabilizing β-TCP, increasing
mechanical strength, and improving osteoblast function and biocompatibility. Moreover,
Mn2+ ions improve mechanical properties and corrosion resistance, while Zn2+ improves
osteoblast function, corrosion resistance, and has antibacterial action. Other cations, such
as Fe3+ preserve the structural stability of bioceramics and increase osseointegration, while
Sr2+ inhibits bone resorption and stimulates the proliferation of osteoblasts and bone
formation [14,20,24–29].

However, besides the essential effect of metal ions for human life, higher doses can be
toxic [23]. For instance, levels of Mg2+ above 1.1 mM are generally considered hypermag-
nesemic. This effect promotes patients clinically to suffer from nausea, vomiting, lethargy,
headaches, and/or flushing. When Mg2+ levels rise above 3.0 mM, it can cause serious heart
defects, characterized by brachycardia, hypotension, and in extreme hypermagnesemia can
result in coma, asystole, and death from cardiac arrest [22].

Manganese (Mn2+) ions accumulate in the bones, liver, pancreas and mainly in the
brain. Pathologies, as polycythemia, dystonia, hepatic cirrhosis, have been related to
excess of manganese. In particular, symptoms as in Parkinsonism have been reported
to overexposure of manganese. The molecular mechanisms involved include oxidative
stress, protein misfolding, apoptosis, mitochondrial dysfunctions, and interference in the
homeostasis of other metal essential ions. The Mn2+ amount should not exceed 5 mg/m3,
even for short periods; however, its toxicity depends on its chemical form: -Mn2+, the
common form, is not dangerous but MnO4

− is very toxic [23].
High concentration of Zinc (Zn2+) can be found in vesicles in the brain, in bones,

and in muscles. It is reported that the recommended dose is around 15 mg/day [23].
Poisoning with zinc phosphide, a rodenticide, causes cardiovascular, respiratory, renal, and
hepatobiliary failure, among other complications [30].

In vitro studies have shown that high doses of iron could lead to osteoblast apoptosis
via caspase 3. Iron overload also decreases the formation of mineralization nodes and
inhibits growth of hydroxyapatite crystals, altering their crystallinity [30]. The toxicity
generated by the excess of iron can cause cirrhosis, liver carcinoma, heart failure, diabetes
mellitus, and osteoporosis. Therefore, in the presence of molecular oxygen, loosely bound
iron is able to undergo a redox cycle (Fe3+/Fe2+) generating poisonous oxygen-derived free
radicals [23].
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For successful applications, bone structures must mimic the porosity of native bone and
allow it to grow through the interconnectivity of the structure [31]. Polymethylmethacrylate
(PMMA) has been considered for its particular characteristics, such as mechanical strength,
moldability to fill complex defects, low cost, having approval by the FDA and with clean
and easy thermal elimination at high temperatures [32–34].

The aim of this work was to produce dense ceramic biocomposites and PMMA induced
porous ceramic biocomposites, both compositions based in TCP, doped with metal ions
of magnesium (Mg2+), manganese (Mn2+), zinc (Zn2+), and iron (Fe3+). The two types of
manufactured samples were reinforced with 10 wt% and 20 wt% of tetragonal zirconia
(3YSZ) and cubic zirconia (8YSZ). A detailed evaluation of their physical, mechanical,
microstructural, and biological properties was performed.

2. Materials and Methods
2.1. Materials and Manufacture Methods

Following the procedure described in the literature [14], TCP was doped with 10
mol% of Mg2+ and 5 mol% of a mixture of Zn2+, Mn2+, and Fe3+, totaling 15 mol% of
metal ions. Being similar to the maximum amount of Ca2+ ions that can be replaced
in the TCP structure, substituted TCP (sTCP) was obtained in this way [24]. For this
purpose, calcium carbonate (CaCO3, PanReac AppliChem, Barcelona, Spain), ammonium
phosphate dibasic ((NH4)3HPO4 Acros organics, Geel, Belgium, 98+%, CAS: 423375000),
magnesium oxide (MgO, Alfa Aesar, Ward Hill, MA, USA, 96% min, CAS: 1309-48-4),
manganese (II) oxide (MnO, 99%, Alfa Aesar, Ward Hill, MA, USA, CAS 011870-36), iron
(III) oxide (Fe2O3, 99.9%, Alfa Aesar, Ward Hill, MA, USA, CAS: 1309-37-1), and zinc
oxide (ZnO, 99.0%, PanReac AppliChem, Barcelona, Spain, CAS: 1314-13-2) were used.
Also, ZrO2 stabilized with 3 mol% of yttrium (3YSZ, TZ-3Y, t-ZrO2, Tosoh, Tokyo, Japan,
Lot: Z308782P), ZrO2 stabilized with 8 mol% of yttrium (8YSZ, TZ-8Y, c-ZrO2, Tosoh,
Tokyo, Japan, Lot: Z807724P), and PMMA microspheres (Acros Organics, Geel, Belgium,
CAS: 9011-14-7), with average size of 100 µm, were also added to induce porosity in some
samples. Calcium carbonate, ammonium phosphate dibasic, 10 mol% of Mg, and 1.67 mol%
of Zn2+, 1.67 mol% of Mn2+ and 1.67 mol% of Fe3+ in total amount of 50 g was mixed
with 100 g of isopropyl alcohol (Labchem, Laborspirit, Santo Antão do Tojal, Portugal) in
a high energy ball mill (Fritsch, Pulverisette 6, Idar-Oberstein, Germany) at 500 rpm for
150 min, divided into cycles of 30 min. To promote this mixing and simultaneous milling
process, 50 g of YSZ spheres (Fritsch, Idar-Oberstein, Germany) were used. The mixture
was dried in a stove (Carbolite, NR200-F, Derbyshire, UK) at 60 ◦C for 48 h. After this
process, the mixture was sieved (Retsch, AS200, Düsseldorf, Germany) up to 63 µm to
remove the YSZ spheres and some agglomerates. The laser diffraction method (Beckman
Coulter, LS200, Brea, CA, USA) was used to analyzed the particle size distribution of the
powders after milling. Then, the powder was placed in crucibles and calcined in an electric
furnace (Termolab, MLR, Águeda, Portugal) in air for 10 h at a temperature of 1000 ◦C.
After calcination of the sTCP reference material, the other four ceramic composites with
3YSZ and 8YSZ were mixed according to the compositions and nomenclatures summarized
in Table 1.

To each of the compositions with YSZ, 3YSZ and 8YSZ were added according to the
corresponding mass fraction. Then, 15 g of the doped or substituted TCP (sTCP) was added
according to the mass fraction, and 15 g of YSZ balls and 30 g of isopropyl alcohol were
mixed in a high energy ball mill [35]. The milling, drying, and sieving processes occurred
under the previous conditions. The particle size distribution (PSD) of the powders of the
reference material (sTCP, which give rise to the material designated 10T) and the other
compositions with the mixture between 80% of sTCP, 20% of cubic zirconia (8T2cZ), and
20% of tetragonal zirconia (8T2tZ) are shown in Figure 1.
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Table 1. Nomenclature and composition of the materials studied in molar fraction (xi), volumetric
fraction (vi) and mass fraction (wi).

Materials
Molar Fraction

xi

Volumetric Fraction
vi

Mass Fraction
wi

sTCP 3YSZ 8YSZ sTCP 3YSZ 8YSZ sTCP 3YSZ 8YSZ

10T 1 0 0 1 0 0 1 0 0

9T1tZ 0.7814 0.2186 0 0.9473 0.0527 0 0.9 0.1 0

8T2tZ 0.6138 0.3862 0 0.8888 0.1112 0 0.8 0.2 0

9T1cZ 0.7814 0 0.2186 0.9468 0 0.0532 0.9 0 0.1

8T2cZ 0.6138 0 0.3862 0.8877 0 0.1123 0.8 0 0.2
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Figure 1. Particle size distribution of powders of the mixtures 10T (sTCP), 8T2cZ, and 8T2tZ: (A) dif-
ferential volume; (B) cumulative number.

The PSD of 10T powders is bimodal: with a major peak at 10 µm and another minor
peak at 1 µm. Both compositions have zirconia (8T2cZ and 8T2tZ) present, instead of one,
with two small minor peaks of 0.5 and 1.8 microns, respectively.

To induce porosity, PMMA spheres were added to each of the five compositions in the
mass fraction 60:40 (each of the five compositions: PMMA, respectively). In order to obtain
a homogeneous mixture, the mixture was placed in the Fritsch mill for 20 s at 500 rpm.

Cylindric pellets of bioceramic composites with mass of ~0.65 g, ~13 mm diameter and
3 mm thickness were made using a universal electromechanical testing machine (Shimadzu,
AGS-X, Kyoto, Japan) with a 13 mm diameter stainless steel matrix in which uniaxial
pressure of 50 MPa was applied for 10 s. Then, the samples were sintered in air at a
temperature of 1300 ◦C for 120 min with a heating rate of 5 ◦C/min.

2.2. Microstructural and Mechanical Characterization

To confirm if the doping reaction occurred, the XRD test was performed in the dense
biocomposites 10T, 8T2tZ, and 8T2cZ, since 8T2tZ and 8T2cZ have the highest concentration
of each ZrO2 studied and 10T the same concentration of each ion without the addition
of 3YSZ and 8YSZ. An X-ray diffractometer (DMAX III/C, Rigaku, Tokyo, Japan) with
the Bragg-Brentano (θ/2θ) horizontal geometry was used. The X-ray tube of copper
(wavelength of 1.5405 Å) operated at 40 kV at 30 mA using CuKα radiation. The intensity
of diffracted radiation as function of the 2θ diffraction angle was obtained between 5◦ and
90◦. The diffractograms obtained were compared with the theoretical cards available in
the ICDD database of the MDI/JADE, version 6 analysis software. The contents of each
crystalline phase of the compositions in %vol were quantified through Rietveld refinements
using the FullProf software, version May2021 [36]. Scanning electron microscopy (SEM)
(Hitachi S-2700, Tokyo, Japan), was performed for microstructure imaging by applying
the SE mode at an accelerating voltage of 20 kV. Chemical analysis was performed using
SEM with energy dispersive X-ray probe (EDX, Brucker Quantax 400, Elk Grove Village, IL,
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USA). This analysis was carried out using the average of three different areas, where the
gold peaks were not considered and all other peaks corresponding to Ca, P, and O and also
the metals such as Zr, Mg, Mn, Fe, and Zn were quantified.

Fourier transform infrared spectroscopy (FTIR) was performed using a NicoletTM iS
10 FTIR spectrometer (Thermo Scientific Inc., Waltham, MA, USA). Infrared spectra were
recorded in the range of 525–4000 cm−1 at ambient temperature and with a resolution of
4 cm−1 (32 scans).

Apparent porosity and bulk density were measured according to ASTM C20-00 [37].
In this procedure three different weights, in grams, were calculated: dry sample weight (D),
saturated weight (W), after boiling for 2 h and resting 12 h entirely covered with water, and
suspended immersed in water weight (S). Considering the density of the water equal to
1 g/cm3, the apparent porosity, P, in %, expressing the relationship of the volume of the
open pores in the specimen to its exterior volume, is calculated using Equation (1):

P =
W − D
W − S

× 100 (1)

The bulk density, BD, in g/cm3, is the quotient of its dry weight divided by the exterior
volume, including pores, and is calculated by Equation (2):

BD =
D

W − S
(2)

The diametral compression test was conducted with a universal electromechanical
testing machine (Shimadzu, AGS-X, Japan) with a load cell of 10,000 N [38] and a displace-
ment rate of 0.5 mm/min [39]. The tensile strength, σx, was determined by Equation (3)
where F corresponds to the maximum force applied, d, the diameter, and e, the thickness of
the cylindric sample:

σx =
2× F

π × d× e
(3)

In Figure 2, the illustrations of dense and porous ceramic samples are observed after
the fracture occurs during the diametral compression test.
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Figure 2. Illustration of a valid diametral compression test: (a) 10T and (b) 8T2tZ dense samples;
(c) 10T, and (d) 8T2tZ porous samples.

2.3. Biological Characterization

The resazurin assay [40] was used to evaluate the cytocompatibility of bioceramic
composites in human osteoblasts (hOB). Thus, a cell line of hOB (Cell Applications, Inc.,
San Diego, CA, USA), t-flasks of 75 cm3 cell culture (Orange Scientific, Braine-l’Alleud,
Belgium), Dulbecco’s Modified Eagle Medium/Nutrient F-12 (DMEM-F12, Sigma-Aldrich,
Sintra, Portugal), sodium bicarbonate (NaHCO3, Labchem, Laborspirit, Santo Antão do
Tojal, Portugal, CAS: 144-55-8), double deionized water (ultrapure water, obtained using
an ultrapure water purification system Milli-Q Advantage A10, filtered at 0.22 µm and
18.2 MΩ cm at 25 ◦C), bovine fetal serum (FBS, Biochrom AG, Berlin, Germany, CAS: 9014-
81-7), trypsin (Sigma-Aldrich, Sintra, Portugal, CAS: 9002-07-7), resazurin (Sigma-Aldrich,
Sintra, Portugal, CAS: 62758-13-8), spectrofluorimeter (SpectraMax Gemini EM Molecular
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Devices, San José, CA, USA), scanning electron microscope (Hitachi, S-3400 N, Tokyo,
Japan) and a turbomolecular pumped coater (Quorum Technologies, Q150R ES, Lewes,
UK) were used.

Discs similar to those used in the mechanical characterization (Figure 2) of ~13 mm in
diameter and 3 mm in thickness were broken into six identical parts, and before starting
the biological tests, were sterilized by ultraviolet irradiation (UV) for 1 h [1]. The cells
were seeded at a density of 15,000, 10,000, and 2500 cells/well in three 48-well plates for
24 h at 37 ◦C. Then, the medium was removed, and the cells were incubated with 10% of
material in relation to the well area [41] and 300 µL of DMEM-F12 in all wells. After 1,
3, and 7 days of incubation, the medium and the material were removed and the hOB
were incubated with 220 µL resazurin 10% (v/v) [40,42]. Cell viability was determined
by measuring resorufin fluorescence at λex = 545 nm and λem = 590 nm [40,42]. The plate
corresponding to day 1 of incubation with material contained a density of 15,000 cells/well,
day 3, 10,000 cells/well, and day 7 plate, 2500 cells/well. Negative control (K−) cells
were incubated only with culture medium and positive control (K+) cells were incubated
with bleach.

The cellular attachment to porous biocomposites was assessed by SEM analysis in
BSE 3D mode (Backscattered electrons) with an acceleration voltage of 20 kV. The cells
were fixed with 500 µL of glutaraldehyde at 2.5% (v/v) for 1 h. After, the samples were
dehydrated with increasing ethanol concentrations (50, 70, and 99%) for 5 min each, frozen
at −80 ◦C for 1 h and freeze-dried for 3 h. Then, the samples were coated with gold using a
turbomolecular pumped coater.

3. Results and Discussion
3.1. Microstructural Properties

Representative SEM micrographs of the fracture surfaces of the sintered ceramic
composites are shown in Figure 3. In all cases there are mixed fracture surfaces, that is,
transgranular (examples illustrated by letter “T” in Figure 3) and intergranular fractures
(examples illustrated by letter “I” in Figure 3). Regarding porosity, it is evident that
an interconnected porosity network exists even in dense biocomposites. In addition to
perfectly spherical pores, that is, pores caused by PMMA spheres, more elongated pores
are also observed.

The macropores caused by the PMMA spheres, visible in the image at 200×magnifica-
tion, present an average size of 100 µm, between 120–150 µm and between 110–140 µm for
the 10T, 8T2tZ, and 8T2cZ biocomposites, respectively. In this way, bone growth and cell
colonization have good conditions to occur.

XRD assays were performed to confirm the presence of ZrO2 crystalline phases in the
dense biocomposites 8T2tZ and 8T2cZ. Figure 4 shows the X-ray diffraction spectra of the
analyzed biocomposites. In the 10T biocomposites, in addition to other small, identified
peaks, four main peaks of higher intensity were identified for 2θ = 27◦, 32◦, 34◦, and 53◦

that correspond to β-TCP and are coincident with their theoretical card. The predominant
structure is β-TCP (~78%vol according to Table 2). Also, in 10T samples, HA is the second
most present phase, and α-TCP, with a very low value, can be neglected. The existence of
α-TCP was not expected, because of the doping of TCP with 10% MgO. According to the
literature [24], with the addition of Mg2+ to TCP, the transformation temperature of β-TCP
to α-TCP is expected to increase. This is also promoted by the relative high temperature
of sintering. In biocomposites 8T2tZ and 8T2cZ, four main peaks were identified for
2θ = 30.2◦, 31.1◦, 50.4◦, and 59.7◦ corresponding to t-ZrO2, β-TCP, t-ZrO2, and also t-ZrO2,
respectively, for 8T2tZ; in 8T2cZ main peaks for 2θ = 30◦, 31.1◦, 50.1◦ and 59.7◦ were
identified, corresponding to c-ZrO2, β-TCP, c-ZrO2, and also c-ZrO2, respectively. For both
cases, the peaks coincide with the respective theoretical cards.
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Figure 3. SEM characteristic fracture surfaces of the ceramic biocomposites. Dense biocomposites
with a magnification of 1000× and 5000× and porous biocomposites with a magnification of 100×
and 200×. Examples of transgranular and intergranular fracture surfaces are illustrated by letters “T”
and “I”, respectively.
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Table 2. Quantitative analysis (%vol) of XRD for bioceramic composites 10T, 8T2tZ, and 8T2cZ, by
Rietveld refinement.

Phases (%vol) 10T 8T2tZ 8T2cZ

β-TCP 77.60 ± 0.00 71.09 ± 1.00 77.50 ± 0.00

HA 21.9 ± 0.00 3.05 ± 0.02 -

α-TCP 0.72 ± 0.00 - -

t-ZrO2 - 25.86 ± 0.54 1.48 ± 0.00

c-ZrO2 - - 21.02 ± 0.00

The main phases of the biocomposites analyzed were quantified by Rietveld refine-
ment, as shown on Table 2. According to Table 2, the predominant phase is β-TCP, pre-
senting values of 77.60, 71.09, and 77.50%vol for biocomposites 10T, 8T2tZ, and 8T2cZ,
respectively. HA was only detected in 8T2tZ and 10T, with values of 3.05 and 21.69%vol,
respectively. In biocomposites with 8YSZ, mostly this phase corresponds to ZrO2, c-ZrO2,
whose value is 21.02%vol, and a small percentage of t-ZrO2, 1.48%vol, which indicates
that during the manufacturing process the c-ZrO2 was converted into t-ZrO2, probably
due to high temperatures. In the biocomposites with 3YSZ, only t-ZrO2, was quantified,
25.86%vol.

No metal oxides were detected, including MgO, which indicates that during the
calcination process, the Ca2+ ions were replaced by the metal ions of Mg2+, Mn2+, Zn2+,
and Fe3+ into sites of the crystalline structure of β-TCP.

In order to understand the presence of several peaks corresponding to HA, the XRD
was carried out for sTCP after the calcination process and compared with the XRD after
the sintering process (Figure S1). The main peaks correspond, in both spectra, to the TCP
beta phase. The presence of TCP alpha crystalline phase peaks is unclear. In the calcined
sTCP sample, the peaks for 2θ = 29◦, 31.8◦, 32.2◦, 32.9◦, 34.0◦, 39.2◦, 46.7◦, 49.5◦, and 63.0◦

correspond to the hydroxyapatite phase. In the sintered phase at 1300 ◦C, the number of
HA peaks decreases, essentially leaving the relevant peaks at 31.8◦, 32.2◦, and 32.9◦.

The formation of hydroxyapatite in this case most likely occurs through what in the
literature is called mechanochemical synthesis [43,44]. These mechanochemical reactions
resulted in the formation of a defective phase of calcium-deficient HA, which, when calcined
at up to 720 ◦C, leads to the formation of HA and β-TCP [43]. The principle of this dynamic
synthesis during grinding is related to the energy during grinding (the impact that the
mill balls have on the powdered grains). In other words, a reaction and an interdiffusion
mechanism are promoted between different grains or with an intimate chemical reaction
of the molecules between them [44]. In this sense, similar to the present work, after 5 h of
mechanical activation, Yeong et al. [43] obtained a 2θ of 31.8◦ as the most prominent peak,
corresponding to the crystalline plane of HA (211).

In fact, the growth of the HA phase, which is directly related to the improvement of
biocompatibility and osteoinduction, is important in bone reconstruction [1,18,45].

From the elementary chemical analysis (EDX), Table 3, the presence of the elements
Ca, P, Zr, and the remaining added metal ions were verified.

The elements Ca and P come from the chemical formula of TCP, (Ca3(PO4)2), and
the Zr from the doping with the two types (tetragonal and cubic) of ZrO2 used in the
composition of the ceramic biocomposites. The Ca/P ratio, in wt%, of 2.68, 3.53, and 3.37,
and in mol% of the 2.07, 2.73, and 2.60 for the ceramic biocomposites 10T, 8T2tZ, and 8T2cZ,
respectively is slightly high when compared to the works reported in the literature, namely,
Wu et al. [46], which refers to bone minerals with Ca/P ratio between 1.37 and 1.87 mol%.
With the addition of the 3YSZ and 8YSZ, this Ca/P ratio, tends to increase, with its highest
value being in ceramic biocomposites with 20% of 3YSZ.

Figure 5 shows the characteristic FTIR spectra of the biocomposites.
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Table 3. Chemistry analysis (EDX) of the ceramic biocomposites 10T, 8T2tZ, and 8T2cZ. The error is
the standard deviation (sd).

Element
10T 8T2tZ 8T2cZ

wt% mol% sd wt% wt% mol% sd wt% wt% mol% sd wt%

Ca 46.7 30.02 2.2 36.8 24.61 2.01 37.93 28.65 2.03

P 17.43 14.5 1.12 10.42 9.02 0.79 11.24 10.95 0.84

O 33.51 53.97 9.09 36.33 60.87 9.76 27.59 52.04 7.85

Mg 0.78 0.82 0.15 0.65 0.72 0.14 0.62 0.78 0.13

Mn 0.47 0.22 0.11 0.35 0.17 0.09 0.25 0.14 0.09

Fe 0.48 0.22 0.11 0.14 0.07 0.08 0.31 0.17 0.09

Zn 0.64 0.25 0.13 0.37 0.15 0.11 0.55 0.25 0.12

Zr - - - 14.95 4.39 1.1 21.5 7.11 1.52
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From the FTIR analysis, the characteristic covalent bonds of the different ionic groups
are observed. The ceramic compound TCP is formed by Ca2+ and PO3− ions. The peak at
943.19 cm−1 and 972.12 cm−1 is related to the presence of pureβ-TCP. Thus, the bands between
the range 900–1200 cm−1 represent the stretching mode of the PO4

−3 group [47,48]. The results
show the characteristic peaks of the covalent bonds present in PO4

−3. Hydroxyapatite (HA)
has the OH− ion. The characteristic peaks at 630 cm−1 and 3571 cm−1 were attributed to the
stretching mode of the hydroxyl group (OH−) [47]; however, these peaks were not clearly
detected or were too small compared to others. The band at 465–627 cm−1 and the band at
900–1000 cm−1 were expected due to Zr-O, which indicates the formation of cubic ZrO2 and
tetragonal ZrO2 crystalline phases, respectively [49,50]. In this sense, it is believed that the
peaks with the greater width of the two samples with zirconia (~600 cm−1), in comparison
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with the sharp peaks of the 10T composition, and the more pronounced drop (~820 cm−1), are
due to the presence of Zr-O bonds, thus being almost undetectable due to their low content
and the presence of high PO4

3− peaks in this region.

3.2. Mechanical Properties

The apparent porosity of the 10T biocomposite was 12.9%. The porosity increased to
24.6% and 21.9% for the dense biocomposites reinforced with 3YSZ, i.e., 9T1tZ and 8T2tZ,
respectively. The similar samples manufactured with PMMA show higher porosity, namely,
26.2%, 29.0%, and 29.3% for 10T, 9T1tZ, and 8T2tZ, respectively. The dense biocomposites
of 9T1cZ and 8T2cZ showed lower apparent porosity with reinforcement of 10 wt% of 8YSZ
(14.9%) and similar porosity for 20 wt% (20.7%). The samples manufactured with PMMA
present similar porosity of 28.9% and 27.6%, for 10 wt% and 20 wt%, respectively. In both
manufacturing conditions, the addition of 3YSZ or 8YSZ increased the apparent porosity in
relation to the standard, 10T, see Figures 2, 3 and S2.

The bulk density of the sTCP doped with metal ions (reference material, 10T) presented
a value of 2.80 g/cm3. The density increased for 3.19 g/cm3 and 3.36 g/cm3 and for
3.18 g/cm3 and 3.35 g/cm3 for the dense biocomposites reinforced with 3YSZ and 8YSZ,
respectively. The samples manufactured with PMMA, with 10 wt% and 20 wt% of 3YSZ,
present a density of 2.30 g/cm3 and 2.62 g/cm3, respectively. While the porous samples
reinforced with 10 wt% and 20 wt% of 8YSZ, show 2.73 g/cm3 and 2.60 g/cm3, respectively.
The addition of 3YSZ and 8YSZ in dense biocomposites increased the density related
to initial doped sTCP. However, in the samples manufactured with PMMA the density
decreased or presented similar values (Figures 3 and S3).

These results are in agreement with the literature [1,18,31,45]. There, it was proven
that, with the addition of 10 and 20% ZrO2, the apparent porosity increased while the bulk
density decreased, and this is what happened with the porous biocomposites analyzed in
this work. With the addition of the 3YSZ and 8YSZ, porosity and bulk density increased,
which can be explained by the effect of the sintering temperature (1300 ◦C). Considering
the particle size distribution of the mixture up to 10 µm, with both zirconias up to 2 µm, the
sintering conditions by pressure-less, unassisted sintering where, in general, densification
is accompanied by (an undesirable) grain coarsening, the success of avoiding the grain
growth is related to the control of the competition between densification and grain growth.
That is extremely difficult because the driving forces for both are proportional to the
reciprocal grain size and hence comparable in magnitude [51]. Thus, for the composition,
particle size, and single step sintering in air the temperature used is not sufficient to
promote the grain boundary atomic migration of zirconia. In these conditions, only the
approximation of zirconia particles promotes the formation of zirconia agglomerates and
partial grain growing with poor densification and superior porosity [52]. Nonetheless,
the addition of ions like Mg2+ promotes the densification of materials [18,45]. Another
explanation for the apparent porosity results in the use of the biocomposites manufactured
with PMMA (40 wt%). Lee et al. [31] showed that, with different percentages of PMMA,
starting with 40%, the porosity tends to increase gradually, and even with 40% the value is
already quite considerable.

The diametrical compression tests revealed that the dense biocomposites with 3YSZ
and 8YSZ presented mechanical strength values between 12.85 and 16.40 MPa and between
13.36 and 20.74 MPa, respectively (Table 4).

These results revealed that, in comparison with sTCP doped (13.4 MPa), the dense
biocomposites with 20 wt% of 3YSZ and 8YSZ are higher. The samples 8T2cZ, are those
that have higher mechanical strength, with a value of 20.7 MPa (55% higher than reference
doped sTCP). As expected in induced porous biocomposites, the mechanical strength
values were greatly decreased. From the initial 1.28 MPa (TCP doped) the addition of the
20 wt% of ZrO2 decreases to 0.1 and 0.14 MPa for 3YSZ and 8YSZ, respectively (Figure S4).
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Table 4. Diametral compression for dense and porous bioceramic composites.

sTCP sTCP + t-ZrO2 sTCP + c-ZrO2

10T 9T1tZ 8T2tZ 9T1cZ 8T2cZ

Dense biocomposites

13.36 ± 1.6 12.85 ± 1.6 16.40 ± 1.4 15.22 ± 1.5 20.74 ± 1.6

Porous biocomposites

1.28 ± 0.3 0.16 ± 0.1 0.10 ± 0.0 0.20 ± 0.0 0.14 ± 0.1

The addition of ZrO2 to the ions doped with sTCP creates a ceramic microstructure in
which the sTCP base matrix is reinforced with micro- and nanoparticles of zirconia (3YSZ
and 8YSZ) which is due to its superior mechanical resistance (strength, toughness, and
hardness). Furthermore, it is evident that the superior mechanical properties of the cubic
phase (8YSZ) contribute more effectively to the increase in resistance than the tetragonal
phase (3YSZ) [53].

Similar to previous studies, biocomposites with reinforcement of ZrO2 have higher
mechanical strength than “pure” biocomposites, i.e., biocomposites without the presence
of ZrO2 [1,54,55]. In this study the most resistant biocomposites have 20% of 3YSZ or 8YSZ.
On the other hand, these results can also be explained by the addition of Mg2+, that replaces
the Ca2+ ions in its sites (doping effect), which have already been shown to increase the
mechanical strength of the biocomposites [45]. Regarding biocomposites manufactured
with PMMA, low mechanical strength was already reported by Lee et al. [31].

3.3. Biological Properties

The biocompatibility of dense ceramic biocomposites, both with and without porosity
induced by PMMA reinforcement with 3YSZ and 8YSZ, was evaluated using a resazurin
assay, with the corresponding results displayed in Figure 6. hOB were chosen as the cell
model due to their pivotal role in bone matrix production and remodeling [56], a crucial
aspect of the osseointegration process. Notably, the data obtained from the resazurin
assay, as shown in Figure 6A,B, demonstrated that even after 7 days of incubation, the
hOB cells remained highly metabolically active when in contact with both dense and
porous biocomposites.
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Figure 6. Evaluation of the cytocompatibility of biocomposites: (A) dense samples reinforced with
3YSZ and 8YSZ; (B) porous samples reinforced with 3YSZ and 8YSZ.

In fact, their cell viability consistently exceeded the 70% threshold, indicating strong
biocompatibility. It is worth noting that the porous biocomposites were made from PMMA,
a structure porosity that, according to the literature [57], could potentially hinder biocom-
patibility and bioactivity. However, the results of this study are consistent with previous
research investigating the in vitro cytotoxicity of biocomposites containing β-TCP and
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ZrO2 [1,45,58]. Also, as in other reported studies [57,58], the use of PMMA during manu-
facturing did not leave residues that could harm the cytotoxicity results.

As in previous studies [45], no relevant differences were detected in cell viability and
proliferation between the pure TCP composition and the TCP compositions doped with
combinations of the four metal ions, while the bioceramic composites of TCP with zirconia
did not show high cell viability. This cell viability can be attributed to the range of molar
concentrations of ions incorporated into the crystalline structure of β-TCP, which closely
mimics the composition of natural human bone [14,45,59].

SEM was used to visualize cell attachment and growth on the PMMA-induced porous
biocomposites. Figure 7 shows the results at 3000× and 5000×magnification after 3 days
of incubation. In addition, SEM images of the biocomposites without hOB cells, magnified
to 1200×, are included for comparison.
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These images clearly show that hOB cells not only adhered to the surface but also
infiltrated the interior of the biocomposites over time. This observation is consistent with
previous research using β-TCP [60]. These results may be associated with the porosity
present in the materials, whose macropores have an ideal average size between 100–200 µm
for cell growth, and according to the literature [61–63] this directly influences cell prolifera-
tion, promoting cell adhesion and growth.

4. Conclusions

Ceramic biocomposites with different percentage of metal ion doped sTCP, 3YSZ,
and 8YSZ, in dense form and with porosity induced by PMMA, were manufactured.
The ceramic microstructure and the composition obtained have a good similarity with
human bone biomimicry. The effect of doping with 15 mol% metal ions of Mg2+, Zn2+,
Mn2+, and Fe3+ and simultaneously strengthening with two ZrO2 (tetragonal and cubic
crystalline phases) was assessed through the physical, mechanical, microstructural, and
biological properties.

XRD, EDX, and FTIR analyses show that metal ions are present in the composition
and replace the calcium in the crystal structure of the biocomposites. The β-TCP crystalline
phase is predominant; however, hydroxyapatite is also present in the reference material
(sTCP), most likely due to mechanochemical synthesis during the mixing/grinding pro-
cess. As expected, the tetragonal and cubic phases are also present in the biocomposites
reinforced by the respective ZrO2. The images of the fracture surfaces show the porosity,
interconnectivity, and fracture modes, while in the materials with induced porosity, voids
generated by the PMMA spheres of approximately 100 microns are observed.

Moreover, from the analysis of the results, the following summary can be given:

(i) The addition of 20 wt% of 3YSZ increases the mechanical strength to 16.4 MPa,
22% higher than sTCP; and 20 wt% of 8YSZ increases the strength to 20.7 MPa,
55% highest than reference doped sTCP. In this way, as expected, cubic zirconia
promotes greater resistance than tetragonal zirconia.

(ii) The apparent porosity increases 65%, from 12.6 to 24.6% with the addition of 10 wt%
of 3YSZ and 60%, to 20.6% with the addition of 20 wt% of 8YSZ. This is justified by
the sintering conditions of pressure-less, unassisted sintering, where the temperature
is not sufficient to promote atomic migration along the zirconia grain boundary,
promoting the formation of zirconia agglomerates and partial grain growing with
poor densification.

(iii) The use of PMMA increases the apparent porosity for all ceramic biocomposites;
however, this effect is more visible for sTCP, where the value obtained of 26.2%,
matches an increase of two times. In this case the mechanical resistance is too low for
structural applications.

(iv) The resazurin assay revealed that the two types of biocomposites produced did not
affect the viability of hOB, presenting a cellular viability, in most cases, of 100%.
These results highlight the ideal properties of these biocomposites as bone substitutes,
especially the dense ones doped with 8YSZ, which showed a more constant behavior
for the analyzed properties.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/biomimetics8080599/s1, Figure S1: X-ray diffraction spec-
tra of the biocomposites 10T (sTCP) after calcination and after sintering and X-ray diffraction spectra
of the theoretical cards #09-0432, #09-0169, and #09-0348, corresponding to HA, β-TCP and α-TCP,
respectively; Figure S2: Apparent porosity of the composites: (a) dense reinforced with 3YSZ; (b) man-
ufactured with PMMA and reinforced with 3YSZ; (c) dense reinforced with 8YSZ; (d) manufactured
with PMMA and reinforced with 8YSZ; Figure S3: Bulk density of the composites: (a) dense reinforced
with 3YSZ; (b) manufactured with PMMA and reinforced with 3YSZ; (c) dense reinforced with 8YSZ;
(d) manufactured with PMMA and reinforced with 8YSZ; Figure S4: Mechanical strength of the
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composites: (a) dense reinforced with 3YSZ; (b) manufactured with PMMA and reinforced with 3YSZ;
(c) dense reinforced with 8YSZ; (d) manufactured with PMMA and reinforced with 8YSZ.
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Abstract: Open-cell foams based on hydroxyapatite (HAp) can mimic the extracellular matrix (ECM)
to better replace damaged hard tissues and assist in their regeneration processes. Aerogels of HAp
nanowires (NW) with barium titanate (BT) particles were produced and characterized regarding
their physical and chemical properties, bioactivity, and in vitro cytotoxicity. Considering the role of
piezoelectricity (mainly due to collagen) and surface charges in bone remodeling, all BT particles,
of size 280 nm and 2 and 3 µm, contained BaTiO3 in their piezoelectric tetragonal phase. The
synthesized nanowires were verified to be AB-type carbonated hydroxyapatite. The aerogels showed
high porosity and relatively homogeneous distribution of the BT particles. Barium titanate proved
to be non-cytotoxic while all the aerogels produced were cytotoxic for an extract concentration of
1 mg/mL but became non-cytotoxic at concentrations of 0.5 mg/mL and below. It is possible that
these results were affected by the higher surface area and quicker dissolution rate of the aerogels.
In the bioactivity assays, SEM/EDS, it was not easy to differentiate between the apatite deposition
and the surface of the HAp wires. However, a quantitative EDS analysis shows a possible CaP
deposition/dissolution cycle taking place.

Keywords: piezoelectricity; aerogel; hydroxyapatite; barium titanate; solvothermal synthesis; bioactivity

1. Introduction

Bone is a dynamic tissue capable of regenerating, growing, and remodeling to preserve
its structural integrity and mineral homeostasis. While the natural remodeling ability of
bone tissue is remarkable, there exists a threshold limit that dictates the speed and extent
to which regeneration can occur. For instance, fractures due to traumatic injuries, age de-
generative processes, or even surgical removal of tumors that result in the absence or large
defects of bone, lead to the need for new features of biomaterials and medical devices to
improve the natural healing process of bone [1,2]. The increasing importance of orthopedic
biomaterials is reflected in the growth of their global market. In 2022 this market reached
around USD 17,000 million and it is expected to grow by about 10% in 2023 [3]. From these
numbers, it is evident that there is a constant demand for innovative biomaterials in this
field so that patients’ healing ability is improved and the time of recovery can be reduced.
Materials that enhance osteointegration and osteogenesis, particularly in the early stages of
bone regeneration, will help to reduce the period of patients’ immobilization.

One material of interest is hydroxyapatite (HAp), represented by the chemical formula
Ca10(PO4)6(OH)2. This ceramic belongs to the family of calcium phosphates (CaP), also
named apatites. It is a highly biocompatible ceramic, chemically similar to the bone’s
mineral phase, and natural HAp that has a Ca/P atomic ratio between 1.5 and 1.67 and
demonstrates osteoconductive, osteoinductive, and osteointegrative properties [4,5]. The
main mechanism for bioactivity is the release of ionic products, such as calcium and
phosphate ions, by partial dissolution upon implantation. This process, in turn, leads to
the precipitation of biological apatite on the surface of the ceramics in a process called
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bone mineralization. Consequently, this contributes to the attachment of the implant to
the host’s bone, improving implant fixation to the surrounding tissues [4,6]. Since HAp
bioceramics are brittle in nature and have low fracture toughness compared to natural
bone, their applications in orthopedics are usually as non-load-bearing implants, the filling
of bone defects, or in load-bearing implants as coatings, either in dense or porous forms [6].

In addition to the chemical composition of the scaffolds, their morphology also plays an
important role in the process of bone remodeling and the osteointegration of the implant [7].
For instance, the porosity of a scaffold, controlled by its synthesis method, has been shown
to improve implant performance due to better bio-integration and mechanical stability
of the implant. The higher surface area and open pore structure improve the transport
of oxygen and nutrients, along with higher surface area enhancing the migration of cells
responsible for bone tissue deposition [5,8].

Among various HAp morphologies, hydroxyapatite nanowires (HAp NWs) seem
to be highly promising in several fields [9–11]. Huang et al. explored the use of highly
porous aerogels (~99.7% porosity) composed of HAp NWs as scaffolds in bone regeneration
and neovascularization [11]. Compared to dense hydroxyapatite, the HAp NWs aerogels
promote adhesion and migration deeply into the pores of osteoblasts and other cells
responsible for bone regeneration. Moreover, these aerogels exhibit better mechanical
properties, such as high elasticity and high fracture resistance due to the flexibility and 3D
network of the HAp nanowires [9,10].

Barium titanate (BaTiO3, BT) is a perovskite ceramic with interesting applications in
the biomedical field. In its tetragonal phase, it demonstrates piezoelectric properties and
is also biocompatible [12]. As early as 1957, Eiichi Fukada et al., developed research that
proved the existence of piezoelectricity in bone [13,14]. Currently, it is now known that
piezoelectric effects dominate in dry bone, while in wet bone, regeneration and remodel-
ing electric cues are mainly related to stress generated potentials (SGPs), with a smaller
contribution of the direct piezoelectric effect [15,16]. Therefore, surfaces that present stable
electrical charges, either by dipole orientation or space charge trapping, can accelerate the
regenerative processes of hard tissue [17]. Implementing this surface modification in bio-
materials, using materials with permanent dipoles, such as tetragonal BT, and mimicking
the natural behavior of bone tissue seems quite helpful as a stimulus for bone remodeling,
possibly enhancing the osteoinduction effects of the implant. As highlighted in the recent
literature review by Zhang et al. [18], there are an increasing number of studies to enhance
the bone regenerative response using composites of HAp and BT, including developments
presenting open porous morphology. Also, recently, interest has increased in highly struc-
tured HAp materials to overcome the brittleness typical of ceramics [19]. In these are
included the aerogels of nanowires of HAp as prospective biomaterials in hard tissue
engineering [20,21]. To the best of the authors’ knowledge, aerogels of HAp nanowires/BT
micro- and nanoparticles are a novelty that attempts to combine the advantages of a highly
porous structure as a cell scaffold (better osteoconductitvity) and to accelerate osteogenesis
and osteoinduction by the presence of surface charges induced by the piezoelectric BT.

The main purpose of this work was the synthesis and physical, chemical, and in vitro
biological characterization of a hydroxyapatite aerogel along with an innovative composite
aerogel of HAp embedded with barium titanate particles with significant potential for
biomedical applications. All the BT particles and the aerogels were characterized by X-ray
diffraction (XRD), Fourier-transform infrared (FTIR), and Raman spectroscopies. The HAp
aerogels were analyzed by SEM to make sure that the pore size and interconnectivity of
pores were suitable for their expected applications. In addition, the dispersion of the BT
particles was observed on the composite aerogels. The biocompatibility of all materials was
evaluated by cytotoxicity assays. Finally, the bioactivity of the aerogels with and without
the piezoelectric particles was studied through simulated body fluid (SBF) immersion.
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2. Materials and Methods
2.1. Barium Titanate

Commercial tetragonal BT particles with sizes of 280 nm (LT#NG04MO0503—Nano-
grafi, Jena, Germany), 2 µm (LT#MKBB0111V—Sigma-Aldrich, Saint Louis, MO, USA), and
3 µm (LT#MFCD00003447—Sigma-Aldrich) were selected because of their piezoelectricity.
Additionally, the selection aimed to test the effect of different particle sizes on bioactivity.

2.2. Hydroxypatite-Based Aerogels

The HAp NWs were synthesized based on previous research by Zhi-Chao Xiong
et al. [9]. Firstly, a solution of 9.36 g of oleic acid (31997—Alfa Aesar, Kandel, Germany)
in 13.50 g of deionized water and 4.75 g of methanol (L13255—Alfa Aesar) was mixed
under mechanical stirring. A second solution consisting of 1.05 g of NaOH (reagent
grade, 97%—655104—Sigma-Aldrich) dissolved in 15 g of deionized water was poured
into the first solution and stirred for 30 min, while two other solutions of 0.33 g of CaCl2
(anhydrous, 93%—12316—Alfa Aesar) dissolved in 12 g of deionized water and 0.94 g
of NaH2PO4·2H2O (purum p.a., ≥99.0%—71500—Sigma-Aldrich) dissolved in 18 g of
deionized water were separately poured into the previous mixture and stirred for 10 min
each. Finally, 5 mL of the reaction system was poured into a 100 mL Teflon-lined stainless-
steel autoclave for a solvothermal reaction. This reaction was tested for different times
such as 5, 7, 18, and 24 h at temperatures of 120, 165, and 180 ◦C. The resulting solution
was stirred for 30 min at 300 rpm. To separate the HAp NWs from the impurities, the
solution was centrifuged for 10 min at 3000 rpm and washed with progressively diluted
methanol/deionized water ratios. The HAp NWs were stored in deionized water.

Following this, the best solvothermal conditions for the formation of HAp NWs were
chosen by observing the previously synthesized and dried HAp NWs under SEM and by
XRD characterization. The synthesis parameters selected, 180 ◦C and 18 h, yielded more
differentiated and longer nanowires (see Section 3.2).

Next, four different slurries were made from the solution of HAp NWs synthesized at
180 ◦C for 18 h and stored in deionized water, where one contained only the HAp NWs and
three corresponded to 20% BT/80% HAp (ratio of w%/w%), using tetragonal BT particles
with sizes, respectively, of 280 nm and 2 and 3 µm, dispersed through sonication for 15 min.
To produce the aerogel structures, each slurry was put into a mold and frozen at –5 ◦C for
12 h, followed by lyophilization at −40 ◦C and 0.001 mbar for 24 h.

The HAp aerogel without BT particles was denominated HAp, and the three HAp
aerogels with BT were named, respectively, HAp/BT280 for an aerogel embedded with
280 nm sized particles, HAp/BT2 in the case of 2 µm, and HAp/BT3 for the aerogel with
the 3 µm particles.

2.3. Materials Characterization
2.3.1. Structural, Chemical, and Morphologic Analysis

The analysis of the crystallographic structures was conducted in an X’Pert PRO
(PANAnalytical, Malvern, UK) X-ray diffractometer with the use of CuKα radiation gener-
ated at 45 kV and 40 mA, in the range of 15◦ < 2θ < 60◦, with a step size of 0.08◦ for the Hap
NWs and in the range of 20◦ < 2θ < 80◦, with a step size of 0.08◦ for the BaTiO3, particles.
An additional analysis of the BT, in order to better observe the phase composition of the
sample, was conducted in the range of 44◦ < 2θ < 47◦, with a step size of 0.002◦.

Additionally, for BT and HAp, a FTIR analysis with the use of the spectrophotome-
ter FT-IR Thermo Nicolet 6700, was carried out in the wavenumber range from 4000 to
400 cm−1 to identify the functional groups of BT and HAp. To evaluate the molecular
structure of the samples and to confirm the presence of the tetragonal phase in BaTiO3, a
Raman spectroscopy analysis was conducted using the Renishaw (Wotton-under-Edge, UK)
inVia Qontor micro-Raman spectrometer. Five scans were made, each with an integration
time of 1 s, using an incident 632.81 nm laser with an intensity of 0.32 mW and a frequency
range from 150 to 1000 cm−1.
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To ensure the existence of HAp nanowires, the aerogel’s morphology, and the disper-
sion of the BT particles within them, the samples were observed under a scanning electron
microscope/Energy Dispersive X-ray Spectrometry (SEM/EDS), model Hitachi (Tokyo,
Japan) TM 3030 Plus. All samples were sputter-coated with either gold or titanium before
SEM observation.

2.3.2. Biocompatibility Assays

The colorimetric cytotoxicity assays, with the use of resazurin, were performed on
all the BaTiO3 particles and HAp aerogels, with and without BT, in conformity with
the standard ISO-10993-5 “Biological evaluation of medical devices, Part 5: Tests for
in vitro cytotoxicity” test protocol [22]. All samples subjected to these tests were previously
sterilized by heating at 150 ◦C for 5 h. Extracts of the BT particles were prepared by
leaving them in contact with a complete culture medium (McCoy 5A from Sigma Aldrich
supplemented with 10% fetal bovine serum from Biowest and 1% penicillin/streptomycin
from Gibco, Waltham, MA, USA) at a concentration of 60 mg/mL at 37 ◦C for 48 h, while
the extracts of aerogels were prepared in complete culture medium at a concentration of
1 mg/mL at 37 ◦C for 48 h. Additionally, SaOs2 cells (provided by the American Type
Culture Collection, ATCC, Manassas, VA, USA HTB-85) were trypsinized using TrypLE
Express (from Gibco) for 5 min at 37 ◦C and the cells were counted using a hemocytometer.
The cells were seeded at a density of 30,000 cells/cm2 in 96-well plates and incubated
at 37 ◦C and 5% CO2 for 24 h. After that period, the culture medium was replaced by
the previously mentioned extracts (initial concentration C0) and 3 dilutions (C0/2, C0/4,
and C0/8). A positive control (cytotoxic), where cells were treated with 10% dimethyl
sulfoxide (DMS), and a negative control (non-cytotoxic), where cells were treated with a
complete culture medium, were defined. The cells were left in contact with the extracts for
48 h. Following that, the medium was replaced by a solution containing 50% resazurin
(B21187—Alfa Aesar) solution at 0.04 mg/mL in PBS and 50% complete culture medium,
and the plates were incubated for 3 h at 37 ◦C and 5% CO2. After that time, using a Biotek
(Winooski, VT, USA) ELX800 microplate reader, the absorbance was read at 570 and 600 nm
and the corrected absorbance was determined by subtracting the absorbance measured
at 600 nm from the one measured at 570 nm and subtracting the medium control. Cell
viability is given by the percentage of viable cells in the tested samples relative to the
negative control.

2.3.3. Bioactivity Assessment

The bioactivity of the HAp and HAp/BT aerogels was analyzed by evaluating the
growth of CaP structures on the surface of the membrane when in contact with simulated
body fluid (protocol for SBF solution can be found in Supplementary Materials). The
samples evaluated consist of a HAp aerogel without particles, three HAp aerogels with
BaTiO3, each with a different particle size, and a control group that was not in contact with
SBF. Each sample was submerged for 1, 3, and 7 days and the SBF solution was renewed
every 2 days. After removal from SBF, the samples were rinsed in distilled water to remove
water-soluble salts, such as NaCl. Finally, the samples were observed in SEM and EDS to
identify the growth of CaP structures.

3. Results and Discussion
3.1. Barium Titanate
3.1.1. X-ray Diffraction Analysis

The XRD analysis was carried out to identify the tetragonal phase of the BaTiO3
particles and its prevalence over the non-piezoelectric cubic phase. Comparison of the peaks
with the ICDD data sheets #00-005-0626 and #01-084-9618, corresponding to tetragonal and
cubic BT, respectively, confirmed that the diffractograms in Figure 1 are characteristic of BT
in the tetragonal phase (also, no additional peaks due to impurities were detected).
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Figure 1. XRD analysis of the BaTiO3 powders.

The transformation from cubic to tetragonal phase exhibits itself in the XRD as the
presence of double peaks along the diffraction pattern due to the asymmetry of the unit cell
along the c axis [23]. For BaTiO3, this is seen in better detail around 2θ = 45◦, corresponding
to planes (002) and (200), where the existence of a split peak distinguishes tetragonal BT
from its cubic phase. The double diffraction peak is more visible on the 280 nm powders,
with a peak at 44.8◦ (002) and 45.4◦ (200). Regarding the 2 and 3 µm powders, there is
a similarity between the intensity of the diffraction split, also corresponding to the same
planes. As can be observed, when compared with the nanometric BT, the peaks’ separation
is much less pronounced for the micrometric particles. These results are in agreement with
the DSC data for BT 280 nm powders (the DSC/TG plot is presented in Supplementary
Materials in Figure S1), where a small peak is observed at 130.6 ◦C, the Curie temperature,
corresponding to the transition from tetragonal to cubic BT. On the contrary, no peak could
be perceived for the 2 and 3 µm particles in the DSC data.

The average sizes of the crystalline grains, τ, present in Table 1, were calculated
according to the Scherrer Equation (1), using an X-ray wavelength of λ(CuKα) = 1.5418 Å, a
shape factor of the crystallite, κ, of 0.9, and a line broadening at half the maximum intensity,
β, for each peak [24–26]:

τ =
κλ

βcos θ
(1)

As can be seen, the average crystallite sizes are larger for the micrometric samples, 2
and 3 µm, leading to larger, less defined peaks and higher superposition between each other.
Although all the samples seem to exhibit a tetragonal-dominant structure, as stated before,
the samples of 2 and 3 µm show a smaller difference between the angles corresponding to
the two peaks in Figure 1, when compared to the sample of 280 nm, which is caused by a
reduced tetragonal phase and the partial existence of a cubic phase. A higher percentage of
tetragonal phase, such as in the particles of 280 nm, would be more suited for a possible
polarization of the HAp aerogels [18].

Table 1. Crystallite size of each BaTiO3 sample according to the Scherrer equation.

Sample Peak, 2θ (◦) FWHM, β (rad) Crystallite Size, τ (nm)

280 nm 31.43 4.81 × 10−3 29.9
2 µm 31.54 4.42 × 10−3 32.5
3 µm 31.49 3.90 × 10−3 36.9
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3.1.2. Fourier-Transform Infrared Spectroscopy Analysis

Complementary to the XRD structural analysis, FTIR spectra of the commercial BaTiO3
particles were obtained, allowing us to identify the presence of functional groups of BT
and to identify bonds that are related to synthesis by-products or residual reactants. In
this way, possible compounds that might affect the purity and relevant properties of BT
were identified. The FTIR spectra in Figure 2, measured in transmittance mode, exhibit
sharp peaks at 438 cm−1 and around 540 cm−1, indicating the existence of a Ti-O bond,
characteristic of BT [27,28]. Moreover, vibrational bands signaled at 860 and 1450 cm−1 are
compatible with bending vibrations of a C-O bond, which could be linked to the reagents
used for the fabrication of the commercial particles, for instance, barium carbonate.

Finally, for nanometric BT, the broad band around 3000 cm−1 can be attributed to the
presence of an OH group from the H2O content in the samples according to Singh et al. [28].
In the same region, we can see two peaks for the micrometric BT particles from around 2900
to 3000 cm−1, which are associated with Ba-OH due to a possible incorporation of OH− in
the lattice [27,28], which can affect the tetragonal lattice and, therefore, piezoelectricity [29].
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Figure 2. FTIR spectra of 280 nm and 2 and 3 µm BaTiO3 particles, measured in transmittance mode.

3.1.3. Raman Spectroscopy Analysis

To further confirm the existence of a tetragonal phase of the powders, an analysis
of the powder’s Raman spectroscopy was used. A molecule of BT contains five atoms,
leading to 12 optical vibrational modes. Based on the crystallography, Raman-active modes
for tetragonal BT are four E(TO + LO), three A1(TO + LO), and a B1(TO + LO), while no
Raman-active mode is predicted for the cubic phase due to the isotropic distribution of
electrostatic forces surrounding Ti4+ ions [30]. Accordingly, the Raman spectra presented
in Figure 3 are typical of a nonsymmetric structure.

In the Raman spectra, four dominant bands centered near 260, 306, 517, and 715 cm−1,
indicating the presence of the tetragonal phase, can be identified. As the literature suggests,
the broad Raman band near 260 cm−1 corresponds to a Raman mode A1(TO2), and a band
near 306 cm−1 is assigned to the B1 and E(TO + LO) modes, suggesting an asymmetric
vibration of the [TiO6] octahedra. In addition, the band at 517 cm−1 is related to the A1(TO3)
and E(TO) modes, while a Raman band around 715 cm−1 is correlated with the A1(LO)
and E(LO) modes [23,30]. Accordingly, the Raman results clearly show that all BaTiO3
samples possess a distortion of the [TiO6] octahedra and, consequentially, ferroelectric
properties [23] in agreement with XRD and FTIR data presented before.
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3.2. Hydroxyapatite Nanowires
3.2.1. SEM Analysis

During the synthesis of HAp NWs, the chemical reactions that take place between the
reactants are as follows [31]:

C18H34O2 + NaOH→ C18H33O2Na + H2O (2)

2C18H33O2Na + CaCl2 → (C18H33O2)2Ca + 2NaCl (3)

NaH2(PO4)·2(H2O) + 2OH− → PO4
3− + 4H2O + Na+ (4)

10(C18H33O2)2Ca + 6PO4
3− + 2OH− → Ca10(PO4)6(OH)2 + 20C18H33O2 (5)

It can be noticed that the calcium oleate acts as both the calcium source and the
precursor for the formation of HAp NWs, while NaH2PO4 acts as the phosphorus source.
At the beginning of the reaction system, calcium oleate is formed in chemical reactions (2)
and (3). In chemical reaction (4), sodium dihydrogen phosphate dihydrate is hydrolyzed to
form PO4

3− ions. During the crystallization process in reaction (5), hydroxyapatite nuclei
are formed under solvothermal conditions. These nuclei later grow into longer structures,
in a relatively long period of time, under relatively high temperatures and pressures, as
previously mentioned in Section 2.

The existence of nanowires was first confirmed by observing, with SEM, the resulting
HAp slurry, after being dried at 40 ◦C. For synthesis temperatures of 120 ◦C (data presented
in Supplementary Figure S2), no structures were present for either 24 or 30 h of synthesis.
Probably, the temperature is too low for the occurrence of the solvothermal reaction.
Therefore, this solvothermal synthesis temperature was automatically rejected for the
formation of HAp NWs.

Higher temperatures, such as 165 and 180 ◦C, were evaluated with synthesis times of
5, 7, 18, and 24 h, with resulting samples presented in Figure 4. For shorter synthesis times,
such as 5 h, exhibited in Figure 4a,c for 165 and 180 ◦C, respectively, several structures
appear to be starting to form; however, they are almost completely blended with each
other. Only in Figure 4d, at 7 h, do some longer structures appear in the vicinity of
more differentiated rodlike structures, with lengths around 6 µm. However, these longer
structures also appear merged, preventing differentiation from each other. In the case of

133



Biomimetics 2024, 9, 143

longer synthesis times, the sample of Figure 4f, of 24 h and 180 ◦C, shows mostly rod
structures with around 10 µm length, whereas for 18 h, both samples, in Figure 4b,e,
produced at 165 ◦C and 180 ◦C, respectively, display rodlike structures surrounded by
wires. However, it should be noted that, with temperatures of 165 ◦C, the wires appear to
be somewhat merged similarly to the sample of 7 h and 180 ◦C, present in Figure 4d.
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3.2.2. X-ray Diffraction Analysis

Following the evaluation of the NWs morphology, some of the solvothermal synthesis
temperatures were discarded. Therefore, an evaluation of the crystallinity of HAp and
the existence of other compounds was conducted on the samples represented in Figure 4:
165 ◦C (5 and 18 h) and 180 ◦C (5, 7, 18, and 24 h). To evaluate the existence of HAp and
other impurity compounds, the diffraction peaks were compared to the ICDD sheet of
hexagonal Ca10(PO4)6(OH)2 and JCPDS cards of reagents used during the synthesis, such
as CaCl2, NaH2PO4·2H2O, and NaOH.

Firstly, for either temperature, a synthesis time of 5 h does not lead to the formation
of crystalline hydroxyapatite as there is still the presence of wide peaks and humps, more
noticeable in Figure 5a, typical of an amorphous structure. The position of the XRD hump
in amorphous HAp is around 30◦, while in the obtained pattern, a hump is clearly visible at
around 20◦ and it is also possible to perceive a small hump around 30◦. The 20◦ hump could
be related to amorphous dicalcium phosphate anhydrous, DCPA (monetite), and CaHPO4,
according to Borkiewicz [32]. However, both XRD diffractograms in Figure 5 exhibit some
characteristic crystalline HAp peaks, such as those around 31.7◦ and 45.4◦, that can indicate
the beginning of HAp synthesis. It can be noted that, for the same synthesis time, more HAp
characteristic peaks were formed at a higher temperature of 180 ◦C, present in Figure 5b,
than at 165 ◦C, in Figure 5a, essentially showing that higher temperatures accelerate the
formation of HAp crystallites, as expected.

The remaining diffraction results, presented in Figure 6, clearly show the presence of
crystalline hydroxyapatite in all the samples, with all peaks corresponding to the ICDD
datasheet, although some differences between the relative intensities of the identified peaks
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can be found. For instance, in the case of the sample of 180 ◦C for 24 h, the two highest
intensities, (211) and (300), are switched when compared to tabulated data or other samples
in Figure 6. This phenomenon could be explained by a preferential formation of crystalline
grains along the longitudinal direction of the nanowires, which appear to be the direction
perpendicular to the (300) plane, increasing the intensity of the measured peak at 32.8◦

and highlighting that change in peak intensities for the larger structures formed for the
synthesis time of 24 h. In addition, no characteristic peaks of the reagents or by-products
were found in the diffractograms shown in Figure 6.
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The chosen synthesis time and temperature for the HAp NWs, which will be used to
obtain the HAp aerogels, were 180 ◦C for 18 h due to both the sample’s XRD diffractograms,
typical of crystalline HAp, and the morphology, observed in Section 3.2.1, which seems to
present a higher quantity of and longer wirelike structures when compared to the other
samples. This more intertwined structure between the HAp wires could be an advantage
in the mechanical stability of the aerogels.

The average size of the crystalline grains, τ, present in the HAp 180 ◦C for 18 h sample
was calculated to be 39.05 nm, according to Equation (1), where 2θ = 31.74◦, with β of
3.694 × 10−3 rad, λ(CuKα) = 1.5418 Å, and κ of 0.9 [24,26,32].

3.2.3. Fourier-Transform Infrared Spectroscopy Analysis

In Figure 7a, an FTIR analysis of hydroxyapatite synthesized at 180 ◦C for 18 h is
shown. The spectrum shows the typical HAp features, containing sharp O–H and P–O
bands. The bands of significant intensity, around 1026 and 1100 cm−1, and the bands
near 560, 600, and 960 cm−1 correspond to a symmetric stretching vibration of the PO4

3−
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tetrahedron. Moreover, the band around 633 cm−1 is attributed to the stretching modes of
hydroxyl groups in HAp [20,32,33].
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The small band at 870 cm−1 indicates the presence of HPO4
2− ions. This observation

suggests the existence of non-stoichiometric HAp and the presence of carbonated apatite,
which can be confirmed by the characteristic bands between wavenumbers 1460 and
1530 cm−1. As seen in Figure 7b, two types of substitutions occurred, A-type carbonate
substitutions, where carbonate ions substitute hydroxyl groups, and B-type carbonate
substitutions, resulting from carbonate ions that have substituted phosphate ions [31–34].
It can be concluded that the resulting product from the solvothermal synthesis at 180 ◦C
for 18 h is AB-type carbonated apatite. The B-type carbonate substitutions in the apatite
lattice are known to increase the extent of solubility in weak acids, a characteristic that
can help the substitution of the aerogel with new bone when using this material in bone
regeneration [31,32,34]. Adsorbed water can also be seen on the wide bands that appear on
the spectra from 2600 to around 3600 cm−1 and at 1640 cm−1 [33].

3.3. HAp and HAp/BT Aerogels
3.3.1. Porosity of the Aerogels

The porosity of the aerogels was calculated using Equation (6), where EW is the
expected weight of a HAp solid material, calculated using hydroxyapatite’s theoretical
density, 3.16 g/cm3, and the average aerogel’s volume of 0.53 cm3, and RW represents the
aerogel’s real weight, measured for each sample and which is, on average, 5.35 mg [11].

P(%) =
RW
EW
× 100 (6)

The samples produced presented an average porosity of (99.68 ± 0.02)% for both
HAp and HAp/BT aerogels, with no significant variation between the different aerogel
types [11,35].

3.3.2. SEM Analysis

The microscopic homogeneity and porosity of the HAp and HAp/BT aerogels was
investigated by imaging the surface of the aerogel using SEM. As can be seen in Figure 8, all
samples show similar heterogenous porosity throughout, with pores at a micrometer level,
relevant for cell penetration in this scaffold. Furthermore, as can be seen, the aerogels’ 3D
network created by the nanowires gives rise to a high surface area. This is further verified
by the very high value obtained for the porosity value and, consequently, results in a low
density for the aerogel (0.1 mg/cm3).

The length of the wires was not possible to measure since, many times, the interwind-
ing prevented the start and/or end of the wire from being visible in the images. Still, some
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shorter wires, with a length of approximately 10 µm, were observed. The diameter of the
wires varied, though it appeared to be less than 1 µm.

Regarding the aerogels with BT shown in Figure 8, the particles appeared to be
dispersed evenly throughout the aerogel, although in certain areas there seemed to be
some agglomerates.
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3.3.3. Cytotoxicity Assays

In vitro colorimetric assays using resazurin, in conformity with the standard ISO-
10993-5 test protocol [22], allowed a study of the potential cytotoxic effect of BT particles,
of sizes 2 µm, 3 µm, and 280 nm, and of the HAp, HAp/BT280, HAp/BT2, and HAp/BT3
aerogels. Given the low mass of the aerogels, the concentrations chosen were significantly
lower, 1 mg/mL, than the ones used for the BT particles, 60 mg/mL.

As seen in the graph in Figure 9, all BT powders revealed high cell viability, with a
relative cell population above 100%, which is the result of not only cell survival but also
cell proliferation. Therefore, it is safe to assume that the BT powders are non-cytotoxic for
all the concentrations studied.

In the case of the aerogels, the relative cell population for different concentrations of
the extracts is shown in Figure 10. The same pattern was attested in every sample. For
the highest concentration used (C0 = 1 mg/mL), the HAp and HAp/BT3 samples were
considered severely cytotoxic while the other samples were moderately cytotoxic. For
subsequent dilutions, C0/2 to C0/8 (concentration range of 0.5–0.125 mg/mL), all samples
showed a non-cytotoxic behavior and can be considered biocompatible. On the other hand,
the results for the dilutions, showing a relative cell population of 140%, are unusually high
to be justified purely by cell viability and proliferation. It could be speculated that the
reduction of resazurin is being affected by other parameters and that the cell populations
might have been overestimated.
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prepared at a concentration of 60 mg/mL. Results are average and experimental standard deviation.
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(b) HAp/BT280; (c) HAp/BT2; (d) HAp/BT3, and negative (CM−) and positive (CM+) control
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According to Klimek et al. [36], the apparent cytotoxicity of the HAp might be caused
by a massive uptake of Ca2+ and HPO4

2− ions from the medium, related to the high
surface area of the ceramics, resulting in extracts that are not optimal for cell cultures.
This phenomenon will lead to an unexpected cytotoxic effect despite these ion reactions
being correlated with increased bioactivity. Moreover, in vivo, tissue liquids continuously
circulate around implanted biomaterial and supplement all the adsorbed ions in the implan-
tation area. This could be the case for the ceramics produced, since Gustavsson et al. [37]
also reported ion adsorption by calcium-deficient hydroxyapatite with a carbonated surface
chemistry, similar to the AB–type carbonated apatite’s chemistry observed in FTIR in the
Section 3.2.3. When the extracts’ concentration range is 0.5–0.125 mg/mL, the uptake of
ions might not be enough to lead to cell death. Nevertheless, it can still influence the natural
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behavior of the viable cells, leading them to overproduce enzymes that reduce resazurin
and thus obtain an overestimation of the cell population [38].

3.3.4. Bioactivity Assays in Simulated Body Fluid

The bioactivity was analyzed by submerging the aerogels HAp and HAp/BT in an
SBF solution and placing them in an orbital shaker at 37 ◦C, mimicking average body tem-
perature, for 1, 3, and 7 days, and by preparing a control group which was not submerged.
All samples were analyzed through SEM/EDS.

In SEM images, there is no clear evidence of the deposition of apatite crystals for
all aerogel samples and for all of the immersion times evaluated, as seen in Figure 11,
which corresponds to 7 days in SBF. As expected, the EDS mapping data (presented in
Supplementary Figures S3 and S4) reveal the existence of Ca and P in the wire structures,
barium, and titanium on the BT particles (visible in the agglomerate of Figure S3). There is
also some residue of Na and Cl, with some crystals typical of the cubic lattice of sodium
chloride present. This residue might hinder the observation of other structures in some
areas of the SEM images. As stated in Section 2, all samples were rinsed in distilled water
after removal from SBF with the purpose of removing this type of water-soluble residue.
However, there are some materials and morphologies that do not allow the full dissolution
of NaCl. The rough morphology and chemistry of the sample, which naturally contains
CaP, could also be preventing the observation of deposited apatites in the case of relatively
small crystals being formed.
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Regarding the calcium phosphate deposition on the BT particles, from the SEM imag-
ing in Figure 11, it can also be noted that, after 7 days, no apparent apatite deposition
occurred around the barium titanate particles present in the aerogel (EDS mapping pre-
sented in Supplementary Materials Figure S3).
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Since the SEM imaging and EDS mapping do not confirm if CaP deposition occurred,
an EDS analysis was used, and the Ca/P ratio for all samples was estimated to observe if a
trend in Ca2+ and PO4

3− deposition was occurring.
In Figure 12, the evolution of the ratios with the immersion time is similar between

samples, with an increase on the first three days and a decrease on the seventh. The atomic
ratio Ca/P was estimated by using four different areas in each sample, and the average
and standard deviation (uncertainty) were calculated. The uncertainty values were similar
for all samples and around 0.5. Although the value of the third day is unusually high
(Ca/P » 3), the same trend in behavior is still perceived for all the samples. This trend is
a clue that, at first, there is a calcium ion deposition taking place. After a maximum is
reached (day 3), there is a significant decrease in the ratio.
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(b) HAp/BT280; (c) HAp/BT2; and (d) HAp/BT3.

Since the hydroxyapatite produced was calcium deficient, due to a Ca/P ratio of 1.5
before SBF immersion, it is possible that an initial deposition of Ca2+ ions is occurring,
increasing the Ca/P ratio. In SEM images, no changes were observed at the surface of the
samples (no flower-like apatitic crystals, aggregates of such crystals, or any continuous layer
of CaP were detected). So, it is reasonable to assume that when the deposition of Ca2+ ions
stops, due to lower concentration of ions in SBF and/or positive surface charges, the Ca2+

returns to the solution and PO4
3− ions become trapped at the surface. This results in the

deposition of calcium ions, followed by their dissolution, and the deposition of phosphate
ions, with no formation on the surface of apatitic structures. Also, at the maximum SEM
magnification used, the crystals formed could be too small and not distinguishable from
the original NW surface to be visible.

The recent literature reviews by Khare et al. [39] and Sood et al. [40] highlight studies
involving hydroxyapatite-based materials incorporating particles of BT. Some research
focuses on foams with similar porous sizes to the aerogels produced in this work and
that showed enhanced bioactivity [41]. If the ceramics are electrically polarized, it is
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expected to improve further this important property [17,42]. In consequence, a better
assessment of the advantages of using a HAp aerogel with BaTiO3 particles must include
electrically polarized samples. Subsequently, future work on the aerogel will be made
to test the bioactivity and, furthermore, in vitro assays will be performed to quantify cell
adhesion and proliferation and the results of the polarized and the non-polarized material
will be compared. On the other hand, as Park et al. observed [43], in vivo assays might
immediately reveal the advantage of having a dipolar material for the non-polarized
piezoelectric material developed.

4. Conclusions

The main goal of this work was to produce hydroxyapatite aerogels with and without
BaTiO3 and to study their features (including bioactivity and biocompatibility) with the
purpose of creating a new material with osteointegration potential.

The barium titanate powders that were used were tetragonal, and consequently piezo-
electric and presenting permanent dipoles. A structural analysis verified that the samples
synthesized at 180 ◦C for 18 h resulted in wirelike structures of crystalline AB-type carbon-
ated hydroxyapatite. Additionally, an EDS analysis showed a calcium deficiency in HAp.
The aerogel structures showed an average porosity of 99.68%, with interlinked HAp wires,
and a relatively good distribution of BT particles.

Cytotoxicity assays revealed that all the BT particles were non-cytotoxic for a concen-
tration of 60 mg/mL. For the aerogel, a concentration range of 0.5–0.125 mg/mL for all
samples showed cell proliferation above 100% and thus, they were biocompatible.

In the SEM images of bioactivity, it was difficult to differentiate between the possibly
deposited apatite and the surface of the HAp wires. However, an EDS analysis showed an
occurring trend of calcium ions deposition followed by its dissolution and the deposition
of phosphate ions.

The HAp-based nanowire aerogels with piezoelectric nano- and microparticles of
barium titanate were successfully produced and showed properties, such as bioactivity
and biocompatibility, that point to a new biomaterial with osteointegration potential. The
aerogel could be suitable for non-load-bearing applications, such as cavity filling. To fully
disclose the bone regeneration potential of the composite, further studies are essential and
must include electrical polarization, mechanical compressive behavior, and in vivo assays.

Supplementary Materials: The following supporting information can be downloaded at: https://ww
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Abstract: The current review aimed to assess the reliability and efficacy of tissue-engineered com-
posite grafts in the reconstruction of large maxillofacial defects resulting from trauma or a benign
pathologic disease. A systematic review of the literature was conducted using PubMed/Medline,
Embase, and Scopus up to March 2022. The eligibility criteria included patients who had been
treated with composite allogeneic tissue engineering for immediate/delayed reconstruction of large
maxillofacial defects with minimum/no bone harvesting site. In the initial search, 2614 papers were
obtained, and finally, 13 papers were eligible to be included in the current study. Most included
papers were case reports or case series. A total of 144 cases were enrolled in this systematic review.
The mean age of the patients was 43.34 (age range: 9–89). Most studies reported a successful outcome.
Bone tissue engineering for the reconstruction and regeneration of crucial-sized maxillofacial defects
is an evolving science still in its infancy. In conclusion, this review paper and the current literature
demonstrate the potential for using large-scale transplantable, vascularized, and customizable bone
with the aim of reconstructing the large maxillofacial bony defects in short-term follow-ups.

Keywords: tissue engineering; maxillofacial defects; composite graft

1. Introduction

The oral and maxillofacial area is a complex region including osseocartilaginous ele-
ments, neural and vascular systems, skin, and other lining and covering tissues, teeth, and
organs for the senses [1]. There are several causes of significant defects in this region, such
as traumatic avulsion, Osteoradionecrosis (ORN), bisphosphonate-related osteonecrosis of
the jaws (BRONJ), the resection of benign/malignant tumors and cysts, etc. [2]. The natural
repair mechanisms for large maxillofacial defects are insufficient and slow-paced [3]. There-
fore, adjunct bone regeneration procedures are crucial to ensure sufficient bone formation
within a short time.

Materials of natural origin, derived from a living source without making any modi-
fications consist of four major groups: autografts, allografts, xenografts, and phytogenic
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materials [4]. The current routine materials of reconstruction include autologous cortico-
cancellous bone, vascularized free flap transfer, alloplastic materials with prosthetic appli-
ances, and composite materials [5].

The techniques advocated for each case depend on the associated soft tissue, the
pattern of vascularity, defect size, the types of tissue, and patient preference [6,7].

Reconstruction of large maxillofacial defects with conventional materials and tech-
niques of autogenous bone collection presents a set of challenges for the surgeon in the
maxillofacial field; the amount of intraoral bone is mostly limited and therefore is not suit-
able for harvesting and grafting large defects [4]. Likewise, the need for another surgical
site results in burdensomely long and complex operations, hospital stay, higher rates of
post-surgical complications, and the morbidities of the bone harvesting sites.

A widely used alternative option for bone regeneration is the use of alloplastic ma-
terials, which eliminates the need for a donor site and improves surgical efficiency. This
approach is also much safer in medically compromised patients, in which the risks of
additional graft harvesting surgery outweigh the benefits. The macroporosity of 100 to
400 mm on the surface of such materials acts as trabecular bone and therefore promotes
osteoconduction [8]. At the same time, the lack of cellular components required for osteo-
genesis and weak activity in vascularly compromised environments are counted as major
flaws [1].

Mesenchymal stem cells (MSCs) derived from different parts of the human body such
as bone marrow, adipose tissue, peripheral blood, etc., have shown an enhancement in
bone regeneration when seeded on a scaffold compared to an unseeded scaffold alone [9].

Using an allogenic graft as a biologic scaffold in conjunction with harvested mesenchy-
mal stem cells and recombinant human bone morphogenic protein-2 (rhBMP-2) creates
a favorable microenvironment for bone formation. This review aimed to assess the reli-
ability and efficacy of tissue-engineered composite grafts in the reconstruction of large
maxillofacial defects of trauma or a benign pathologic disease.

2. Materials and Methods
2.1. Protocol Registration

The search protocol was specified and registered at PROSPERO (prospective inter-
national register of systematic reviews) with registration number: CRD42021242399. In
addition, the PRISMA 2020 guidelines for conducting this systematic review were fol-
lowed [10].

2.2. PICO Question

Patient: patients with large maxillofacial defects requiring bone regeneration.
Intervention: surgical bone grafting procedures using composite allogeneic tissue

engineering.
Comparison: Conventional autogenous bone grafts/None (non-comparative studies).

2.3. Outcome

1. The complication rates reported.
2. The success rate measured as the amount of new bone volume gained (assessed either

directly by percentage bone fill or assessed radiographically).
3. Patient-centered outcomes: satisfaction rate.

2.4. Search Strategy

PubMed/Medline, Embase, and Scopus were searched systematically with no time
and language restrictions (up to March 2022) [2]. Also, the reference list of included papers
was hand-searched for potential additional papers. Table 1 illustrates the search strategy
for each database.
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Table 1. Search strategy.

PubMed

1

(“Bioengineering” [Mesh]) OR (“Bioengineering material” [Title/Abstract]) OR (“osteogenic scaffold”
[Title/Abstract]) OR (“tissue engineering” [Title/Abstract]) OR (“Tissue Engineering” [Mesh]) OR (“Bone

Morphogenetic Proteins” [Mesh]) OR (“Bone Morphogenetic Proteins” [Title/Abstract]) OR (“Mesenchymal
Stem Cells” [Mesh]) OR (“Bone Mesenchymal Stem Cells” [Title/Abstract]) OR (“beta-tri calcium phosphate”

[Title/Abstract]) OR (“Bone Morphogenetic Protein 2” [Mesh]) OR (rhBPM2) OR (rhBPM-2)

149,201

2 (Mandible[Title/Abstract]) OR (Mandibular[Title/Abstract]) OR (Maxilla[Title/Abstract]) OR
(Maxillary[Title/Abstract]) OR (Maxillofacial[Title/Abstract]) 175,429

3 (“Reconstructive Surgical Procedures” [Mesh]) OR (Reconstruct[Title/Abstract]) OR
(Augment[Title/Abstract]) 558,576

1 AND 2 AND 3

(TITLE-ABS-KEY (bioengineering) OR TITLE-ABS-KEY (“osteogenic scaffold”) OR TITLE-ABS-KEY
(“osteogenic scaffolds”) OR TITLE-ABS-KEY (“tissue engineering”) OR TITLE-ABS-KEY (“Bone

Morphogenetic Proteins”) OR TITLE-ABS-KEY (“Bone Morphogenetic Protein”) OR TITLE-ABS-KEY
(“Mesenchymal Stem Cells”) OR TITLE-ABS-KEY (“Bone Mesenchymal Stem Cells”) OR TITLE-ABS-KEY

(“beta-tri calcium phosphate”) OR TITLE-ABS-KEY (“Bone Morphogenetic Protein 2”) OR TITLE-ABS-KEY
(rhbpm2) OR TITLE-ABS-KEY (rhbpm-2)) AND (TITLE-ABS-KEY (mandible) OR TITLE-ABS-KEY

(mandibular) OR TITLE-ABS-KEY (maxilla) OR TITLE-ABS-KEY (maxilla) OR TITLE-ABS-KEY (maxillary)
OR TITLE-ABS-KEY (maxillofacial)) AND (TITLE-ABS-KEY (“Reconstructive Surgical Procedures”) OR
TITLE-ABS-KEY (reconstruct) OR TITLE-ABS-KEY (augment) OR TITLE-ABS-KEY (reconstruction) OR

TITLE-ABS-KEY (augmentation))

735

Scopus

1

TITLE-ABS-KEY (bioengineering) OR TITLE-ABS-KEY (“osteogenic scaffold”) OR TITLE-ABS-KEY
(“osteogenic scaffolds”) OR TITLE-ABS-KEY (“tissue engineering”) OR TITLE-ABS-KEY (“Bone

Morphogenetic Proteins”) OR TITLE-ABS-KEY (“Bone Morphogenetic Protein”) OR TITLE-ABS-KEY
(“Mesenchymal Stem Cells”) OR TITLE-ABS-KEY (“Bone Mesenchymal Stem Cells”) OR TITLE-ABS-KEY

(“beta-tri calcium phosphate”) OR TITLE-ABS-KEY (“Bone Morphogenetic Protein 2”) OR TITLE-ABS-KEY
(rhbpm2) OR TITLE-ABS-KEY (rhbpm-2)

273,893

2 TITLE-ABS-KEY (mandible) OR TITLE-ABS-KEY (mandibular) OR TITLE-ABS-KEY (maxilla) OR
TITLE-ABS-KEY (maxillary) OR TITLE-ABS-KEY (maxillofacial) 275,089

3 TITLE-ABS-KEY (“Reconstructive Surgical Procedures”) OR TITLE-ABS-KEY (reconstruct) OR
TITLE-ABS-KEY (augment) OR TITLE-ABS-KEY (reconstruction) OR TITLE-ABS-KEY (augmentation) 1,114,947

1 AND 2 AND 3

(TITLE-ABS-KEY (bioengineering) OR TITLE-ABS-KEY (“osteogenic scaffold”) OR TITLE-ABS-KEY
(“osteogenic scaffolds”) OR TITLE-ABS-KEY (“tissue engineering”) OR TITLE-ABS-KEY (“Bone

Morphogenetic Proteins”) OR TITLE-ABS-KEY (“Bone Morphogenetic Protein”) OR TITLE-ABS-KEY
(“Mesenchymal Stem Cells”) OR TITLE-ABS-KEY (“Bone Mesenchymal Stem Cells”) OR TITLE-ABS-KEY

(“beta-tri calcium phosphate”) OR TITLE-ABS-KEY (“Bone Morphogenetic Protein 2”) OR TITLE-ABS-KEY
(rhbpm2) OR TITLE-ABS-KEY (rhbpm-2)) AND (TITLE-ABS-KEY (mandible) OR TITLE-ABS-KEY

(mandibular) OR TITLE-ABS-KEY (maxilla) OR TITLE-ABS-KEY (maxilla) OR TITLE-ABS-KEY (maxillary)
OR TITLE-ABS-KEY (maxillofacial)) AND (TITLE-ABS-KEY (“Reconstructive Surgical Procedures”) OR
TITLE-ABS-KEY (reconstruct) OR TITLE-ABS-KEY (augment) OR TITLE-ABS-KEY (reconstruction) OR

TITLE-ABS-KEY (augmentation))

1227

Embase

1
bioengineering:ti,ab,kw OR ‘osteogenic scaffold’:ti,ab,kw OR ‘tissue engineering’:ti,ab,kw OR ‘bone

morphogenetic protein’:ti,ab,kw OR ‘mesenchymal stem cell’:ti,ab,kw OR ‘beta-tri calcium
phosphate’:ti,ab,kw OR ‘bone morphogenetic protein 2′:ti,ab,kw OR rhbpm2:ti,ab,kw

115,437

2 mandible:ti,ab,kw OR ‘jaw disease’:ti,ab,kw OR mandibular:ti,ab,kw OR maxilla:ti,ab,kw OR
maxillary:ti,ab,kw OR ‘maxillofacial disorder’:ti,ab,kw OR maxillofacial:ti,ab,kw 202,168

3 ‘reconstructive surgery’:ti,ab,kw OR reconstruct:ti,ab,kw OR reconstruction:ti,ab,kw OR augment:ti,ab,kw OR
augmentation:ti,ab,kw 473,086

1 AND 2 AND 3 656

2.5. Inclusion Criteria

The inclusion criteria of the current review were as follows:

1. Original studies, written in English, including randomized controlled trials (RCTs),
Clinical trials, observational studies (cohorts and case series) as well as case reports on
human patients who had been treated with composite allogeneic tissue engineering for
immediate/delayed reconstruction of large maxillofacial defects with minimum/no
bone harvesting site.
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2. The composite allogeneic tissue engineering was defined as a combination of allogenic
bone (scaffolding), bone morphogenic aspirate (source of stem cells), rhBMP-2, and
platelet-rich plasma/platelet-rich fibrin (cell signaling for the promotion of stem cell
migration and differentiation into osteoblasts).

3. No minimum follow-up was established.
4. Studies must report on at least one of the outcomes of interest:

• The complication rates were reported. Either early post-surgical complications
or long-term post-surgical complications.

• The success rate is measured as the amount of new bone volume gained (assessed
either directly by gross observation or assessed radiographically).

• Patient-centered outcomes: satisfaction rate and esthetic and functional results.

The Exclusion criteria were as follows (the reasons for excluding articles are also
recorded in Table 2):

1. Nonhuman study and cadaver studies.
2. Studies involving significant autogenous bone grafts from sites like the ilium, rib,

fibula, or calvarium.

Table 2. Excluded articles with reasons.

Articles (First Author, Year, Title) Reason for Exclusion

N.M.A. Lopes, 2012, Use of rhBMP-2 to reconstruct a severely atrophic
mandible: A modified approach tricalcium phosphate instead of allogenic bone

Schuckert KH, 2009, Mandibular Defect Reconstruction Using
Three-Dimensional Polycaprolactone Scaffold in Combination with

Platelet-Rich Plasma and Recombinant Human Bone Morphogenetic Protein-2:
De Novo Synthesis of Bone in a Single Case

de novo not allogenic

Jörg Wiltfang, 2016, man as a Living Bioreactor: Prefabrication of a Custom
Vascularized Bone Graft in the Gastrocolic Omentum bovine bone not allograft

Rômulo Maciel Lustosa, 2014, Mandible reconstruction using rhBMP-2: case
report and literature review bovine bone xenograft not allograft

G. K. Sándor,2013, Adipose stem cell tissue-engineered construct used to treat
large anterior mandibular defect: a case report and review of the clinical

application of good manufacturing practice-level adipose stem cells for bone
regeneration (β-tricalcium phosphate)

(β-TCP) granules not allogenic

K. Mesimäki, 2009, Novel maxillary reconstruction with ectopic bone
formation by GMP adipose stem cells beta-tricalcium phosphate not allogenic

B. Zamiri, 2013, Reconstruction of human mandibular continuity defects with
allogenic scaffold and autologous marrow mesenchymal stem cells ex-vivo MSC

L. M. S. Zanettini, 2018, use of Recombinant Human Bone Morphogenetic
Protein-2 Associated With Lyophilized Bovine Bone in Reconstruction of

Atrophic Maxilla
bovine not allograft

M. Albanese, 2012, Fresh-frozen human bone graft to repair defect after
mandibular giant follicular cyst removal: A case report. Cell and

Tissue Banking.
no rhBMP

R. Bertolai, 2015, Bone graft and mesenchimal stem cells: Clinical observations
and histological analysis. Clinical Cases in Mineral and Bone Metabolism.

mesenchymal stem cells engineered freeze-dried
bone allografts/no rhBMP

C. M. Clokie, 2008, Reconstruction of 10 major mandibular defects using
bioimplants containing BMP-7 no rhBMP
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Table 2. Cont.

Articles (First Author, Year, Title) Reason for Exclusion

M. Cicciù, 2012,Protein-Signaled Guided Bone Regeneration Using Titanium
Mesh and Rh-BMP2 in Oral Surgery: A Case Report Involving Left Mandibular

Reconstruction after Tumor Resection
no allograft

S. C. Desai, 2013, Use of Recombinant Human Bone Morphogenetic Protein 2
for Mandible Reconstruction no BMA

C. M. Misch, 2015, Vertical Bone Augmentation Using Recombinant Bone
Morphogenetic Protein, Mineralized Bone Allograft, and Titanium Mesh: A

Retrospective Cone Beam Computed Tomography Study
not large defect

B. B. Kim, 2014, Hybrid mandibular reconstruction technique: Preliminary case
series of prosthetically-driven vascularized fibula free flap combined with

tissue engineering and virtual surgical planning
no rhBMP2

Mark C. Fagan, 2008, Simultaneous hard and soft tissue augmentation for
implants in the esthetic zone: Report of 37 consecutive cases. no rhBMP2

B. Haj Yahya, 2020, Non-Autogenous Innovative Reconstruction Method
Following Mandibulectomy defect size is small

H. I. Canter, 2007, Reconstruction of mandibular defects using autografts
combined with demineralized bone matrix and cancellous allograft bone harvest included

C. Loperfido, 2014, Severe mandibular atrophy treated with a subperiosteal
implant and simultaneous graft with rhBMP-2 and mineralized allograft: a

case report
no stem cell

A. Deshmukh, 2015, Bilateral maxillary sinus floor augmentation with
tissue-engineered autologous osteoblasts and demineralized freeze-dried

bone [2]
defect size is small

M. S. Block, 2010, Use of Living Cell Construct to Enhance Bone
Reconstruction: Preliminary Results no rhBMP

2.6. Study Selection Process

In order to determine proper materials, two reviewers conducted a duplicate searching
process using the inclusion and exclusion criteria independently. Instances of divergence
of opinion were resolved by consulting a third investigator (Sh.R.). The full-text version
of papers was obtained for all titles that appeared to meet the inclusion criteria or in
case of any hesitancy. Then, each paper was studied at least twice by two reviewers
(M.A. and H.Z.).

2.7. Data Extraction

Whenever applicable, two authors (M.A. and H.Z.) retrieved the following data from
the finally included studies based on a predefined paper checklist, and three other authors
(Sh.R., Z.Kh., and J.M.) supervised the extraction process for accuracy. Since poorly reported
outcomes of included materials could thread the validity of our work, we contacted the
corresponding author of the study via email, sending up to two emails, in case of missing
data or any hesitancy. The following data were extracted:

First author, year of publication, country of origin, study type, mean age, sex, number
of cases, mean follow-up (range), gained bone volume, rates of complications, donor-site
morbidities, and success rates and main outcomes.
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2.8. Risk of Bias Assessment

Two examiners (M.A. and H.Z.) conducted the quality assessment according to the
following quality assessment tools and supervised by a third author (Sh.R.) for accuracy.
Any disagreement was resolved by consensus (Table 3).

The methodological quality and synthesis of case series and case reports by
Murad et al. were used for bias assessment [11–14]. Summing the scores and present-
ing an aggregate score was not appropriate, and making an overall judgment about the
quality should be based on the most critical questions.

Table 3. Risk of bias assessment for case series and case reports.
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James C. Melville, 2016,
Houston, English [15] N Y Y N Y NA Y Y

James C. Melville, 2017,
Houston, English [16] N Y Y N Y NA Y Y

J. C. Melville, 2014,
Houston, English [17] N Y Y N Y NA Y Y

James C. Melville, 2019,
Houston, English [18] N Y Y N Y NA Y Y

Matthias Schlund, 2019,
Oman, English [19] N Y Y N Y NA Y N

Kamel Alraei, 2020, Saudi
Arabia, English [20] N Y Y N Y NA Y Y

Jeanette Johnson, 2016,
Texas, English [21] N Y Y N Y NA Y Y

N. Ali, 2018, Texas,
English [22] N Y Y N Y NA Y Y

Todd G. Carter, 2008,
Seattle, English [23] N Y Y Y Y NA Y Y

Weiss R., 2022, USA,
English [24] N Y Y N Y NA Y Y

Melville et al.,
2019, USA, English [25] N Y Y Y Y NA Y Y

N: no, Y: yes, NA: not applicable, The timing for the outcomes to occur is considered for short-term outcomes.

2.9. Data Analysis

Individual patient data were aggregated, and descriptive statistics were performed
(MS Excel 2016).
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3. Results

Figure 1 illustrates the PRISMA flow diagram for the study selection process at each
level [10]. In the initial search, 2618 papers were obtained through PubMed, Scopus, and
Embase. After duplication removal, 1401 papers remained the titles and abstracts of which
were assessed for eligibility. A total of 1359 papers were removed by reading the title and
abstract. Full texts were retrieved for the remaining 34 papers. Of those, 21 papers were
excluded with reason. Finally, 11 papers were found to be eligible to be included in the
current study.
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Figure 1. The PRISMA flowchart of included studies.

Study Characteristics

The characteristics of the included materials are shown in Table 4. Regarding the study
type, eight case reports, three case series, and two clinical trials were included. A total of
144 cases were enrolled in this systematic review. The mean age of the patients was 43.34
(age range: 9–89). All incoming articles reported age. Seventy-one cases were male, and
seventy-three were female. The mean follow-up time was 24.2 months with a range of 6 to
60 months. The included materials were published between the years 2008 and 2022 in the
following countries: USA, India, Oman, Turkey, Israel, and Saudi Arabia.
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Among the articles reviewed, two methods of immediate surgery and two-stage
surgery were performed.

In 2016, a retrospective case study by Melville et al. [14] treated five patients with large
mandibular defects caused by tumor ablation. The average amount of mandible defects was
between 3.5 and 8 cm, which was treated with a combined method of freeze-dried cortical-
cancellous bone and rhBMP-2 and BMAC in one session at the same time as removing
the tumor with an intra-oral approach. With the same method of treatment, Melville et al.
reported the treatment of a large maxillary defect that had been damaged due to trauma.
This was a novel technique for large maxillary defects combining conventional techniques
and tissue engineering techniques to create a custom-made graft utilizing in situ tissue
engineering [16]. Schlund and colleagues reported a similar technique in a 33-year-old
patient; they vascularized the allogenic graft with a radial forearm free flap to overcome
poor vascularization in tissue-engineered allogeneic bone [19].

N. Ali et al. [22] reported a success rate of 88% by treating 24 surgical cases with a
combination of allogeneic transplantation and Melville-like proteins and stem cells.

J. Johnson et al. [21] and her colleagues combined costochondral rib graft, allogeneic
bone, BMAC, and recombinant human morphogenetic protein-2 in an 11-year-old patient
with a 3.4 × 4.2 × 3.1 cm defect. A 100% success has been reported in a 1-year study.

Using the abovementioned combination, Kamal et al. [20] used titanium mesh for
better bond results. Melville et al. [18] in another retrospective study treated 34 cases of
tumor-like ameloblastoma, ossifying fibroma, odontogenic keratocyst (OKC), etc., using a
non-resorbable titanium mesh or resorbable poly(L-lactide) (PLLA) or poly(D, L-lactide)
(PDLLA) membrane addition of the mentioned combination bond, it was found that the
graft is exceptionally vulnerable to bacterial contamination and also any patients with a
history of uncontrolled health disease, chemotherapy, or radiation therapy negatively affect
the graft’s viability.

RE Marx [27,28] and colleagues in two separate studies with two techniques and
changing the amount of stem cells and their type compared the results to autogenous
transplantation. In these two studies, the success rate was 97.4% to 40% compared to
autogenous transplantation. The noticeable complication with this technique was edema,
which was graded as nearly twice that of the autogenous graft and lasted nearly twice
as long. They also stated that, in a series of cases, there is still a need to synchronize this
technique with the autogenic technique and significantly more swelling.

4. Discussion

Alveolar defects caused by oncologic resection or trauma often involve extensive
volumetric bone loss in the vertical and horizontal dimensions. If remaining untreated,
they can lead to noticeable quality-of-life, nutritional, and speech issues [31,32]. The
reconstruction of these hard tissue defects for shaping the appropriate facial form and
functional rehabilitation poses a significant challenge for oral and maxillofacial surgeons.
Successful reconstruction with a reasonably high long-term success rate (up to 70%) has
been achieved with autogenous bone grafts. For decades, autografts as a natural biomaterial
have been considered the gold standard due to superior osteoinductivity, osteoconductivity,
and osteogenesis, compared with other types of materials [20,33]. Osteo-cutaneous free
flaps, especially fibula free flaps, are the most common autografts used for crucial-sized
grafts [19].

They also have shown histocompatibility and avoidance of immune rejection [34].
Morbidities in graft harvesting sites and bone transplantation sites, increased surgical
time, and prolonged hospitalization are the main drawbacks of the conventional technique.
Extensive graft harvesting from extra-oral sites has an increased risk of hematoma, pain
and sensory disturbances, herniation of abdominal content, pelvic instability, and infections.
Likewise, in huge defects, longer than 6 cm, the increased failure rate is not out of the
question [35,36].
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A promising alternative method to address a wide range of maxillofacial scenarios
is tissue engineering. The strategies used in tissue engineering based on the use of cells,
scaffolds, and bioactive molecules encompass tissue and organ regeneration [37]. Tissue
engineering for maxillofacial bone defects is most successful in osteogenesis when mim-
icking both the macro- and micro-environment. Current literature supports the use of a
biomimetic, bioactive osseointegrative customized scaffold according to the defect accom-
panied by growth factors and stem cells [38]. In recent years, a new tissue engineering
technique using a combination of allogenic bone, BMAC, and rhBMP-2 has been introduced
and advocated by Melville et al. for immediate reconstruction of large maxillofacial defects
with less invasiveness, less intraoperative time, lower cost, and minimum/no donor site
morbidities than conventional autografting methods [15].

The three basics of successful regeneration in this technique are allogeneic bone
(scaffolding), BMAC (stem cells), and rhBMP-2 and platelet-rich plasma/platelet-rich fibrin
(cell signaling for the promotion of stem cell migration and differentiation into osteoblasts).

The scaffold is a three-dimensional framework on which cells can adhere and prolifer-
ate. A good scaffold to reconstruct bone is bone; allografts such as humeral bone have the
desired strength to bear the mastication loads [19,39].

BMAC is a rich source of MSCs and osteoprogenitor cells, cytokines, and growth
factors that can be derived from the tibia or iliac crests and delivered to bony defects [27].
BMAC is an affordable, easy-to-harvest, and safe technique to collect a considerable number
of mesenchymal stem cells, and the results with this technique are comparable with an
autograft alone [40,41].

rhBMP-2 added to allografts was used for alveolar reconstruction defects and sinus
floor augmentation successfully, but recent experiments also suggest several clinical benefits
of the off-label use of rhBMP-2 in the reconstruction of critical-sizedmaxillofacial defects.

The included materials reported both immediate and delayed reconstruction with a
transoral or extraoral approach. Although the preferred technique was mostly an immediate
reconstruction, in cases with potential extensive soft tissue loss after surgery, delayed
reconstruction was conducted. Sufficient soft tissue is a crucial factor for success rate; the
required soft tissue volume would allow for a primary watertight tension-free closure
to prevent bacterial contamination. If the amount of soft tissue seemed insufficient, a
vascularized free flap was performed and later followed by delayed tissue-engineered
reconstruction. Special care must be taken with an intraoral approach as tissue-engineered
bone grafts are highly vulnerable to salivary leakage and bacterial contamination of the
graft [18].

Literature on the use of rhBMP-2 in large maxillofacial defects in children is scarce.
Only three papers included children (9–18 years) in their studies [17,18,21]. Although
the predictability and safety of the combination of allogenic bone, BMAC, and BMP for
reconstruction after resection of benign tumors in adult patients have been demonstrated,
their use in children is still in dispute. The US Food and Drug Administration has warned
about the use of BMP in patients with developing skeletons [42]. Use should be judicious
as complications and long-term outcomes cannot be validated until larger studies on
pediatrics be conducted.

Recently, a similar study has been conducted with an aim of reconstruction of critical-
size tibia defects in a sheep model. The bone substitute in combination with endothelial
progenitor cells (EPC), mesenchymal stem cells (MSC), and with (or without) growth factors
BMP-2 was prevascularized and transplanted into a critical-size bone defect in 17 sheep
models. They used an AV loop as an even less invasive approach, compared to a forearm
free flap, for axial vascularization. During the first and third months after transplantation
at the defect, good success was achieved [43].

There has been some evidence for the potential of immediate tissue engineering
techniques to be an alternative treatment for the current gold standards, transplantation of
vascularized autologous bone harvested from unharmed areas, in routine practice.
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Limitations of the Technique and Future Implications

Despite the growing body of literature and advances in the reconstruction of critical-
sized maxillofacial defects, the technique has a number of shortcomings and several chal-
lenges ahead.

One negative point of added rhBMP-2 is inevitable post-surgical swelling and edema
attributed to the inflammatory cytokine-like nature of rhBMP-2, on which steroids have
little impact. Therefore, pre-surgical precautions are warranted. rhBMP-2, when combined
with absorbable collagen sponges as a carrier, provides a continuous release of the protein
into the bone formation environment for three weeks after the surgery. The complication is
blocked vascular growth and soft tissue compression at the bone regeneration site [44].

Nevertheless, some contraindications are listed for BMAC harvestings, such as cases
with congenital disorders, metabolic diseases, malignancy, or a history of trauma in the
harvesting site. Caution should be exercised in young patients (<18 years) [24]. Non-
vascularized allografts have a high vulnerability to bacterial contamination [19].

Inadequate defect fit of scaffolds and personalized, customized substitute devices is
another challenge to be faced, as the process may require multiple steps/device parts [15].
In addition, current techniques only allow for homogeneous bony structures regeneration,
while clinical scenarios in craniofacial defects caused by tumor ablation or trauma mostly
require the engineering of multiple tissues, which include soft, hard, and nerve tissue.

The temporomandibular joint as an osteochondral unit containing bone, cartilage,
and transitional layers is one example. In complex cases of mandibular or zygomatic arch
defects, reconstruction of the temporomandibular joint (TMJ) may be required. The TMJ
has poor regenerative capacity due to the avascular nature of cartilage.

The emergence of three-dimensional printing (3DP) technologies made notable progress
in the regeneration of complex heterogeneous defects. This technology enables individual-
ized substitute device construction [25]. The multilayer scaffold design creates a vascular
network for better oxygen diffusion and waste exchange in heterogeneous defects [31].

The current literature is encouraging but as yet is too scarce to allow a firm conclusion
to be drawn. With the knowledge of the possibility afforded for the future reconstruction of
large maxillofacial defects, further studies with large sample sizes and long-term follow-ups
are warranted to validate the routine use of this technology in the maxillofacial field.

5. Conclusions

The reviewed technique combines the allogenic graft as a biologic scaffold with bone
marrow aspirate and rhBMP-2 to create a custom-made graft.

The current literature demonstrates the potential for using large-scale transplantable,
vascularized, and customizable bone with the aim of reconstructing large maxillofacial
bony defects in short-term follow-ups. This approach might be an alternative to the current
therapeutic clinical options that include vast autogenous bone harvest and many patient
morbidities, although, further clinical trials with larger sample sizes in long-term follow-
ups are needed to draw a firm conclusion.
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Abstract: While periodontal ligament cells are sensitive to their 3D biomechanical environment,
only a few 3D in vitro models have been used to investigate the periodontal cells mechanobiological
behavior. The objective of the current study was to assess the capability of a 3D fibrous scaffold
to transmit a mechanical loading to the periodontal ligament cells. Three-dimensional fibrous
polycaprolactone (PCL) scaffolds were synthetized through electrospinning. Scaffolds seeded with
human periodontal cells (103 mL−1) were subjected to static (n = 9) or to a sinusoidal axial compressive
loading in an in-house bioreactor (n = 9). At the end of the culture, the dynamic loading seemed
to have an influence on the cells’ morphology, with a lower number of visible cells on the scaffolds
surface and a lower expression of actin filament. Furthermore, the dynamic loading presented a
tendency to decrease the Alkaline Phosphatase activity and the production of Interleukin-6 while
these two biomolecular markers were increased after 21 days of static culture. Together, these results
showed that load transmission is occurring in the 3D electrospun PCL fibrous scaffolds, suggesting
that it can be used to better understand the periodontal ligament cells mechanobiology. The current
study shows a relevant way to investigate periodontal mechanobiology using 3D fibrous scaffolds.

Keywords: periodontal regeneration; human periodontal ligament cells; mechanobiology; dynamic
mechanical loading; polycaprolactone fibrous scaffold

1. Introduction

Periodontitis is a chronic inflammatory disease affecting the tissues surrounding and
supporting the teeth and can lead to teeth loss if left untreated. It is a highly prevalent
disease and more than 10% of the world’s population suffer from severe cases of periodon-
titis [1]. The periodontium is composed of both hard (alveolar bone and cementum) and
soft tissues (periodontal ligament and gingiva). In order to obtain subsequent structural
and functional regeneration, a tissue-engineering approach is required to allow for an
accurately compartmentalized healing response. In this context, periodontal regeneration
strategies remain currently a real clinical challenge to avoid mobility and maintain a good
quality of teeth life [2].

The periodontium complex structure, with alternating hard and soft tissues, makes its
tissue regeneration a challenge. In addition to a complex microbiota, that is the main cause
for periodontal disease initiation [3], the biomechanical environment offered by the oral
cavity is known to influence the cells behavior and the tissue organization [4]. Amongst
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others, a healing strategy used in a clinic consists in the placement of an impermeable and
resorbable or non-resorbable [5] membrane preventing further migration of epithelial cells,
hence allowing for the periodontal cells to synthetize new periodontal tissues [6,7]. Fibrous
scaffolds are also under investigation for such guided tissue regeneration strategies [8,9].
However, such guided tissue regeneration methods do not offer a suitable structural
guidance for periodontal cells to synthetize the adapted extracellular matrix (ECM) [10].

Cells behavior depends on their substrate’s properties (structural, mechanical,
etc.) [11–13]. This is why it is necessary to understand the behavior of periodontal cells
seeded on scaffolds with different properties to develop new tissue engineering strate-
gies [14]. Such strategies associate specific scaffolds and stimuli to promote a targeted
tissue regeneration [10]. While alveolar bone and cementum are part of periodontal tissues,
the current study focuses on a periodontal ligament (PDL) regeneration. The PDL is known
to play a major role on the periodontal integrity. Through its biomechanical properties, it
transmits to the underlying alveolar bone a suitable mechanical stress allowing for bone
structural adaptation through a well-known mechanobiological pathway [15–17]. It is
therefore of major importance to understand PDL tissue engineering-based regeneration.

In that context, it is clear that the properties of the scaffold used are determinant in the
regenerative potential of the tissue engineering strategy. While hydrogel-based scaffolds
have been largely used, due to their capacity to offer structural guidance and allow for
drugs or bioactive molecules delivery, they might not be suitable in terms of biomechanical
performance [10]. In vivo, periodontal cells are immerged in a ground substance, which
can justify the major use of a hydrogel with similar properties for periodontal regeneration
investigations [18–20]. However, if this ground substance is assumed to play a role in
the viscous properties of the PDL [21], its elastic properties are mainly associated with its
fibrous matrix made of collagen bundles [22,23]. Regarding that, in vivo, the PDLCs are
closely bonded to the collagen bundles [24]. This suggests that the deformation of these
bundles will directly influence the deformation of the PDLCs.

These mechanical parameters are of importance when developing new tissue engineer-
ing strategies. PDLCs are mechanosensitive cells: a mechanical stimulation has a significant
influence on their behavior [4]. The influence of a mechanical loading on scaffold-free
PDLCs has already largely been studied. Such interesting investigations have shown that
PDLCs are sensitive to a static pressure [25,26] or static tensile loading [27,28], a cyclic
pressure [29], cyclic compressive [30], or cyclic tensile [31,32] loading, as well as to fluid
flow [33,34]. These studies are of great relevance as these natures of loadings are observed
in vivo. A pressure is applied through the compression of the ground substance [35],
compressive or tensile loadings through the deformation of the collagen bundles [23],
and a fluid flow is associated with the flow of the ground substance through the collagen
porosities [21]. Still, most of these studies have considered a 2D approach whereas it is
known that cellular behavior differs in 3D [36,37]. Furthermore, these previous studies
used scaffold-free cell cultures, whereas in the PDL, the loading is not directly applied, but
transmitted through the different ECM components.

To the authors’ knowledge, only one study focused on the behavior of PDLCs subjected
to a mechanical loading in a 3D scaffold [20]. While this study presents an interesting
3D loading device, the scaffold used is collagen gel based (≈1 kPa) that is much softer
than the PDL collagen bundles (≈1 MPa [23]), and could thus not represent the accurate
load to the seeded cells. It is thus necessary to develop 3D scaffolds with biomechanical
properties representative of those of the PDL. Interestingly, polycaprolactone (PCL) appears
as a good candidate to build complex architectures that have been shown to be interesting
in terms of the PDLCs 3D static culture [38]. Furthermore, PCL-based fibrous matrices
are known to have local and apparent elastic properties close to that of the PDL collagen
bundles [4]. Nevertheless, it is not known whether or not a PCL fiber is able to transmit
the mechanical loading to the cells as it is conducted in vivo by the collagen bundles. In
this context, the aim of the present study was to investigate the influence of a mechanical
loading on the behavior of PDLCs seeded in a 3D PCL fibrous scaffold in order to suggest
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it as relevant scaffold for a PDL mechanobiology investigation to develop durable and
predictable periodontal regeneration strategies.

2. Materials and Methods

• Scaffold preparation

A fibrous matrix of PCL (Purasorb PC 12, inherent viscosity 1.2 dL/g, Tf = 60 ◦C,
Sigma-Aldrich, St. Louis, MO, USA) were fabricated using electrospinning in ambient
conditions of humidity and temperature. A 0.15 g·mL−1 solution of PCL was dissolved in
1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP, Sigma-Aldrich, France) and was prepared at least
24 h before the spinning process. The homogeneous PCL solution was then poured into a
syringe connected to a 21-gauge blunt needle. The PCL solution was extruded at 2 mL·h−1

and the needle tip was placed at 6 cm from a grounded target consisting of a metal cylinder
6 mm in diameter. A motor was used to rotate this cylindric target at 100 rounds per
minute. A potential difference of 4.4 kV was applied using a high-voltage generator (Iseg)
connected to the needle (Figure 1). The spinning process was performed at 20 ± 2 ◦C and
30 ± 2% of relative humidity (lab conditions). The solvated PCL was extruded at 2 mL·h−1

using a syringe pump (KDS-100, KD Scientific, Holliston, MA, USA) for 20 min.
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Figure 1. Schematic of the electrospinning set up and illustration of the obtained scaffold.

The obtained tube of PCL, with an inner diameter of 6 mm and a random fibers
orientation, was then cut in ring samples, 3 mm in height, using a low speed saw (ISOMET
4000, Buehler, Lake Bluff, IL, USA) equipped with a micrometer screw to allow for an
accurate parallelism between the two faces of the rings. Such a shape was chosen in order
to mimic the 3D PDL anatomical geometry around the dental root and thus reproduce the
apparent deformation and stress during the mechanical loading (Figure 1). The scaffolds
were then dried at 40 ◦C in an oven for 6 days to ensure a complete HFIP evaporation.

• Scaffold characterization

The morphology of the fibrous matrix was characterized through an X-ray micro-
computed tomography µCT using an EasyTom Nano device (RX Solutions, Overland Park,
KS, USA) with an accelerating voltage of 40 kV with a 0.7 µm isotropic voxel size. An
analysis was performed to investigate the inner fibrous structure of the scaffolds. A total of
3000 projections were recorded in a continuous rotation mode, with an exposure time set at
0.4 s. The fibers diameter and porosity were analyzed using the BoneJ ImageJ plugin [39].

• Cell culture

Human PDLCs were derived from human primary cell cultures (#2630, ScienCell,
Carlsbad, CA, USA). Cells were suspended in a culture medium using Fibroblast Medium
(#2301, ScienCell, USA) containing 10% fetal bovine serum (#0500, ScienCell, USA), 1%
penicillin/streptomycin (#0503, ScienCell, USA), 1 % fibroblast growth supplement (#2352,
ScienCell, USA), and 0.1% amphotericin B (15290026, ThermoFisher, Waltham, MA, USA) at

164



Biomimetics 2023, 8, 108

37 ◦C, 5% CO2, and 97% of relative humidity for 4 days before the experiment. The culture
medium was changed every 3 or 4 days. The media in contact with cells was withdrawn
and stored at −20 ◦C for further analyses.

The PCL scaffolds samples were placed in the culture plate perpendicularly in a 24 well
plate (as in Figure 1). Before seeding, the samples were sterilized under UV light for 30 min
and incubated in fetal bovine serum (FBS) at 37 ◦C for 2 h to promote cell adhesion [40].
After the FBS removal, 500 µL of the cell suspension (103 mL−1) was seeded on the scaffolds
drop by drop on the external and internal faces of the scaffold and cultured as such for
4h. Then, an additional 500 µL of the culture media was added and the cell-scaffolds were
cultured as such for 24 h prior to the start of the experiment. A total of 9 scaffolds were used
for each experiment: 3 samples seeded with PDLCs and subjected to a dynamic mechanical
stimulation (Dyn), 3 samples seeded with PDLCs and maintained under static conditions
(Stat), and 3 non-seeded samples were maintained under static conditions (NS_Stat) in a
culture media without cells. The experiment was conducted independently three times
resulting in a total of 9 samples per condition.

At the end of the culture time (21 days) cellularized and non-cellularized scaffold
samples were fixed in a 3.7 vol% paraformaldehyde (ACROS Organics) for 30 min for
further analyses.

• Dynamic bioreactor and loading sequence.

The loading device used in the current study is a custom-made bioreactor allowing
for the application of a cyclic compressive load that can be fitted within a cell culture
incubator [41]. This bioreactor allows to test several samples immerged in the same culture
medium. The loading chamber consists of a:

A lower part, a stainless-steel plate of 50 mm in diameter on which the samples are
placed. This plate is moved up and down thanks to a piezoelectric actuator that performs a
sinusoidal movement of a controlled frequency.

An upper part, made of Plexiglas®, is fixed to the device in order to ensure the
compression and also to ensure the visualization of the samples in the chamber. For our
tests we used 3 samples for each dynamic experiment.

The loading sequence consisted in a first compressive static pre-loading of 10 days
followed by a dynamic compression for 11 days, resulting in a total of 21 days of culture.

At day 0, the scaffolds were subjected to a static loading. The contact between the
upper plate and the PCL matrices was considered as the first variation in the recorded force.
From this starting point, the steel plate raised to 500 µm, inducing a 17% static compressive
deformation of the scaffolds (ε% = (L–L0)/L0). At day 3, the plate was moved upward
by 250 µm more, inducing a total axial displacement of 750 µm associated with a final
scaffold deformation of 25%. This static pre-load was controlled in terms of displacement
and not force due to the different initial stiffnesses of the different PCL samples. This was
conducted in order to ensure the contact between the upper plate and the scaffold during
the whole experiment. Preliminary results did show that the contact was lost when the
initial deformation was too low.

At day 10, the dynamic compressive loading was applied to the tested scaffolds.
This consisted in an axial displacement of 100 µm of the steel lower plate, ranging from
−50 µm to +50 µm with respect to the position at the end of the static pre-loading step.
A total displacement of 100 µm was defined because it has been shown that a mini-pig
molar (considered as a relevant model for mastication) displacement, under a chewing
representative force, can be up to 140 µm [42,43]. The loading frequency was set to 0.2 Hz.
Finally, the loading was chosen to be continuous, with no resting period, even if it is known
that resting times have an influence on cell responses [44]. This extreme loading sequence
was defined this way in order to focus the experiment on the influence of the mechanical
loading, and to analyze if the PCL is able to transmit the mechanical loading to the cells. The
loading was only stopped for 10 min at days 13, 17, and 21 for the culture medium renewal.
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• Mechanical characterization

The stiffness of all the different scaffolds were measured at day 0 (d0) and day 21 (d21).
The matrices were subjected to a sinusoidal displacement of 100 µm and 0.2 Hz for at least
10 cycles. First we checked that our sinusoidal force signal is a mainly elastic signal (Pi/2
offset from the displacement signal). Then we were able to calculate the stiffness using the
following equation:

K =
F

∆d
(1)

where K (expressed in N·µm−1 in the current study) is the stiffness, F (N) is the force
amplitude for one cycle, and ∆d = 100 µm is the total displacement. The stiffness was
measured for each cycle during the compressive phase, and the final value was the averaged
value between all the cycles. To compare the different conditions between them, the relative
differences between d21 and d0 were calculated as follows:

∆Rel =
KFinal −KInitial

KInitial
× 100 (%) (2)

The relative difference was measured instead of each absolute value because a matrix
stiffness largely depends on its geometrical properties. By studying the relative difference,
such geometrical parameters vanish and the different matrices can be compared.

• Cell morphology by Confocal Laser Scanning Microscopy (CLSM)

After the fixation process, all the cell-seeded scaffolds were permeabilized using Triton
X100 (Fisher Bioreagents, 1 vol% in PBS), then blocked and kept in PBS containing 1 vol%
BSA (Bovine Serum Albumin, Corning,) at 4 ◦C. Actin filaments were then stained with
Alexa Fluor™ 488 Phalloidin (A12379, Thermo Fisher Scientific, Waltham, MA, USA) at a
1:100 volume ratio in PBS (green fluorescence) at room temperature for 40 min. The cells’
nuclei were stained with DAPI (4′,6-diamidino-2-phenylindole, blue fluorescence, P3566,
Thermo Fisher Scientific, France) at a 1:3000 volume ratio in PBS at room temperature for
10 min. The samples were then cut in order to hold them flat on a glass slide and observed
their external and internal sides using an LSM 800 confocal laser scanning microscope (Carl
Zeiss Microscopy, GmbH, Oberkochen, Germany).

• Extracellular quantitative assay of ALP activity and inflammatory biomarkers

At d10 and d21, the culture media of both conditions were defrosted and used for
Alkaline Phosphatase (ALP) activity assessment for static and dynamic conditions in
function of time. This corresponds to the time step before the beginning of the dynamic
mechanical stimulation (day 10) and the final time step after the mechanical stimulation (day
21). The ALP activity was quantified using the kit K412-500 according to the manufacturer’s
instructions (BioVision Incorporated, Waltham, MA, USA). Briefly, 50 µL of 5 mM ALP
reaction solution (2 4-nitropheyl-phosphate disodium salt hexahydrate tablets dissolved in
5.4 mL ALP Assay Buffer) was added to 80 µL of each culture media and incubated at room
temperature. After 1 h, the reaction was stopped by adding 20 µL of Stop solution. The
absorbance of the colored reaction product (pNPP) within the solution was then measured
at 405 nm using a micro-plate reader (Infinite® M 200 PRO, NanoQuant plate, Tecan,
Männedorf, Switzerland). ALP activity was then calculated using the following equation:

ALP activity =
npNPP

∆t×V
(3)

where npNPP (µmol) is the quantity of pNPP, ∆t = 60 min is the reaction time, and V = 80 µL
is the volume of media added to the solution. Finally, this value was multiplied by the
volume of media collected from the wells for the static conditions and from the bioreactor
for the dynamic conditions. This was done because the volume from the bioreactor was
different from the wells volume due to the experimental set up.
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At day 10 and day 21, the culture media were also used to quantify the concentration
of IL-6 inflammatory mediator. ELISA kits were used to quantify the concentration of
IL-6 (Elabscience, Houston, TX, USA) following the manufacturers’ instructions. Briefly,
the samples were added to the ELISA wells and combined with IL-6 specific antibody.
After adding the stop solution, the samples’ absorbance was measured at 405 nm using a
micro-plate reader. The concentration (pg/mL) of IL-6 was then quantified by comparing
the samples absorbance to the reference curves. As for the ALP, the total IL-6 amounts for
the final concentration were normalized by the volume collected from the wells and from
the bioreactor for the static and dynamic conditions, respectively.

As the seeded scaffolds subjected to the dynamic condition were gathered within the
same chamber, due to the experimental set up, it was not possible to distinguish the three
different scaffolds regarding these biochemical measurements. In order to compare the
static and the dynamic conditions, the removed medium from the three separated static
wells were mixed together. The measurements were then performed in triplicate for the
ALP and the IL-6. The measured values were then normalized by the number of days
between the medium changes, for example day 10 the medium was changed 3 days before,
and for day 21, the medium was changed 4 days before.

• Statistical analyses

Due to the low number of samples per condition, the results were analyzed by ap-
plying the non-parametric Mann-Whitney test using R© (The R foundation for Statistical
Computing, Austria). Regarding the mechanical characterization, the relative difference in
stiffness was measured for each of the 9 scaffolds (3 samples × 3 experimental series). For
the ALP and IL-6 measurements, only the three averaged values of the three experimental
series were considered for the statistical analyses.

3. Results

• Scaffold characterization

The µCT scans allowed to observe and analyze the matrices at different length scales
(Figure 2). The electrospinning protocol allowed to obtain 600 µm thick scaffolds (Figure 2
left) with randomly oriented fibers (Figure 2 middle and right). The fibers had an average
diameter of 2.3 ± 0.5 µm with maximum diameter of 5.8 µm. The pores had an average
diameter of 6.4 ± 2.9 µm with a maximum diameter of 22.2 µm. The pore volume fraction
was 91%.
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Figure 2. Three µCT 3D renderings at three magnifications: left: the whole matrix, middle: a large
volume of interest (500 × 300 × 300 µm3), and right: a small volume of interest (100 × 100 × 100 µm3).

The diameter of the fibers was homogeneous throughout the volume, with only
some isolated areas of large fibers of 6 µm (Figure 3 left). Conversely, the porosity was
not homogeneously distributed over the thickness of the sample. Larger pores, from
15 to 20 µm in diameter, were observed in the outer half of the thickness of the sample
whereas small pores, from 2 to 10 µm, were found through the inner part of the matrices
(Figure 3 right).
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Figure 3. Distribution of left: fibers diameter and right: pores diameter on a 500 × 300 × 300 µm3

volume of interest.

• Mechanical characterization

After 21 days of culture, the stiffness of the static cell-seeded scaffolds decreased
by 37% on average for the three series, and the stiffness of the matrices subjected to a
dynamic mechanical loading decreased by 38% on average. The matrices without cells but
incubated in static conditions showed an averaged decrease of 11% (Figure 4). A significant
difference in the decrease in stiffness was observed between the cellularized Stat and the
non-cellularized scaffolds (p = 0.01) and between the Dyn and the NS-Stat scaffolds (0.003)
when considering each sample. No difference was measured between the Stat and Dyn
cell-seeded scaffolds.
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Figure 4. Averaged value of the stiffness relative differences for the NS (Non-seeded), Stat (static
condition), and Dyn (dynamic conditions) obtained by analyzing nine samples (three matrices and
three experimental campaigns) between d10 and d21. *: significantly different (p-value < 0.05).

The individual values for each scaffold and each condition revealed an inhomogeneous
distribution, particularly the stiffness difference value for NS2 during the third experimental
series seems aberrant (Table 1). It has to be noticed that this particular value has been
removed for the averaged value and for the statistical analysis presented in Figure 4. The
absolute stiffness values for all the samples are provided in the Supplementary Materials
(Table S1).

168



Biomimetics 2023, 8, 108

Table 1. Values of stiffness relative difference (in %) between d0 and d21 for all the samples of the
three experimental campaigns. The red value has been considered as aberrant and removed from the
statistical analysis. The subscripts 1, 2 and, 3 correspond to the three samples in each series. Samples
from the same column (with the same name and subscript) are not associated.

NS-Stat1 NS-Stat2 NS-Stat3 Stat1 Stat2 Stat3 Dyn1 Dyn2 Dyn3

1st series −20 −1 −5 −60 −34 −37 −38 −35 −49
2nd series −25 −35 11 −73 −36 −19 −22 −58 −7
3rd series −8 63 −7 −33 −2 −8 −41 −51 −43

• Cell morphology by CLSM

For the static conditions, the CLSM images showed cells that were spreading over the
scaffold exterior surface, often in clusters. Their actin filaments within their cytoskeleton
(green) were well organized (Figure 5 left). Conversely, few nuclei with only a little actin
expression were observed on the dynamic scaffold surfaces (Figure 5 right).
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Figure 5. Human PDLCs morphology and spreading by CLSM. (a/b/c): 1st/2nd/3rd series under
static (left) and dynamic (right) conditions. Actin cytoskeleton in green fluorescence and nuclei in
blue fluorescence. Note that for series 2 (b), the gain for the Alexa 488 Phalloidin fluorescence was put
on high in order to detect a signal for the dynamic condition. This resulted in the autofluorescence of
the scaffolds fibers. Scale bars: 100 µm.
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After this result, and to ensure that cells were present within the scaffolds subjected
to the used dynamic loading, one Stat and Dyn sample from each series was treated with
Trypsin for 15 min at 37 ◦C in order to enable cell detachment and cell harvesting from
the scaffold samples. The cell media was then added to stop the trypsin action, the cell
suspension was centrifuged (5 min at 1200 rpm) and resuspended to allow for cell counting
using a scepter™ Handheld Automated Cell Counter (Merck Millipore, Germany). Results
showed that cell proliferation occurred in both the static and dynamic conditions, with a
higher number of cells in the scaffolds subjected to the static condition (Table 2).

Table 2. Cell number within one matrix from each condition and each campaign, and mean and
standard deviation over the three series.

104 mL−1 Stat Dyn

1st series 17.9 2.6
2nd series 7.5 7.2
3rd series 19.7 7.6

Mean 15.0 5.8
SD 5.4 2.3

• Extracellular quantitative assay of ALP activity and inflammatory biomarkers

The results for the biochemical parameters (ALP activity and IL-6) presented corre-
spond to a tendency, as with only three samples (three series) no statistical signifcance
was obtained.

Regarding the ALP activity, the static group presented an increased tendency between
days 10 and 21 while the opposite was found for the dynamic group. In addition, it was
observed that the ALP activity for the static group appeared lower than the dynamic group
at day 10, while at day 21, both groups presented a similar activity (Figure 6). The numerical
values and the bar charts for each experimental series are shown in the Supplementary
Materials (Table S2 and Figure S1, respectively).
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Figure 6. ALP activity (U) averaged over the three series for the static and dynamic groups at days
10 and 21.

The variation in IL-6 amounts between day 10 and 21 appeared similar as the ALP
activity variation for both groups, with an increase in the production of IL-6 for the static
group and a decrease for the dynamic group. Inversely, the amount of IL-6 for the static
group appeared similar to the dynamic group at day 10, but higher at day 21 (Figure 7).
The numerical values and the bar charts for each experimental series are shown in the
Supplementary Materials (Table S3 and Figure S2, respectively).
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4. Discussion

The objective of the present study was to investigate the behavior of human peri-
odontal ligament cells (PDLCs) subjected to a mechanical loading within a 3D fibrous
electrospun scaffold as a biomechanical model of the fibrous periodontal ligament [4].
While the periodontal ligament architecture consists of collagen bundles and that peri-
odontal biomechanics is known to influence its regeneration, there is currently only a few
mechanobiological studies using fibrous scaffolds. The obtained results demonstrated that
the tested biomechanical loading significantly influenced the PDLCs behavior. Understand-
ing how PDLCs answer to a mechanical loading is of interest as they are considered to have
a high capacity of regeneration [45].

First the current study does not allow for a conclusion about the influence of the
mechanical loading on the cellularized scaffolds elastic properties. The stiffness of the
scaffolds with cells significantly decreased for both the static and dynamic conditions with
the same magnitude. On the other hand, the scaffold without cells presented a significantly
lower decrease in stiffness. This result suggests a biological degradation of the scaffolds
PCL fibers. In order to isolate the influence of the mechanical loading on the PCL fibers
elasticity, further investigations on the ageing of scaffolds without cells and subjected to a
cyclic loading have to be performed. Some results from the literature showed a mechanical
fatigue for non-seeded PCL samples subjected to tensile [46] or compressive [47] cyclic
loading. More particularly, Panadero et al. measured a decrease of nearly 17% of the
maximum stress for the PCL sample after only 100 mechanical cycles [47]. While their
samples are not fibrous, these results suggest that the samples of the current study may
undergo a mechanical fatigue during the cyclic compression, and that both mechanical
fatigue and biological degradation may contribute to the stiffness decrease mechanism.

Conversely, the influence of the scaffold cyclic deformation was observed on the cells’
morphology and organization. While a connected and spread network was observed on
the scaffold’s surface in static conditions, isolated cells were hardly found for the dynamic
condition. Unfortunately, the PCL is opaque and does not allow to observe the cells network
deep within the architecture using a standard confocal microscope. In order to ensure the
presence of cells within the scaffolds, cell counting was performed after cell harvesting
using Trypsin to unleash the cells from the PCL fibers. The results demonstrated that
while cells were not observed on the surface of the dynamic group, cell proliferation was
still measured. To explain this result, the hypotheses are whether that the cyclic loading
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promotes the cells to penetrate within the 3D architecture scaffolds or that the cells lying
on the scaffold external surface do not withstand the mechanical loading due to less focal
adhesion. Interestingly, it is known that cells are able to migrate within the 3D architecture
of a PCL fibrous scaffold under static conditions [48] and that the cell-scaffold interactions
are different according to the 2D or 3D structures [49]. In the current study, cell sheathes
observed on the external surface of the scaffolds can be considered as lying on a 2D surface
when compared to the cells that have migrated deeply within the 3D architecture. This
supports the second hypothesis stating that only cells that have migrated within the 3D
scaffold architecture have withstood the cyclic loading. As in vivo, periodontal cells are
organized three-dimensionally on the 3D collagen bundle network [50], it appears as
relevant to investigate the cellular behavior of cells within the scaffold 3D architecture.

Furthermore, it can be observed that the actin production is inhibited during the cyclic
mechanical loading. It has already been shown that a multiaxial dynamic mechanical
loading had a detrimental influence on the actin fibers organization [51]. Moreover, while
short term loading may promote actin production, it decreases with loading time, as it has
been shown on myocyte 3D cultures [52]. Interestingly, it has been shown that actin is not
produced, and even degraded, during loading, but that if resting periods are allowed, actin
production is promoted sometime after the loading [53].

Regarding cell signaling, the current study shows that the fibrous 3D PCL scaffold is
able to transmit the mechanical load to the seeded human PDLCs during a cyclic mechanical
stimulation. The mechanical loading tended to decrease the cells ALP activity while this
biomolecular signaling was increased under static conditions. It is in accordance with the
previous results showing that a cyclic loading downregulates the expression of periodontal
cell osteogenic markers, such as ALP [54,55]. This result is in line with the low strain needed
for bone tissue formation [56]. Conversely, under static conditions, where cells are not
subjected to any strain, the ALP activity was increased with time, which is in accordance
with a previous study performed on osteoblasts [57]. It is important to state that after the
static pre-load, the ALP activity was higher than for the static condition without pre-load
after the same duration of culture (10 days). This strongly supports that it is the continuous
and cyclic nature of the applied mechanical loading that may be involved in the decrease in
the cell mineralization potential, which is in line with the low motion requirement for bone
formation. Similarly, the cyclic 3D compressive loading showed a detrimental influence
on the production of IL-6 by human PDLCs. Previous studies showed a decrease in IL-6
expression with the increasing duration of a cyclic 2D compressive loading [30]. Together,
these results support that the PCL fibers are able to transmit the mechanical loading toward
the cells. Still, it has to be noticed that due to a low number of samples, no statistical
significance was obtained. The reason for such low number of samples relies in the setup
of the used in-house bioreactor. In this mechanobiological device, the three investigated
matrices are immerged in the same culture media, which prevents the analyzing of the
biomolecular signaling for each of them. Still, a clear tendency is observed and supports
for further detailed investigations.

To the authors knowledge, this is the first time that such periodontal mechanobiologi-
cal investigations have been performed on a PCL 3D fibrous scaffold. In contrast with the
collagen or hydrogel scaffolds that are generally used to study periodontal mechanosensi-
tivity, PCL presents properties that could predict the periodontal collagen bundles that are
able to transmit the mechanical deformation to the cells [4]. Still, the current study provides
preliminary data and cannot be directly translated to clinics. While the present study shows
that PDLCs seeded in 3D fibrous scaffolds are sensitive to the loading applied to the cellu-
larized scaffolds, different parameters can be discussed. Particularly, the continuous cyclic
mechanical loading applied in the current study is not representative of an in vivo loading,
where resting periods are recorded. As the aim was to assess the potential of a 3D scaffold to
transmit the mechanical load to cells, an intensive loading was used. Furthermore, the cur-
rent PCL scaffolds have a random architecture, but periodontal collagen bundles present a
specific organization, depending on the biomechanical loading [4]. Similarly, the structural
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organization of the fibers within the scaffolds was not controlled while, in vivo, the PDL
collagen bundles present specific orientations depending on the anatomical location [24].
Moreover, it can be noticed that the 3D scaffolds used in the present study have quite an
inhomogeneous structural organization from the external to the internal scaffold surfaces.
This may be due to a variation in the electric field during the electrospinning process
as the electrospun scaffold was deposited on the steel rotating target. However, despite
these limitations, the influence of the mechanical loading on the cell’s morphology and
biomolecular signaling was observed in the current study, suggesting that PCL 3D fibrous
scaffolds can be used for further investigations on a PDLCs mechanobiological behavior.

A similar methodology can thus be applied, with efforts on the scaffolds architecture
and applied loading, to further investigate human PDLCs mechanobiology in a biome-
chanical environment close to an in vivo periodontal environment. More particularly, it is
known that the configuration of the PDL, trapped between the dense and impermeable
bone and cementum, has an influence on how cells are mechanically stimulated during
loading [4]. The lower permeability prevents water from flowing out of the ligament, with
a direct influence on its internal pressure and fluid-flow relaxation [58]. Tremendous efforts
are currently made to develop PCL-based bi- or multiphasic scaffolds in order to mimic
the cement-PDL-bone configuration in terms of mechanical and structural properties of
the periodontal tissue [38,59]. By tuning the scaffolds architecture, it is possible to rigor-
ously control how cells are mechanically stimulated during loading, for example through
numerical methods as it is used in bone regeneration applications [60]. In that context, and
in regard of the results provided in the current study, further investigations on complex
3D PCL-based scaffolds seeded with PDLCs have to be performed to better understand
the periodontal ligament mechanobiology. The current study shows a new relevant way to
treat periodontal mechanobiology using 3D fibrous scaffolds.

5. Conclusions

The current study showed the potentiality to use polycaprolactone-based electrospun
3D fibrous scaffolds instead of collagen to undergo human periodontal cell mechanobiolog-
ical investigations. Under mechanical loading the cells seeded within the 3D polycaprolac-
tone fibrous scaffold presented a different behavior in terms of their cellular organization
and signaling when compared to the control static condition. This suggests that a polycapro-
lactone 3D fibrous scaffold is able to transmit the load to the cells and might represent an
interesting experimental model to analyze the periodontal ligament cells mechanobiological
behavior. Considering that polycaprolactone is a suitable material to mimic the periodontal
ligament collagen bundles that transmits the mechanical deformation in vivo, these results
highlight that electrospun polycaprolactone 3D scaffolds with a tuned architecture are
an interesting model to investigate the periodontal ligament mechanobiology. Further
works with an enhanced control of the mechanical loading and the scaffold architecture are
on-going to provide relevant data for a potential future clinical translation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomimetics8010108/s1, Figure S1: Bar charts of ALP activity
averaged values and SD for the two conditions, the two time-steps, and the three experimental
series. Figure S2: Bar charts of mass of IL-6 averaged values and SD for the two conditions, the
two time-steps, and the three experimental series. Table S1: Absolute stiffness (in 10−3 N·µm−1)
values for all the samples at day 0 and day 21 for the three different series. The subscripts 1, 2
and 3 correspond to the 3 samples in each series. Samples from the same column (with the same
name and subscript) are not associated. NS-Stat: Non-seeded static scaffolds. Table S2: Mean and
standard deviation (SD) of the ALP activity measured on the triplicate for each condition and timestep.
Table S3: Mean and standard deviation (SD) of the mass of IL-6 measured on the triplicate for each
condition and timestep.
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Abstract: The limited regenerative capacity of the human body, in conjunction with a shortage of
healthy autologous tissue, has created an urgent need for alternative grafting materials. A potential
solution is a tissue-engineered graft, a construct which supports and integrates with host tissue. One
of the key challenges in fabricating a tissue-engineered graft is achieving mechanical compatibility
with the graft site; a disparity in these properties can shape the behaviour of the surrounding native
tissue, contributing to the likelihood of graft failure. The purpose of this review is to examine the
means by which researchers have altered the mechanical properties of tissue-engineered constructs
via hybrid material usage, multi-layer scaffold designs, and surface modifications. A subset of these
studies which has investigated the function of their constructs in vivo is also presented, followed by
an examination of various tissue-engineered designs which have been clinically translated.

Keywords: scaffold; biomimetic; tissue engineering; 3D printing; electrospinning

1. Introduction

The means of restoring mechanical functionality to damaged biological tissues has
proven to be a longstanding challenge to medical practitioners. The complexity of the task is
largely due to the intricacy of the native tissue, where biomechanical properties are largely
dictated by the extracellular matrix (ECM) [1,2]. This structure consists of a multifaceted
network of various constituents such as water, polysaccharides, and proteins such as colla-
gen and elastin [3]. When under load, the ECM relies primarily on these proteins working
in conjunction with one another for support [4], with the collagen providing mechanical
resistance to deformation under increased load conditions, and elastin being responsible
for maintaining the elasticity of the tissue and resistance under relatively low loading [5].
Mechanical integrity and elasticity are not only critical for explicit functions such as joint
articulation and other musculoskeletal interactions; they are just as significant for various
parasympathetic processes such as peristalsis, respiration, and vasodilation [6–8]. The
degradation of tissue biomechanics, whether via natural processes such as ageing, or via
exposure to circumstances leading to internal or external injury of soft and hard tissues,
can precede issues ranging from loss of mobility and discomfort, to critical conditions such
as pulmonary fibrosis and supravalvular aortic stenosis [9–11].

The complexity of repairing extensively damaged tissues is such that contemporary
regenerative medicinal practices are limited in treatment options [12]. The transplantation
of fresh tissue is seen as the optimal solution, as the new material is theoretically able to
fulfil the physiological and mechanical requirements of the original tissue [13]. However,
both allografts and autologous grafts bear several limitations. In the case of allografting,
graft-versus-host disease, transplant rejection, bleeding, and infection are constant risk
factors [14], whereas autologous grafting is not always an option, due to either previous
harvesting of the donor site or systemic disease rendering the tissue unsuitable [15]. An
alternative therapeutic in promoting the repair of damaged tissues, stem cell treatment,
is largely in its infancy as a research area, and faces several significant hurdles, namely, a
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high risk of immune response, scalability, and overcoming the negative public perception
of such a treatment [16,17]. An alternative means of restoring the mechanical properties of
biological tissue is therefore necessary in order to address the ever-increasing demand for
biological tissue transplantation.

Tissue engineering is a rapidly expanding field which aims to design constructs which
supplement or replace damaged biological tissue. The fabrication of a tissue-engineered
graft can be undertaken in a variety of ways, including phase separation, bioprinting, gas
foaming and electrospinning techniques [18–23]. From these methods, a dense intercon-
nected network of material may be formed, which is termed a scaffold [24]. The purpose of
a scaffold is to provide a chemically and mechanically appropriate environment to facilitate
cellular growth, which may then be implanted into a given patient [25–27]. The ideal
tissue-engineered scaffold would allow the development and restoration of fully functional
tissue at the graft site, maintaining structural integrity under physiological stress, and
ultimately be removed by the body’s natural processes after fulfilling its function [28–30].

A key challenge within this area is ensuring the greatest possible resemblance between
the mechanical response of the tissue-engineered graft and the host’s native tissue. This
is a crucial aspect of a successful design, as biological tissues are load-bearing by nature,
regardless of function, from the strongest regions of cortical bone with mechanical strength
in the gigapascal range [31] to the most delicate of neural fibres throughout the nervous
system whose strength generally lies within the low kilopascal scale [32]. The requirement
to maintain the physical integrity of the scaffold while also retaining biocompatibility has
given rise to so-called ‘biomaterials’, which the majority of tissue-engineered scaffolds are
composed of and which fall into several broad camps: natural polymers, synthetic polymers,
ceramics, decellularized matrices, hydrogels, and metals [33–38]. Natural polymers can
include agarose, alginates, and chitosan while synthetic polymers include polycaprolactone,
poly(l-lactic acid), and Poly(ethylene glycol) diacrylate. Ceramics can comprise aluminium
oxide, bioglass, and hydroxyapatite, while decellurised matrices can be derived from
almost any bodily feature, such as bones and organs. Hydrogels are typically composed of
naturally derived constituents such as collagen, gelatine and hyaluronic acid, and metals
used for scaffolds can include magnesium, tantalum, and titanium [26,36,39–53]. The broad
range of characteristics of these materials allows for a vast range of tissue types to be
mechanically accounted for; an overview of the typical strength of these material groups in
comparison to the stiffness of organic tissues is given in Figure 1 [32,54–67].

One can observe from Figure 1 that particular material types are more suited for
certain regions than others; it is clear, for example, that hydrogel alone is an unsuitable
replacement for bone tissue. While the consequences of a graft which features an insufficient
load-bearing capacity may appear self-evident, the response of surrounding native tissue is
often less explicit. For example, a disparity in elastic properties between a tissue-engineered
vascular graft and the surrounding native vessel tissue may cause the graft to ineffectively
constrict and dilate in tandem with the surrounding vasculature, leading to an increase
in smooth muscle cell proliferation, subsequent thrombus formation, and occlusion of
the vessel [68,69]. Additionally, when engineered tissue is employed elsewhere in the
body, such as for bone or the anterior cruciate ligament, the surrounding tissue will
undergo remodelling in accordance with Wolff’s Law and its corollary, Davis’ Law, which
state that both osseous and soft tissue, respectively, will structurally adapt themselves in
accordance with the mechanical stresses which they encounter [70,71]. This translates to
an overcompensation of the native tissue in the case of an insufficiently robust implant,
while a construct which exceeds the mechanical requirements of the native tissue can lead
to the degradation of the surrounding architecture, with both scenarios compromising
the functionality of the original biological tissue [72,73]. It is therefore crucial that the
mechanical properties of engineered tissue are characterised in such a way as to best
compliment the surrounding biomechanical environment of the native tissue. This does
not necessarily require achieving perfect parity between the stiffness of the existing tissue
and a given implant; indeed, several of the studies considered in this review suggest
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that sufficiently mechanically resilient biocompatible materials are perhaps more suitable
for the promotion of tissue regeneration than those who endeavour to match the native
tissue’s properties in a mechanical context alone. Nevertheless, ensuring a high degree of
equivalence between an engineered and a given native tissue’s mechanical properties is a
functional requirement of a successful engineered graft.
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Figure 1. A comparison of mechanical strength between native tissue types, in comparison to
manufactured materials, presented on logarithmic scales, with compression and tension testing
denoted with (C) and (T) as appropriate. Created using Biorender.com, 15 May 2023.

To address this challenge, tissue engineering researchers are investigating a broad
range of solutions to optimise the mechanical response of tissue-engineered grafts, while
also maintaining the biocompatibility of the design. The current studies in this field include
the use of multiple materials in conjunction with one another, such as polycaprolactone and
collagen, bi- and multi-layered scaffolds which often delegate the functional requirements
of the construct to each layer, and modifying existing scaffold parameters such that their
performance may be tuned to better suit the conditions of the native tissue [74–76]. Success
in these areas has led to multiple studies in vivo with such designs, and, in some cases, to
full clinical translation, whereby the cases of which are examined in Section 7 of this work.

To support the development of these designs, a broad range of literature is available
which describes the mechanical properties of specific native tissue types and engineered tis-
sue scaffolds. These include bone, cartilage, liver, kidney, osteochondral tissue, muscle, and
tendon, and utilise a broad range of mechanical property assessment methods, including
compressive, dynamic, nanoindentation, shear, and tensile testing, with additional methods
including finite element analysis (linear and non-linear) and ultrasound [58,77–82]. Using
these techniques, native tissue properties such as Young’s modulus, yield stress, failure
strength and strain, fracture toughness, and viscoelastic behaviour can be assessed. Review
articles of this nature are invaluable as resources for the engineering of specific tissue types.
However, a comparative examination of a broad variety of tissues, materials, fabrication,
and testing methods would offer a unique insight into the effects of parameters and their
effect on the mechanical performance of a particular design, which could potentially be
applied to other tissue types. A review of this nature, to the best of the authors’ knowledge,
has not been presented in the literature before.
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This work provides a review of the current techniques by which researchers have
successfully modified the mechanical properties of tissue-engineered grafts. The scope
of this review will encapsulate all applicable construction methods which are currently
employed in this regard, and all tissue types will be considered in accordance with the
focus of each study. A Supplementary Table, Table S1, provides a greater deal of insight
into the studies considered in this work, with a brief summary of each publication provided
therein. The extent of this review is all relevant work published within the years of 2021
to 2023, and it encompasses primary articles reporting on the use of hybrid-, multi-layer-,
and surface-modified-type scaffolds, as well as clinically translated designs whose use and
outcomes were published within the above chronological range. Articles published prior to
these dates were utilised as citations for statements and empirical data where appropriate.

2. Mechanical Properties of Biological Tissues and Their Influence

The mechanical properties of biological materials are a product of a complex array
of proteins, cells, and interstitial fluid flow, whose interactions characterise the response
of their respective tissue under load [83,84]. As a product of their intricacy, biological
tissues exhibit complex mechanical properties such as heterogeneity, viscoelasticity, and
anisotropy [83–85]. Accurately assessing the mechanical properties of these tissues is
therefore intrinsically challenging, with research groups often attaining a variety of results
for the same tissue. Table 1 illustrates this, featuring a short collection of various biological
tissues, and a generally broad range of respective mechanical properties, encountered by
several research groups for the same mode of analysis.

Table 1. A table of selected tissue types and their mechanical properties.

Tissue Type Failure Strain Yield Stress (MPa) Young’s Modulus (MPa) Shear Modulus
(MPa) Reference

Coronary Artery 0.45 0.39–1.8 1.55 ± 0.26 0.3 [86–90]

Cartilage 0.183 4.58 ± 2.04 0.5–0.9 0.26–0.32 [91–94]

Bone 0.25–0.67 71.56 17,900–19,080 3600 [95–97]

Skin 1.5 17–21 60–70 0.002–0.008 [65,98,99]

Spine/
Sciatic/Ulnar Nerve 0.293–0.73 11.7 0.7–10 0.02–0.054 [100–103]

The diversity in these results can not only be attributed to the structural composi-
tion of the tissues alone; factors such as hydration and age are also known to affect the
mechanical response of biological tissues [104,105]. This process of tissue-specific cells
responding to mechanical stimuli is termed mechanotransduction, which is a means by
which organic tissue may convert external loading, such as tension or vibrational waves,
to biochemical, biophysical, or molecular signals via a series of events culminating in a
cellular response [106]. Figure 2 illustrates this process, beginning with a given external
loading event encountered by the body’s mechanosensors. This is termed mechanocou-
pling, and, depending on the load type, is translated by one or more mechanosensors to
adjacent cells in the ECM [107]. Via a complex series of intra-cellular interactions, these
mechanical signals are converted to various signal types which instruct the relevant cell
groups to behave in a particular way; for example, an increase in mechanical load due
to extensive physical activity can lead to compensatory growth in relevant skeletal and
muscular members [106,108].

It is the cellular response to various conditions which allows the human body to
maintain homeostasis, while also quickly adapting to environmental circumstances; vaso-
constriction and vasodilation are common examples of this [109]. However, a crucial caveat
is that biological tissues have evolved to expect a certain degree of physiological loading.
A reduction in the stress and strain forces imparted on, for example, the head region of
the femur as a result of a hip implant, can in turn lead to the ‘stress-shielding’ effect [110].
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This is where a non-native element acts as the main load-bearing facilitator during typ-
ical movement (e.g., walking or running). As a result, the incentive for cells to remodel
and strengthen their respective tissues during mechanotransduction is lowered and local
bone density is reduced, potentially leading to implant loosening, stress fracturing, and
abnormal bone development [111,112]. It follows that other tissue-engineered designs
are bound by the same factors; a mechanically under- or over-strengthened graft is not
only impractical, but can cause deleterious effects on neighbouring local tissue groups as
outlined above. This highlights the importance of mechanical parameters when designing
a tissue-engineered graft.
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Figure 2. An illustration of the mechanotransduction cycle, in the context of osseous tissue remod-
elling in response to external loading applied to a given area of skin, via the medium of a generic
cuboidal cell. (1) demonstrates the various types of mechanoreceptors present in human dermis and
their function, while (2) depicts the mechanotransduction pathway, followed when the ECM is subject
to deformation. (3) shows the remodelling process of bone tissue in response to this loading, and the
roles which the various cells play in this process. Created using BioRender.com, 24 April 2023.

3. Hybrid Materials

The non-linear biomechanical response of a tissue under load is difficult to repro-
duce in synthetic materials alone, as this response is characterised by complex biological
structures and interactions, as described in Section 2. Current research indicates that a
hybrid polymer blend, consisting of both synthetic and natural materials, allows for con-
structs which better represent this intricate behaviour [113]. This is due to the naturally
derived constituent typically retaining its microstructural details, which can promote cell
attachment and integration; this is beneficial when employing a scaffold in a biological
environment [114,115]. A broad range of hybrid polymer combinations are currently under-
going extensive research, ranging from binary PCL-hydroxyapatite designs [29] to complex
three- or four-part hybrid amalgamations [116,117]. Table 2 provides an overview of a selec-
tion of such work, including the materials and fabrication methods employed during each
study, the intended tissue type, and which mechanical properties were assessed throughout
the work. As an extension of this, Table 3 explores the Young’s moduli value ranges attained
in each of the studies in question, quantifying the effects of these material combinations.
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The scope for hybrid biomaterial design is vast, which allows researchers to consider a
broad range of materials. For example, several research groups have recently investigated
the inclusion of multi-walled carbon nanotubes (MWCNTs), which are nanometre-diameter
carbon-based tubular constructs, with the aim of utilising the nanotubes’ high tensile
strength and electrical/thermal conductivity to enhance the overall biomechanical proper-
ties of their scaffold. Sang et al. dispersed MWCNTs with concentrations ranging between
1, 3, and 5% through a chitosan/polyethylene glycol scaffold, which was prepared by
freeze-drying, for the purpose of neural tissue engineering [127]. The electrical conduc-
tivity of neurons is key to their function, and one of the key findings of this analysis was
the rise in electrical conductivity of the scaffold in proportion to increasing MWCNT con-
centrations. Interestingly, the elastic modulus of the hybrid scaffold was also enhanced
with an increasing concentration of MWCNTs, from 1.17 kPa to 2.09 kPa, demonstrating
the load-bearing abilities of carbon nanotubes. As another example of this, Ramasamy et al.
employed MWCNTs for use in a poly(l-lactic acid)–boron nitride piezoelectric nanosheet
hybrid, where it was found that the combination of these materials led to a significantly
stronger graft when compared to unmodified poly(l-lactic acid) nanofibers quantified by a
666% increase in tensile strength in contrast [128].

Hybrid plant-based designs are also promising in this area; a recent study by Jiawei
et al. investigated the inclusion of hydroxyapatite into sugarcane stem, whose lignin had
been removed (i.e., delignified) via soaking in a NaClO2/acetate buffer solution. The degree
of delignification induced a proportionate increase in the sugarcane stem porosity, albeit at
the cost mechanical performance under compressive load, with the greatest extent—8 h of
immersion—reducing the compressive modulus of 14.6 MPa for pure sugarcane stem to
4.82 MPa. An optimal soaking time of 4 h was established, which promoted an elongated
elastic response from the scaffold under load whilst maintaining structural integrity [129].

4. Multi-Layer Scaffolds

The challenge of tuning the elastic response of a scaffold in tandem with balancing
its biocompatibility characteristics has led several research groups to fabricate scaffolds
consisting of multiple layers. This approach allows for the functionalisation of each stratum
independently and more closely represents the layered nature of most biological tissue, such
as arterial walls, osseous tissue, and oesophageal tissue [130–132]. The potential impact of
various material and fabrication combinations has allowed researchers to explore a broad
range of designs consisting of materials such as silk, graphene, and titanium [133–135].
Table 4 provides a brief overview of the groups which have investigated the potential of bi-
and multi-layered scaffold designs, while Table 5 illustrates the Young’s modulus ranges
attained during these studies.
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While the properties of multi-layered scaffolds are largely determined by the material
selection, several groups have investigated the potential of applying novel fabrication
methods in order to construct a multi-layered construct which can function within the
physiological load range. Killian et al. studied the combination of calcium phosphate
cement (CPC), fabricated via 3D printing, and PCL, drawn using a melting electrowriting
(MEW) process for the purpose of bone tissue engineering [147]. These two materials were
printed upon one another up to 10 layers in height, creating a grid-like pattern of CPC
which contained multiple interspatial variations, and from which the strands of PCL fibre
could intersect. Interestingly, while the addition of the PCL fibres slightly diminished
the yield strength and elastic modulus of the scaffolds (which were approximately 4–10
and 40–85 MPa, respectively), the inclusion of these fibres would occasionally cause the
construct to mechanically yield twice under load: once for the PCL strands, and again
as the CPC failed, offering an element of redundancy to the design. Liu et al. fabricated
a bilayered construct by combining electrospinning and 3D printing processes, with the
intention of promoting guided bone regeneration [148]. The electrospun layer consisted of
a PCL/gelatine membrane, while the 3D-printed scaffold consisted of a PCL/gelatine/HA
mixture, which were combined by dissolving the electrospun membrane and adding it
to the scaffold. It was found that the compressive strength of the resulting scaffold, at
13.86 MPa, closely resembled that of cancellous bone (up to ~13 MPa [149]). The similarity
of these compressive stress values suggests that a greatly diminished stress-shielding effect
would be observed in clinical trials, in comparison to existing bone implant devices formed
from a Ti-6Al-4V alloy with a Young’s modulus of 110 GPa [150].

In addition, Thompson et al. employed a process known as embedded 3D printing
to fabricate a multi-layer scaffold in an effort to replicate human vocal cord tissue [151].
This method utilises a cavity which has pre-printed ink filaments embedded within a given
medium, allowing for the fabrication of a component without interference from gravity or
requiring additional supports (Figure 3) [152]. For this particular study, various silicone
elastomers and thinners were used to construct each layer, and then they were cured via a
700 W microwave. The elastic modulus varied depending on the layer assessed, with the
superficial lamina propria (SLP) providing a 0.91 kPa tensile modulus, and the epithelium
increasing this value to 39.74 kPa, which lies within the range of human vocal cords, at
approximately 30 kPa [153]. The group were also successful in functionalising the construct
by designing it to exhibit flow-induced vibration, representing human phonation.
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Figure 3. An illustration of the embedded 3D printing process of the vocal cords. Steps as follows:
(1) Create positive mold of SLP layer. (2) Create reservoir with cut for fiber insertion. (3) Coat
reservoir with release agent. (4) Fill reservoir with SLP support matrix silicone. (5a,b) Print ligament
layer within reservoir, beginning near reservoir bottom, and then insert fiber. (6a,b) Print body
layer beginning at interface of ligament layer. (7–8) Remove overflow material and then cure
in microwave. (9) Pour backing into remaining cavity and let model cure and cool completely.
(10) Remove VF model from reservoir. (11) Trim excess backing material and gently clean model with
acetone. (12) Attached model to mounting plate. (13) Pour epithelial layer and cure. Reproduced
with the publisher’s permission [152].
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5. Surface Modification

The mechanical properties of engineered tissue are not necessarily set in stone. By
design, a substance such as a polymeric compound may have its constituents altered
such that it may better serve its intended function [154,155]. In a similar manner, a tissue-
engineered graft, being typically composed of one or more complex substances, may be
modified in such a way that a desired property, such as increased mechanical strength, can
be achieved without having to resort to less suitable or more expensive material alternatives,
via processes such as annealing or salt leaching [156,157]. Recent studies have considered
a broad range of surface modifications, depending on the desired functionality of the
design. These range from topographical nano-modification of the scaffold [158] to grafting
post-fabrication and polymer coatings [159,160]. Table 6 offers an overview of the materials,
fabrication methods, and modification methods employed in recent studies involving
surface modification of tissue-engineered grafts. Table 7 expands on this by showing the
Young’s modulus value ranges achieved during each of the studies featured in this section.

Table 6. Summarisation of materials, modification methods, intended tissue type, and which mechanical
properties were altered and assessed during studies which utilised surface modification techniques.

Tissue Type Materials Fabrication
Method

Modification
Method

Mechanical Properties Modified and Assessed

Author, Year,
Reference

Tensile/
Compressive

Modulus

Failure
Strain

Ultimate
Tensile
strength

Storage/Loss
Modulus

Bone PLA/HA/PDA 3D printing PDA coating 3
Chi et al. (2022)

[160]

Bone SF/OcPh/PDA Freeze-drying PDA coating 3
Peng et al. (2022)

[161]

Bone Forsterite/Copper
ferrite/P3HB

Sol–gel
combustion P3HB coating 3

Aghajanian et al.
(2022) [64]

Neural
PCL + Chitosan and

PCL + Chitosan +
Alginate

Electrospinning Alginate coating 3 3 3
Habibizadeh et al.

(2022) [162]

Osteochondral AC-dECM/
Bone-dECM/ Freeze-drying Annealing 3

Browe et al. (2022)
[156]

Osteochondral PCL/GelMA PDMS mould
UV curing Salt leaching 3

DiCerbo et al.
(2022) [157]

Skin PCL/PEG/
PCEC/Hydrogel Electrospinning Copolymer/hydrogel

adsorption 3 3
Zhong et al. (2022)

[163]

Skin PCL/Chitosan/Gelatine Electrospinning Collagen grafting 3 3 3
Sheikhi et al. (2022)

[159]

Vascular PCL/
ePTFE/RGD

Material/solvent
solution

Induced
crystallisation and

RGD coating
3 3 3

Wang et al. (2022)
[164]

Vascular PCL + PGS + DTβ4
Electrospinning

and 3D
printing

Molecular
modification 3 3

Xiao et al. (2022)
[165]

PDA: Polydopamine, OcPh: Octacalcium phosphate, P3HB: Poly-3-hydroxybutyrate, AC-dECM: articular cartilage
decellurised extra-cellular matrix, ePTFE: expanded Polytetrafluoroethylene, RGD: Arginine-glycine-aspartate,
PGS: Poly(glycerol sebacate), DTβ4: Dimeric thymosin β4, PEG: Poly(ethylene glycol), PCEC: PCL-b-PEG-b-PCL.
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Surface modification also has the capacity to facilitate the functionalisation of more
unlikely material candidates for this research into more suitable substances. An example
of this is offered by Mahendiran et al., who examined the potential of cellulose scaffolds
derived from Borassus flabellifer for the purpose of bone tissue regeneration [166]. The scaf-
folds were derived from the plant’s immature endosperm which was then, after washing
and oxidising the scaffolds, modified by two organosilanes; amino-terminated amino-
propyltriethoxysilane (APTES) and methyl-terminated octadecyltrichlorosilane (OTS). The
subsequent scaffolds formed a foamy architecture, and, in comparison to the unmodified
constructs employed as a control during the study, both the APTES and OTS treatments
enhanced the compressive modulus of the material, from approximately 0.3 MPa to 0.9 MPa
and 1.2 MPa, respectively. Crucially, both treatment methods also bore osteoinductive
properties, demonstrating the potential of such a design in a clinical context.

Nanotopographical roughness is a feature which may also be employed to modify
the properties of a given scaffold. The influence of surface roughness on cell behaviour
is well documented, with several groups reporting relative increases in cell proliferation,
adhesion, and desired protein expression when seeded on irregular scaffold surface mor-
phologies [167–169]. One method of creating roughness on engineered scaffolds is alkaline
hydrolysis, which was employed by Meng et al. to alter an existing PLLA design for the
purposes of bone tissue engineering [170]. For this particular study, the scaffolds, formed
via MEW, were immersed in alkali solutions consisting of concentrations of 0.25 M and
0.5 M sodium hydroxide (NaOH) in ethanol (1:1 ratio) for 1, 2, 3, and 4 h at a time. While
the effect of this process was perhaps most notable in terms of cell count, which, after
15 days, was largely increased in comparison to the control scaffold, perhaps the most
surprising result was the improved tensile modulus of the 0.5 M NaOH scaffold. After 1, 2,
and 3 h periods of immersion, a maximum modulus of 5 GPa was achieved, in comparison
to 2.5 GPa of the control scaffold. It was theorised that the alkaline treatment process
increased the crystallinity of the individual PLLA fibres, thus providing additional tensile
strength for the scaffold overall.

6. In Vitro Limitations and Animal Research

The mechanical and biological performance of a tissue-engineered scaffold can be
analysed in a number of ways: mechanically, via the methods described in Section 1 such
as compressive, shear, and dynamic testing [61,171,172], while biological viability of the
scaffold can be studied in vitro via cell seeding of primary or clonal cell lines, from which
parameters such as cell adhesion, differentiation, and viability can be derived [173,174].
While these methods may suggest how such a design would perform in a clinical context,
there are several clear limitations to such an evaluation, which exist primarily due to the
complexity of physiological in vivo conditions. Mechanically, the human body is in a
constant state of flux; internal and external loads are met with biomechanical responses
as a product of the mechanotransducive process outlined in Section 2. As an illustra-
tion of these mechanical stresses, Figure 4 features an arterial section cutaway diagram,
where the biological tissue is subjected to physiological stress conditions as a result of
hemodynamic flow.

A construct designed to operate in such an environment, such as a vascular graft,
would be expected to function under these load conditions; mechanical testing is therefore
key, prior to the further development of such a design. However, classical mechanical
assessment methods such as those outlined earlier in this section, while perhaps indicative
of a particular design’s fundamental mechanical properties, are often incapable of evalu-
ating the graft’s performance under true physiological conditions, as these are typically
non-linear, heterogeneous loads which are nearly impossible to replicate via contemporary
testing equipment [175].

The complex nature of these forces has led scientists to explore several avenues of
research in an effort to better comprehend, and design for, their impact on tissue-engineered
designs. Recent advances in finite element analysis (FEA) and computational fluid dy-
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namics (CFD) analyses have allowed researchers to model tissues such as pulmonary
arteries [176], airways [177], ventricles [178], and eye lenses [179], which carries benefits
ranging from a greater understanding of the morphological and physiological characteris-
tics of these tissue types, to assisting surgeons during complex surgical procedures [180,181].
A brief overview of additional studies such as these is given in Table 8.
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Based on Native Tis-

sue Assessment? 
Author, Year, Refer-

ence 

Figure 4. A cross-sectional diagram of arterial flow, illustrating the various load conditions present at
any one time in the cardiovascular system. Created using BioRender.com, 6 March 2023.

Table 8. Synopsis of studies which utilised FEA analyses to model various tissues, including model
type and whether the model was based on experimental or simulation data.

Tissue Type Model Type Based on Native
Tissue Assessment? Author, Year, Reference

Bone Linear 3 Irarrázaval et al. (2021) [182]

Cartilage Non-linear 5 Jahangir et al. (2022) [183]

Kidney Linear 5 Jing et al. (2021) [184]

Liver Linear 3 Fujimoto (2021) [185]

Neural Non-linear 3 Peshin (2023) [186]

Osteochondral Non-linear 5 Hislop et al. (2021) [187]

Skin Linear 3 Jobanputra et al. (2021) [188]

Vascular Linear 3 Helou et al. (2023) [189]

Despite the promising outlook of this research, a true estimation of the in vivo perfor-
mance of a tissue-engineered scaffold is still beyond the grasp of contemporary computa-
tional or in vitro methods.

The next logical step, therefore, is to assess the viability of tissue-engineered implants
in vivo. This will allow researchers to understand how viable their scaffold’s design is
once implanted into biological tissue, and will also validate the use of particular materials
and construction methods within living organisms. Table 9 subcategorises the previously
described studies thus far into those which assessed the performance of their designs in
an in vivo setting, and provides an overview of the study parameters, as well as a brief
summary of each respective group’s findings.
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The assessment of tissue-engineered designs in vivo can also offer insight into cell
behaviour when uncommon scaffold morphologies are implanted within the animal. Feng
et al. examined the effects of implanting a conch-like scaffold, featuring a helical inner
structure, into the upper femoral region of New Zealand rabbits, with the aim of assessing
such a design to promote guided bone regeneration [190]. Formed via 3D printing with
β-tricalcium phosphate, various diameters, pitches, and pore sizes of the scaffold were
examined, with a maximum compressive modulus of 1.75 GPa achieved with a 9.8 mm
scaffold diameter, 1 mm pore diameter, and 2.4 mm pitch. It was found that the distinctive
design of the scaffold encouraged a capillary action effect when placed within a cell
media solution; this phenomenon was fully demonstrated when the scaffold was assessed
in vivo, as the cells rapidly proliferated up the helical section, illustrating the directional
osteoinductive benefits of such a scaffold morphology.

Despite developments in this area, in vivo testing in animals, especially in the current
exploratory phase of tissue engineering research, suffers from a widely variable animal-
to-human translational success rate [191]. This is primarily due to differing physiology
between animals and humans, which also extends to genetics and epigenetics, as well
as the low reproducibility of such experiments and lack of use of prospective systematic
reviews [191,192]. As a potential solution to this, a rapidly emerging technology termed
organ-on-chip removes the in vivo aspect of organic tissue development by providing
a biomimetic substrate upon which living tissue can develop. This tissue can progress
to function as an organoid, with models such as liver- and kidney-on-chip providing
valuable insights as to how such tissue may be fully vascularised and function prior to use
in vivo [193,194]. A brief overview of which organ-on-chip models are currently in use is
provided in Table 10.

Table 10. An overview of which organ-on-chip models are currently in use, illustrating from this
subset which of these studies have considered the mechanical properties of the tissue in question.

Cell/Molecule Type Chip Material
Type/System Fabrication Method Study Purpose

Mechanical
Properties

Considered?
Author, Year, Reference

RAW264.7 macrophages
and NIH-3T3 fibroblasts

Polydimethylsiloxane
(PDMS) Soft lithography Skin wound healing 5 Li et al. (2023) [195]

Chinese hamster
ovary cells Silicon

Micro-electro-
mechanical

system
Single cell analysis 5 Xu et al. (2023) [196]

Caco-2 and HepG2 cells PDMS Soft lithography
Disease modelling
(non-alcoholic fatty

liver disease)
5 Yang et al. (2023) [197]

Keratinocytes PDMS Soft lithography Skin reconstruction 5 Ahn et al. (2023) [198]

Hepatocytes, stellate
cells, Kupffer-like
macrophages, and
endothelial cells

PDMS Soft lithography

Studying effects of
inflammation and
cirrhosis on drug

metabolism during
hepatocellular

carcinoma

3 Özkan et al. (2023) [199]

Cardiomyocytes and
cardiac fibroblasts PDMS Casting

Examining effects on
cardiac tissue

mechanical response
following infarction

3 Das et al. (2022) [200]

Glucose molecules Polymethyl
methacrylate Stereolithography Glucose sensing 5 Podunavac et al. (2023) [201]

H9c2 rat cardiac
myoblasts and adult

human dermal
fibroblasts

Agarose Casting
Cardiac remodelling

following arteriovenous
fistula

5 Waldrop et al. (2023) [202]

Human embryonic
kidney 293 cells,

NIH3T3 embryonic
mouse fibroblasts, and

human mammary
MCF10A cells

PDMS Soft lithography
Cell spheroid
viscoelasticity
quantification

3 Boot et al. (2023) [203]
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Table 10. Cont.

Cell/Molecule Type Chip Material
Type/System Fabrication Method Study Purpose

Mechanical
Properties

Considered?
Author, Year, Reference

Human umbilical vein
endothelial cells PDMS Stereolithography

Effect of biomechani-
cal/biochemical stimuli

on angio- and
vasculogenesis

5 Ferrari et al. (2023) [204]

Mouse podocytes and
mouse glomerular
endothelial cells

PDMS Casting

Investigating crosstalk
between glomerular
endothelial cells and
glomerular epithelial

cells

5 Hart et al. (2023) [205]

Taste receptor cells MEA2100-System Unstated Ex vivo sense of taste
simulation 5 Wu et al. (2023) [206]

Bone marrow
mesenchymal stem cells PDMS Casting

Cross-cellular
interactions in osseous

tissue
3 Erbay et al. (2022) [207]

Human lung fibroblasts
and human umbilical
vein endothelial cells

PDMS Casting
Controlling

angiogenesis in lung
cancer spheroids

5 Kim et al. (2022) [208]

Bovine aortic
endothelial cells and
human pulmonary

artery endothelial cells

PDMS Spin coating and
dual-layer lithography

Cell shear stress
analysis and imaging 3 Sinclair et al. (2023) [209]

Organ-on-chip technology bears significant promise, as it may provide a more agile
and less ethically challenging means of assessing tissue-engineered constructs. However,
one can observe from Table 10 that consideration of the mechanical properties of the
engineered tissue examined in these designs is often not assessed in these designs.

7. Clinical Translation, Challenges, and Future Outlook

The use of synthetic designs to supplant existing damaged native tissue is a long-
established practice, with the earliest total hip arthroplasty, made with ivory, being recorded
in Germany in 1891 [210]. Scientific advancement since then has led to several crucial de-
velopments in the field of tissue engineering, such as the creation of various polymers, the
advents of 3D printing and electrospinning, and a broader understanding of the biome-
chanical underpinnings of the human body. However, as illustrated in this article thus far,
tissue engineering is still a developing field. Further progression in key areas such as the
mechanical characteristics, biocompatibility, and fabrication methods involved in proposed
designs are required before the use of tissue-engineered constructs in clinical settings is
likely to become commonplace.

A further hurdle is that tissue-engineered designs are subject to various regulatory
frameworks depending on the jurisdiction in which the design is to be marketed and
sold within. While several jurisdictions in the European Union, United States of America,
Canada, Australia, Japan, and South Korea have various classifications for tissue-based
products, many others do not [211]; difficulties in introducing or adapting legislation for
such complex products will likely involve protracted legal processes, potentially limiting
the use of tissue-engineered designs within these regions for a significant period.

Regardless, progress in this field is clear, with several novel tissue-engineered im-
plants having recently been successfully trialled. Table 11 provides an overview of these
trials, including the material type, fabrication method, intended tissue type or region, the
procedure method and study length, total study size, and a brief summary of the results of
each trial.
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A clear trend from Table 11 is that, by and large, 3D printing techniques have been
the dominant fabrication method for the fabrication of clinically translated implants thus
far. The logic for this is relatively self-evident: human soft tissue and cardiovascular and
musculoskeletal systems are unique as a result of age, health, and genetics; injuries or
pathologies pertaining to these systems increase this distinctiveness further, often requiring
an equally bespoke treatment method that a technique such as additive manufacturing
is readily able to provide. Additionally, the short lead times associated with 3D printing
as a result of rapid prototyping, manufacturing, and delivery times are a boon to often
time-sensitive clinical circumstances [224].

Whilst the continuous utilisation of 3D printing technology as the basis for the clin-
ical translation of tissue-engineered designs remains to be seen, alternative fabrication
methods such as electrospun grafts, hydrogel systems, and bioprinting continue to be
developed in parallel, bringing tissue-engineered constructs ever closer to clinical and
commercial viability.

8. Conclusions

The limitations of contemporary surgical and therapeutic techniques to restore the
original functionality of damaged organic tissue have driven the development of various
tissue-engineered platforms, which aim to support and encourage the regeneration of
healthy autologous tissue. One of the key challenges in this area is establishing a high
degree of similarity in the mechanical properties between the engineered scaffold and the
surrounding biological tissue. This is due to the typical inability of manufactured materials
to replicate the complex biomechanics of organic tissue. This capability, however, is crucial
for a successful tissue-engineered design.

In response to this issue, current tissue engineering research is examining a broad spec-
trum of potential designs aimed at enhancing the mechanical and biological compatibility
of tissue-engineered constructs. From the studies described in this work, it is clear that
relatively well-documented fabrication methods such as electrospinning and 3D printing
can produce designs with, in some cases, a high degree of mechanical equivalence to native
tissues. Techniques such as bioprinting and MEW, while promising, will likely require
further validation before widespread use is achieved. In terms of materials, the usage of
particular polymers such as PCL and PLA, ceramics such as HA and β-TCP, and hydrogels
consisting of gelatine and alginate have seen widespread use, while the effects of more
novel materials such as CNTs and quantum dots are yet to be fully examined in a tissue
engineering context.

A notable observation from these studies is that accounting for the complex range
of mechanical properties present in biological tissues is generally beyond the remit of
a single-material-based design. Rather, a multifaceted approach consisting of multiple
material types, layers, or surface treatment methods working in tandem is likely to yield the
most successful designs. In terms of translation to clinical use, the time-sensitive nature of
surgical treatment suggests that 3D printing, as a fabrication method, is a strong contender
for the successful realisation of these designs. Regardless of approach, it is clear that with
further development, tissue engineering is set to act as a transformative treatment method.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/biomimetics8020205/s1: Table S1: A synopsis of each
study described within this article, including the authors and publication year, material and tissue
type, and testing and mechanical property information, as well as a brief summary, where appropriate,
of each research paper reported thus far [29,64,113,115–129,133–148,152,156,157,159–166,170,190].
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Abstract: Conductive nanocomposites play a significant role in tissue engineering by providing
a platform to support cell growth, tissue regeneration, and electrical stimulation. In the present
study, a set of electroconductive nanocomposite hydrogels based on gelatin (G), chitosan (CH),
and conductive carbon black (CB) was synthesized with the aim of developing novel biomateri-
als for tissue regeneration application. The incorporation of conductive carbon black (10, 15 and
20 wt.%) significantly improved electrical conductivity and enhanced mechanical properties with the
increased CB content. We employed an oversimplified unidirectional freezing technique to impart
anisotropic morphology with interconnected porous architecture. An investigation into whether any
anisotropic morphology affects the mechanical properties of hydrogel was conducted by performing
compression and cyclic compression tests in each direction parallel and perpendicular to macroporous
channels. Interestingly, the nanocomposite with 10% CB produced both anisotropic morphology and
mechanical properties, whereas anisotropic pore morphology diminished at higher CB concentrations
(15 and 20%), imparting a denser texture. Collectively, the nanocomposite hydrogels showed great
structural stability as well as good mechanical stability and reversibility. Under repeated compressive
cyclic at 50% deformation, the nanocomposite hydrogels showed preconditioning, characteristic
hysteresis, nonlinear elasticity, and toughness. Overall, the collective mechanical behavior resembled
the mechanics of soft tissues. The electrical impedance associated with the hydrogels was studied
in terms of the magnitude and phase angle in dry and wet conditions. The electrical properties of
the nanocomposite hydrogels conducted in wet conditions, which is more physiologically relevant,
showed a decreasing magnitude with increased CB concentrations, with a resistive-like behavior in
the range 1 kHz–1 MHz and a capacitive-like behavior for frequencies <1 kHz and >1 MHz. Overall,
the impedance of the nanocomposite hydrogels decreased with increased CB concentrations. Together,
these nanocomposite hydrogels are compositionally, morphologically, mechanically, and electrically
similar to native ECMs of many tissues. These gelatin-chitosan–carbon black nanocomposite hydro-
gels show great promise for use as conducting substrates for the growth of electro-responsive cells in
tissue engineering.

Keywords: hydrogel; gelatin; chitosan; conductive carbon black; nanocomposite; cyclic compression;
dissipation energy; anisotropy; tissue engineering

1. Introduction

The natural extracellular matrix (ECM) consists of dynamic, highly complex, and hier-
archically organized nanocomposites that govern and regulate cells’ fate and functions [1].
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Moreover, the composition, density, nanostructure, and microstructure of the ECM quite
differently vary between different tissue types [2]. As such, adopting a nanotechnological
strategy for designing advanced nanocomposites to both better architecturally and func-
tionally emulate the ECM, has gained intense interest [3,4]. Tissue engineering has emerged
as a promising field for the regeneration and repair of damaged tissues and organs by
copying the architectural and functional features of the native ECM. However, traditional
tissue engineering approaches have limitations in mimicking the complex electrical proper-
ties of native ECM and tissues. Conductive nanocomposites offer an innovative solution
to this challenge by combining conductive nanoparticles with biocompatible matrices to
create a conducive microenvironment for cell growth and tissue regeneration [5,6]. The
conductive properties of these nanocomposites facilitate better cell adhesion to the scaffold
material [5]. Conductive nanocomposites can be used to deliver electrical stimulation to
cells and tissues, which can promote cell proliferation, migration, and differentiation [5,7].
Electrical stimulation has been shown to accelerate tissue regeneration and improve the
functionality of engineered tissues [6].

Therefore, conductive nanocomposites have emerged as a promising class of ma-
terials for tissue engineering, particularly for neural tissue engineering [8–10], cardiac
tissue engineering [6,7,11,12], bone tissue engineering [13–15], cartilage tissue engineer-
ing [16–18], muscle tissue engineering [19,20], and skin tissue engineering [21–23]. They
can be used to create neural scaffolds that support the growth and differentiation of neu-
rons [10]. The electrical stimulation provided by the nanocomposite can also facilitate
neural network formation and functional integration with host tissues [11]. In cardiac
tissue engineering, conductive nanocomposites can be used to create scaffolds for heart
muscle regeneration [11]. Electrical stimulation can help promote cardiomyocyte alignment
and contractile behavior, leading to improved tissue functionality [12]. In bone tissue
engineering, conductive nanocomposites can be integrated into scaffolds to support the
growth and differentiation of bone-forming cells (osteoblasts) [13]. Electrical stimulation
can also promote bone mineralization and enhance the overall healing process [14]. In
addition to scaffolds, conductive nanocomposites can also be used as bioelectrodes for
electrical stimulation applications as well as biosensors [24–27].

Additionally, the mechanical properties and degradation rates of the nanocomposites
should be tailored to match the specific tissue engineering application [1,5,28]. It has been
shown that conducting polymers, such as polyaniline and polypyrrole, can stimulate the
attachment and proliferation of a variety of mammalian cell lines, including myoblasts,
fibroblasts, and endothelial cells; however, these conducting polymers fail to mimic the
physiological moduli of the ECM of various tissues [29]. This is why the incorporation
of conductive nanomaterials, including metallic, inorganic, organic, or polymeric nano-
materials, into a suitable biopolymer matrix that can mimic a wide range of native ECM
properties has become an alternative strategy to create multifunctional scaffolds that pro-
vide the appropriate structural, mechanical, electrical, and biological properties to foster
healthy cell function and tissue formation [30,31].

Notably, there is a wide variety of carbon-based nanomaterials, such as carbon nan-
otubes, nanodiamonds, graphene oxide, and reduced graphene oxide, which can be used
to develop electroconductive nanocomposite hydrogels [32–34]. However, compared to
the abovementioned carbon-based nanomaterials, nanosized carbon black (CB) is an ill-
explored nanofiller for biomedical applications [35]. As a sensing conductive filler, CB
has a low cost, low density, and excellent intrinsic conductivity [36]. A CB-filled polymer
composite has many advantages, including easy fabrication and superior environmental
stability [36]. The electrical conductivity of CB is influenced by its particle size, aggregate
shape and structure, porosity, and surface chemistry. The electrical conductivity of carbon
black/polymer mixtures also depends on polymer characteristics such as the chemical struc-
ture, porosity, and processing conditions. The improved conductivity of polymer/carbon
black mixtures is achieved by using CB of smaller particle size (larger surface area), lower
particle density (higher particle porosity), and higher structure (better aggregation).
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Here, we present a series of nanocomposite hydrogels, which are composed of CB
nanoparticles homogeneously dispersed into a gelatin-based hydrogel system. In tissue
engineering, gelatin (G), a denatured collagen product, is widely used because the material
is biocompatible, biodegradable, inexpensive, and easy to use [37]. However, G alone is
structurally and mechanically weak and dissolves in the physiological environment, which
limits its application as a scaffold material in tissue engineering [37,38]. To overcome these
limitations, a mild crosslinking strategy is applied where G acts as a backbone polymer and
poly(ethylene glycol)diglycidyl ether (PEGDGE) acts as the crosslinking agent. By utilizing
end epoxide groups, PEGDGE can react with multiple functional groups of G and act as
a spacer between two natural macromolecules, reducing steric hindrance and facilitating
cell adhesion [39]. Chitosan (CH), a partially deacetylated derivative of chitin, is used
to further enhance the biomimetic properties of the hydrogel [40,41]. Most importantly,
in the context of tissue engineering, CH is structurally similar to the native ECM, which
facilitates cell-chitosan interaction [42–44]. Furthermore, CH possesses excellent biological
properties such as biodegradability, anti-bacterial activity, and biocompatibility [42,44].
Moreover, many biological tissues including skeletal muscle, bone, cartilage, and the heart
exhibit orientation-dependent anisotropic structures, and the structural, mechanical, and
functional anisotropies of these tissues are critical for maintaining healthy physiological
activities [45–47]. In this regard, anisotropic hydrogel scaffolds with geometrical resem-
blance to the ECM of anisotropic tissues are promising solutions for restoring their struc-
tural and functional integrity [48–50]. To achieve structurally and mechanically anisotropic
porous hydrogel, we employed a unidirectional freezing technique using liquid nitrogen.
We forced the degree of crosslinking through the concerted effect of chemical reactions
in the solution and post-curing treatment. Together, the preparation of electroconductive
and structurally stable macroporous nanocomposite hydrogels using gelatin, chitosan, and
conductive carbon black was performed in this study in four consecutive steps: liquid-
phase pre-crosslinking/grafting, oversimplified unidirectional freezing, lyophilization, and
post-curing—this is the first report of this kind.

The overall aim of this study is to develop gelatin-based conductive hydrogel scaffolds
via a mild processing condition, which includes aqueous media, various polymer assembly,
and crosslinking chemistry facilitating gelation with CB nanomaterial, and to characterize
the structural property, mechanical property, thermal property, morphology, and elec-
trical conductivity of the synthesized nanocomposite hydrogels to find their potential
applications as tissue engineering scaffolds.

2. Materials and Methods
2.1. Materials

Type A gelatin (pharmaceutical grade, 280 bloom, viscosity 4.30 mPs), produced from
pig skin, was purchased from ITALGELATINE, Santa Vittoria d’Alba (CN), Italy. CH
(molecular weight between 50,000–190,000 Da and degree of deacetylation 75–85%) was
obtained from Fluka, Milano, Italy. PEGDGE (molecular weight 526 Da) was supplied by
Sigma-Aldrich Co Milano, Italy. Conductive nanosized carbon black (Printex XE2B) was
purchased from Degussa Huls Chemicals S.p.A. with an average particle size of 30 nm and
BET surface area of 1000 m2/g. Ethylene diamine (EDA) and acetic acid were provided by
Fluka, Milano, Italy.

2.2. Methods
2.2.1. Synthesis of G/PEG/CH (CB) Nanocomposite Hydrogels

The G/PEG/CH (CB) nanocomposite hydrogel was prepared in different CB com-
positions, specifically 10%, 15%, and 20% of CB, following a slightly modified previously
mentioned method [37]. For preparing G/PEG/CH (CB) nanocomposites with 10% CB, an
amount of 0.80 g pulverized CB was dissolved in 60 mL water and treated with magnetic
stirring and ultrasonication until completely dispersed. Then, gelatin granules (5.90 g) were
added into the CB solution and magnetically stirred for 2 h at 45 ◦C to homogeneously
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dissolve the gelatin. After that, PEGDGE (1.4 g) was introduced into the mixture followed
by EDA (70 mg) under continuous magnetic stirring at 45 ◦C. The chitosan solution of
2 wt.% was prepared by dissolving 0.7g CH in 1% aqueous acetic acid solution (35 g) and
was subsequently stirred overnight. Then, the previously prepared chitosan solution (33 g)
was added into a gelatin-PEG-CB reaction mixture and continuously stirred for another
1 h (with 5 min sonication after an interval of 20 min magnetic stirring) under the same
temperature to obtain the homogeneous reaction mixture. Finally, the reaction mixture was
poured into a plastic box, cooled to room temperature to form a gel, frozen with liquid
nitrogen, lyophilized, and post cured at 45 ◦C for 2 h. The same sequences were applied
for fabricating G/PEG/CH (CB) nanocomposites with 15 and 20% CB with the required
amount of CB for each formulation. Three different G/PEG/CH (CB) nanocomposites were
prepared; the formulations are tabulated in Table 1.

Table 1. Composition, density, and porosity of the G/PEG/CH (control sample) and G/PEG/CH
(CB) nanocomposite hydrogels.

Composition (w/w %) Physical Properties

Hydrogels G PEG CH CB * CB F Apparent Density
(g/cm3) Porosity (%)

G/PEG/CH 74 18 8 - - 0.11 ± 0.03 77 ± 2.0

G/PEG/CH (CB 1) 67 16 7 10 6.95 0.12 ± 0.03 65 ± 10

G/PEG/CH (CB 2) 63 15 7 15 13.6 0.13 ± 0.01 64 ± 3.0

G/PEG/CH (CB 3) 60 14 6 20 18.2 0.13 ± 0.01 59 ± 10

* Denotes initial CB content and F denotes CB content in the final product after washing and calculated using
TGA analysis.

2.2.2. Density and Porosity Measurement

The ethanol displacement method was used to measure the apparent density and
porosity of the dry gel by soaking the pre-massed sample in a defined ethanol volume. The
sample was previously placed under vacuum to remove the entrapped air, and the mass
of the dry gel (W) was measured. Later, the sample was immersed into a graded cylinder
containing a known volume (V1) of ethanol, and the total volume (V2) of ethanol and gel
was recorded. The gel was carefully removed from the ethanol 5 h later, and the residual
volume (V3) of the ethanol was measured. Finally, the total volume of gel was calculated as
V= V2 − V3.

The apparent density (ρ) of hydrogel was calculated using the following equation:

ρ = W/(V2 − V3)

The porosity (ε) of hydrogel was measured using the following equation:

ε = (V1 − V3) × 100/(V2 − V3)

2.2.3. Swelling Ratio (%) Measurement

The swelling ratio of the hydrogel was estimated by soaking the previously weighed
dry sample in the distilled water in a thermostatic bath at a temperature of 37 ◦C. At
predetermined time intervals, the sample was removed from the distilled water, the excess
surface water was removed by gently pressing it with absorbent paper, and the weight was
accurately measured using an electronic analytical balance. The percentage swelling ratio
(%) was determined as:

SR (%) = (Ws −Wd) × 100/Wd
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where Ws and Wd indicate the wet and initial dry weight of the sample, respectively. Each
experiment was conducted using five samples, and the average value was exposed with
standard deviation.

2.2.4. Chemical Structure Analysis

The chemical characterization of nanocomposite hydrogels was performed using
Fourier transform infrared (FTIR) spectroscopy on dry hydrogels using a Thermo Scientific,
Waltham, MA, USA, Nicolet iS50 FTIR spectrophotometer equipped with a PIKE MIRacle
attenuated total reflectance attachment and recorded over a range of 400 to 4000 cm−1 at a
resolution of 4 cm−1.

2.2.5. Thermogravimetric Analysis

The exact amounts of CB in the nanocomposite hydrogels were evaluated by thermo-
gravimetric analysis (TGA) run by a TGA 500 equipped using the Hi-Res-Dynamic method
with a Mettler TG50 microbalance heating a sample of about 5 mg into an alumina crucible
from room temperature to 700 ◦C at 50 ◦C/min under nitrogen flow (40 mL/min).

2.2.6. Morphology Analysis

The morphology of the nanocomposite hydrogels was analyzed using a stereomicroscope
(LEICA DMS 300) with reflected light. The dried samples were cut in parallel (direction
of ice crystal growth) and perpendicular directions to the macroporous channels, and the
morphologies of the surfaces and textures were observed using the stereomicroscope.

2.2.7. Compression and Cyclic Compression Tests

The mechanical properties of the nanocomposite hydrogels were measured using
a universal testing system (INSTRON series 3366) equipped with a 50 N load cell, in
unconfined compression mode between two impermeable parallel plates. Specimens were
cut from the sample bars into cuboid-shaped samples using a precision rotary saw. Before
the tests, the as-prepared samples were soaked in distilled water at 37 ◦C for 2 h. The
actual height (H), width (W), and thickness (T) of the specimens were measured using an
optical traveling microscope. Prior to initiating the compression test, a pre-load of 0.005 N
was applied in order to reduce the influence of surface artifacts. For the compression test,
cuboid-shaped samples were compressed at a strain rate of 10 mm/min up to a maximum
of 50% strain of the original heights, either along the parallel or perpendicular directions to
the macroporous channels. The cyclic consecutive loading-unloading test was continuously
performed for 10 cycles, as long as no significant change in curve shape was observed. At
least three specimens were tested for each direction. For unconfined compression testing,
the load–displacement (F–x) data are converted to stress–strain (σ − ε) data through simple
geometrical relationships. Engineering stress was calculated by dividing the recorded force
by the initial cross-section area. The engineering strain under compression was defined as
the change in height relative to the original height of the individual specimen. The initial
elastic modulus (stiffness) was calculated from the first compression cycle and determined
as the linear segment slope of the compressive stress-strain within the range of 5–10% strain.
Compressive strength was defined as the maximum stress at 50% strain.

The successive cyclic compression experiment involved a loading-unloading pattern
to reach different maximum strains (%) at each cycle. The specimen was first compressed
(loaded) to a maximum strain of 20% and then relaxed (unloaded). Sequentially, the
specimen was compressed to 30% maximum strain and relaxed again, repeating the op-
eration increasing the maximum strain to 40%, 50%, and 60%. The energy absorbed by
the nanocomposite hydrogels was calculated by the cyclic compression stress-deformation
curves. The total energy applied to the hydrogel during the loading, defined as compression
energy (kJ/m3), was derived from the area included by the loading curve and horizontal
axis, while the energy released by the hydrogel during the unloading, defined as relaxation
energy (kJ/m3), was the area bounded between the unloading curve and horizontal axis.
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The hysteresis loop area indicates the dissipated energy due to the viscous nature of the
hydrogels, so the dissipation energy (kJ/m3) loss during the hysteresis cycle was calculated
as the difference between the area under the load curve (compression energy) and the
discharge (relaxation energy) curve from the stress-deformation curve. The percentage
of dissipation energy (%) was determined by dividing the dissipation energy by the com-
pression energy. The same computations were performed for the cyclic compression test
with gradually increasing maximum compressive strain from 20% to 60%, calculating the
dissipation energy (kJ/m3) and percentage dissipation energy (%) at each maximum strain.

2.2.8. Electrical Impedance Measurement

Preliminary electrical impedance analysis was carried out considering an alternate
current (AC) regimen in the frequency range of 102–107 Hz at room temperature by using a
commercial impedance analyzer (HP4194A). Nanocomposite hydrogels filled with different
weight percentages of carbon black nanoparticles were tested in both dry and hydrated
states. In order to highlight the resistive and capacitive behavior, the complex impedance
associated with the samples was studied in terms of the magnitude and phase angle. Tests
were performed in triplicate.

3. Results
3.1. Preparation of G/PEG/CH (CB) Nanocomposite Hydrogels and Their Physical Properties

Conductive nanocomposites have emerged as promising materials in the field of
tissue engineering due to their unique properties that can enhance tissue regeneration and
repair. These materials combine conductive elements such as conductive nanoparticles
or conductive polymers with biocompatible polymers, providing electrical conductivity
while supporting cell growth and tissue integration. Motivated by this, we synthesized
G/PEG/CH (CB) nanocomposites using a versatile approach consisting of liquid-phase
pre-crosslinking/grafting, a unidirectional freezing process carried out by liquid nitrogen
subsequent freeze-drying, and a post-curing process, as shown in Figure 1.
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Figure 1. Schematic diagram illustrating the synthesis process of nanocomposite hydrogels.

The composition of the G/PEG/CH (CB) nanocomposite hydrogels is presented
in Table 1. We calculated the exact amount of CB present in the final nanocomposite
hydrogels with the help of TGA analysis (Figure 2a) and the results are illustrated in
Table 1. TGA was performed with a heating rate of 50 ◦C/min to 700 ◦C under a nitrogen
atmosphere. Under this operating condition, pristine conductive carbon black showed
no weight loss, indicating indifference to thermal decomposition. However, G/PEG/CH
(control sample) hydrogel showed significant weight loss and retained 19.80% of its original
weight under the same conditions. Figure 2a showed the increased percentage residue with
the higher CB content in the sample, and we applied the ‘subtraction’ approach to determine
the final CB content, assuming that the increased percentage residue was attributed to
thermally resistant CB. We calculated the final CB content in the nanocomposite hydrogel
by subtracting the individual residue content from the control residue. The homogeneous
dispersion of CB into the polymeric network is important to obtain the most beneficial
contribution of CB incorporation. On visual inspection during synthesis, we could not
observe any agglomeration of CB into the polymeric system. Furthermore, to confirm the
uniform dispersion, we carried out TGA analysis of the G/PEG/CH (CB-1) nanocomposite
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using different sections of the same sample; namely, the top, middle, and bottom parts.
Figure 2b exhibits no difference in residue for all sections, confirming uniform CB dispersion
into nanocomposite hydrogels.
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Figure 2. TGA curves of control G/PEG/CH and G/PEG/CH (CB) nanocomposite hydrogels.
(a) Thermograms showing the residue at 700 ◦C under a nitrogen atmosphere with a purge rate of
50 mL/min and (b) showing the trend of weight loss and residue of different layers of the same
G/PEG/CH (CB-1) nanocomposite hydrogel.

3.2. Chemical Structure Characterization

The chemical structure (functional groups) of the nanocomposite hydrogels was ana-
lyzed by FTIR using the washed samples; Figure 3 displays the IR spectrum of the control
and nanocomposite hydrogels. The physico-mechanical properties of the nanocomposite
hydrogels depend on the molecular level interaction of G-CB, CH-CB and PEG-CB. Gelatin
showed prominent amine peaks around 1540 cm−1 (due to -NH bending vibrations and
C-N stretching vibrations) and 1650 cm−1 (due to C=O stretching vibrations) [29]. The
representative intense peak presented around 1096 cm−1, which was assigned to C-O
stretching (ether bond C-O-C), validated the presence of PEG in the final hydrogels. The
addition of CB neither split nor shifted any peaks or did not induce new peaks, indicating
no chemical interaction with polymers at the molecular level.
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3.3. Apparent Density, Porosity, and Swelling Ratio

The apparent density and total average porosity of the nanocomposite hydrogels were
investigated using the ethanol displacement method and the results are shown in Table 1.
The apparent density of G/PEG/CH (CB) nanocomposite hydrogels showed higher values
than that of the G/PEG/CH control sample. However, the different amount of CB in these
hydrogels appeared to slightly influence the density among the nanocomposites, showing
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similar density values around 0.13 g/cm3. At the same time, the decrease in hydrogel
porosity was observed with the increase in the nanofiller CB amount. The increase in the
carbon black amount as filler actually decreased the porosity and favored the formation
of a hydrogel with a wider distribution of micropores. The control G/PEG/CH hydrogel
showed a percentage porosity of 77%, whereas the G/PEG/CH (CB) nanocomposite
hydrogels showed an average percentage porosity of 62.66%. We also investigated the
effect of CB incorporation on the swelling ratio of the nanocomposite hydrogels. As shown
in Figure 4, the swelling ratio of nanocomposites did not seem to be significantly influenced
by the addition of CB. All nanocomposite hydrogels showed a higher swelling ratio (~730%)
suitable for tissue engineering applications. Using a freeze-drying process resulted in a
net-like porous structure, which enhanced the hydrogel’s ability to absorb large amounts
of water.
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3.4. Morphological Evaluation

Scaffolds for tissue engineering applications should have an interconnected porous
structure for cell infiltration and the effective transport of nutrients and oxygen. The freeze-
drying technique produced a thin skin with a dense texture (Figure 5a,b). However, beneath
the skin, the hydrogel was highly porous (Figure 5c,d). A closer examination revealed
this skin was composed of micropores (inset). However, removing the skin disclosed
interconnected macropores of thin walls, which were themselves composed of micropores
(Figure 5c,d). Overall, the freeze-drying technique used in our protocol produced highly
porous hydrogels below a thin skin with a dense texture.

We also investigated the effect of CB incorporation into the pore morphology, and we
analyzed the pore morphology in the parallel (side view) and perpendicular (cross-section
view) directions of the ice crystal growth, as shown in Figure 6a–f. With 10% CB content,
the hydrogel showed an anisotropic pore morphology: larger macroporous channels
and random pores formation along and normal to the ice crystal growth, respectively
(Figure 6a,c). The unidirectional freezing process allowed water molecules to become
preferentially crystallized (ice crystals) along the thermal gradient (bottom to top) induced
by bathing in liquid nitrogen. The lyophilization process sublimated ice crystals leaving
behind the interconnected macroporous channels along the thermal gradient (Scheme 1a).
Surprisingly, a higher CB content compromised the anisotropic nature of the hydrogels as
well as the pore sizes. A cross-section view of the G/PEG/CH (CB-2) hydrogel revealed
a denser texture with smaller-sized pores (Figure 6b). Smaller channels, both in terms of
length and diameter, were observed with a 15% CB content along the direction of ice crystal
growth (white color arrows indicate the smaller channels) (Figure 6e). A further increment
of CB concentration to 20% (G/PEG/CH (CB-2)) imparted more compact structures in
both directions, completely nullifying the anisotropic pore morphology and introducing
an isotropic structure (Figure 6e). The most plausible explanation behind the transition
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of anisotropic to isotropic pore morphology with the increased CB content might be that
the higher CB concentration restricted the directional ice crystal growth. Excitingly, this
CB concentration-imposed pore morphology accordingly triggered a mechanical response
(discussed below).
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Figure 6. Optical images displaying the cross-section and side view of the nanocomposite hydrogels
for (a,d) G/PEG/CH (CB-1), (b,e) G/PEG/CH (CB-2), and (c,f) G/PEG/CH (CB-3). The arrows
indicate the macroporous channeling. Scale bars are 1 mm (a–f).

3.5. Compressive Mechanical Properties

To explore the effect of CB incorporation on the mechanical properties, a uniaxial
unconfined compression test was carried out on swollen samples in distilled water at 50%
strain (Figure 7). It is obvious from Figure 7 that the nanocomposite hydrogels showed
reversible behavior (returned to their original position) during the compression test. The
initial elastic modulus (stiffness) was calculated from the initial linear regions of the stress-
strain curves (3 to 10% strain) and the stress at 50% strain was considered at strength. All
the hydrogels were compressed in two directions (parallel and perpendicular) to examine
the effect of the pore morphology on the mechanical stiffness and strength; the average
values of the results are summarized in Table 2. Figure 8a–c shows the stress-strain curves of
nanocomposite hydrogels obtained from mechanical data when samples were subjected to
compression in both parallel and perpendicular directions to the ice crystal growth. It was
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noticed that the anisotropic mechanical phenomenon became negligible, increasing the CB
amount in the nanocomposite hydrogels. Clearly, the G/PEG/CH (CB-1) nanocomposite
hydrogel showed a significant anisotropic mechanical property, displaying an anisotropic
ratio-ratio of the modulus in the parallel direction to the perpendicular direction-of 3.70
(Figure 8a). Notably, the anisotropic mechanical response significantly reduced with a 15%
CB content (G/PEG/CH (CB-2), Figure 8b), while it completely diminished with a 20% CB
content (G/PEG/CH (CB-3), Figure 8c). This behavior might be explained by the more
compact structure due to the larger amount of conductive carbon black aggregated with
increasing CB content in the gel structure, which did not allow water molecules to accrete
in larger crystals during the freeze-casting process. This reduced the gel matrix voids and
made the macroporous channels less aligned with the temperature gradient generated by
nitrogen freezing, as shown in Scheme 1b.
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Scheme 1. (a) The scheme showing the formation of macroporous interconnected channels along
the direction of freezing and (b) illustration of the different macroporous structures in the hydrogels
depending on the CB content: larger macroporous structure in G/PEG/CH (CB-1), aligned with the
temperature gradient during the freeze casting procedure; smaller and less aligned macroporous
structure in G/PEG/CH (CB-2); and no observable macroporous channels in G/PEG/CH (CB-3).
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Table 2. Compressive mechanical properties of the G/PEG/CH control and nanocomposite hydrogels.

Sample Name Modulus
(MPa)

Stress (MPa) at 50%
Strain Compression Direction Pore Morphology

G/PEG/CH 0.247 ± 0.03 0.0462 ± 0.01 Parallel to smaller macropore channels Anisotropic
G/PEG/CH 0.042 ± 0.01 0.0534 ± 0.01 Perpendicular to smaller macropore channels

G/PEG/CH (CB-1) 0.230 ± 0.05 0.053 ± 0.01 Parallel to smaller macropore channels Anisotropic
G/PEG/CH (CB-1) 0.063 ± 0.02 0.057 ± 0.02 Perpendicular to smaller macropore channels

G/PEG/CH (CB-2)
G/PEG/CH (CB-2)

0.128 ± 0.01
0.112 ± 0.01

0.132 ± 0.03
0.106 ± 0.04

Parallel to smaller macropore channels
Perpendicular to smaller macropore channels Intermediate behavior

G/PEG/CH (CB-3) 0.173 ± 0.01 0.146 ± 0.01 No observable macropore channels Isotropic

Biomimetics 2023, 8, x FOR PEER REVIEW 12 of 22 
 

 

 
Figure 8. Stress-strain curves obtained from compression tests of fully swollen nanocomposite hy-
drogels. (a) G/PEG/CH (CB-1), (b) G/PEG/CH (CB-2), and (c) G/PEG/CH (CB-3). 

Table 2. Compressive mechanical properties of the G/PEG/CH control and nanocomposite hydro-
gels. 

Sample Name Modulus (MPa) Stress (MPa) at 50% 
Strain 

Compression Direction Pore Morphol-
ogy 

G/PEG/CH 0.247 ± 0.03 0.0462 ± 0.01 Parallel to smaller macropore 
channels 

Anisotropic 
G/PEG/CH 0.042 ± 0.01 0.0534 ± 0.01 Perpendicular to smaller 

macropore channels 

G/PEG/CH (CB-1) 0.230 ± 0.05 0.053 ± 0.01 Parallel to smaller macropore 
channels 

Anisotropic 
G/PEG/CH (CB-1) 0.063 ± 0.02 0.057 ± 0.02 Perpendicular to smaller 

macropore channels 

G/PEG/CH (CB-
2)¥G/PEG/CH (CB-2) 

0.128 ± 0.01¥0.112 
± 0.01 

0.132 ± 0.03¥0.106 ± 
0.04 

Parallel to smaller macropore 
channels¥Perpendicular to smaller 

macropore channels 

Intermediate be-
havior 

G/PEG/CH (CB-3) 0.173 ± 0.01 0.146 ± 0.01 No observable macropore chan-
nels 

Isotropic 

 
Figure 9. Stiffness and strength of the nanocomposite hydrogels as a function of CB content (‖ indi-
cates compression parallel to smaller macropore channels and ┴ indicates compression perpendicu-
lar to smaller macropore channels). 

In addition to investigating the effect of CB content on the mechanical stability of the 
nanocomposite hydrogels, cyclic compression tests with ten loading-unloading cycles 
were also performed. Figure 10 shows the cyclic compressive stress-strain curves for up 
to 10 consecutive cycles at 50% maximum strain without waiting time in the parallel and 

Figure 8. Stress-strain curves obtained from compression tests of fully swollen nanocomposite
hydrogels. (a) G/PEG/CH (CB-1), (b) G/PEG/CH (CB-2), and (c) G/PEG/CH (CB-3).

The pore morphology of the nanocomposite hydrogels imparted these direction-
dependent mechanical responses. Notably, G/PEG/CH (CB-1) nanocomposite hydrogel
showed around a four-fold (0.063 MPa to 0.230 MPa) increase in stiffness when compressed
in the parallel direction to the macropore channels compared to the perpendicular direction
(Table 2). The two best plausible explanations for the increased stiffness when compressed
in the parallel direction in contrast to the perpendicular compression for G/PEG/CH
(CB-1) nanocomposite hydrogel might be due to: (i) the large lamellae, which act as
pillars reinforcing the hydrogel, and (ii) the presence of more entrapped pressurized water
between two compressive plates so that water could not be easily squeezed out [37].

The direction-dependent stiffness of anisotropic hydrogel was correlated with their
anisotropic pore structures. As a possible confirmation of this, we could notice that a greater
extent of macroporous channels along the direction of freezing in the G/PEG/CH (CB-1)
nanocomposite hydrogel made it an anisotropic hydrogel. On the other hand, a dimensional
reduction of the walls of macrochannels in the hydrogel with 15% of CB corresponded to a
loss of the anisotropic behavior. In the G/PEG/CH (CB-2) nanocomposite hydrogel, the
difference between the directional-dependent stiffness and strength was so little that we
could treat it as an intermediate hydrogel in terms of mechanical anisotropy. The typical
channel-like morphology disappeared in the G/PEG/CH (CB-3) nanocomposite hydrogel,
and the more compact pore structure probably allowed the water to squeeze out in a similar
way in both directions, making it a perfectly isotropic hydrogel. Figure 9 demonstrates
the trend of compressive stiffness and strength variation with CB content. Figure 9 and
Table 2 show a significant improvement in stiffness and strength upon the addition of CB
into the hydrogel system. For example, a three-fold increase in both stiffness and strength
was observed with 20% CB content. However, the nanocomposite hydrogel containing 10%
CB displayed similar stiffness and strength values of G/PEG/CH alone in both directions.

In addition to investigating the effect of CB content on the mechanical stability of
the nanocomposite hydrogels, cyclic compression tests with ten loading-unloading cycles
were also performed. Figure 10 shows the cyclic compressive stress-strain curves for
up to 10 consecutive cycles at 50% maximum strain without waiting time in the parallel
and perpendicular directions to the macroporous channels of the G/PEG/CH (CB-1)
nanocomposite hydrogel in wet conditions. Figure 11 presents the cyclic compressive
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stress-strain curves of the G/PEG/CH (CB-2) and G/PEG/CH (CB-3) nanocomposite
hydrogels, as well as the corresponding stress-time curves.
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50% maximum strain without waiting time. (a) G/PEG/CH (CB-2); (b) G/PEG/CH (CB-3); and
(c,d) corresponding stress-time curves, respectively.

As displayed in Figure 10a, the stress-strain curves of the G/PEG/CH (CB-1) nanocom-
posite hydrogel clearly showed two different pathways during the loading and unloading
cycles, resulting in hysteresis loops. Regarding the cyclic compression in a direction parallel
to the macroporous channels, a pronounced deviation in the stress-strain loading-unloading
curves was shown between the first and second cycles, which indicated the occurrence
of irreversible damage during the first cycle. It has been hypothesized that those smaller
lamellae bridges connecting larger lamellae might be fractured during the first cycle; fur-
thermore, the characteristic plateau region was affected by these major micro fractures in
the hydrogel, involving a more collapsed structure and reduced buckling resistance of the
lamellae for the consecutive cycles [37,38]. However, a slighter reduction in the slope and
maximal stress at 50% strain was observed at each compressive cycle from the second to
fifth consecutive loading-unloading cycle in the material, due to the occurrence of other
minor micro fractures. After the fifth cycle, all following hysteresis loops were closely
overlapped, indicating that the hydrogel achieved a mechanically stable structure. It was
noticed that all unloading curves returned to 0% strain, indicating full shape recovery of the
hydrogels even at 50% deformation. The stress responses (Figure 10c) of the G/PEG/CH
(CB-1) nanocomposite hydrogel compressed at a constant strain level of 50% were shown
as a function of time during the 10 cycles. It was observed that the induced stress exhibited
a transition phenomenon: during the first cycle, the induced stress was 0.064 MPa, but
during subsequent cycles, it gradually decreased and became stationary, reaching a con-
stant value of 0.056 MPa after multiple cycles. This mechanical response was the outcome
of a stress-softening tendency, described as Mullins’ effect, which is characterized by a
lower resulting stress for the same applied strain. It is often reported in filled and non-filled
rubber-like materials, and such behavior is known as “preconditioning” [51].

Figure 10b shows the stress-strain curves resulting from the cyclic loading-unloading
curves compressed in the perpendicular direction to the macroporous channels. In this
case, the stress-strain curves indicated a very small variation between the first and second
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cycle curves, indicating some minor irreversible micro fractures during the first loading.
However, the second cycle and all subsequent hysteresis loops were overlapped, suggesting
that the hydrogel had a good reversible behavior. The corresponding stress-time plot
(Figure 10d) also confirmed the mechanical stability. The maximal stress slightly reduced
during the second cycle; however, it rapidly reached a stationary value after subsequent
cycles. The mechanical responses observed in the G/PEG/CH (CB-2) and G/PEG/CH (CB-
3) nanocomposite hydrogels during compression testing (Figure 11) were similar. During
the first loading, some sort of micro fracture occurred, however, from the second cycle
onward, and after subsequent cycles, nearly identical hysteresis loops were observed. They
exhibited a preconditioning behavior up to the fifth cycle, as a result of the stress-softening
effect explained in the previous paragraph.

Cyclic stress softening can be characterized by the amplitude of a normalized stress
decrease and by the number of cycles needed to reach a stabilized state. This effect was also
evaluated by calculating the ratio of the maximum stress of every cycle to the maximum
stress of the first cycle (normalized stress). As observed in Figure 12, the normalized
stress over 10 cycles preserved at least 85% of the maximal stress reached in the first
cycle for G/PEG/CH (CB-1) in the parallel direction, G/PEG/CH (CB-2) and G/PEG/CH
(CB-3). Lower stress-softening was observed particularly for G/PEG/CH (CB-1) in the
perpendicular direction, showing an amplitude of a normalized stress decrease of 5%,
confirming that discussed above.
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Figure 12. Amplitude of normalized stress decreases over the 10 consecutive compressive cycles of
the nanocomposite hydrogels. Normalized stress was defined as the ratio of observed stress at each
cycle to the maximum stress of the first cycle.

In summary, during the first cycles, the hydrogels demonstrated the Mullins effect,
with a reduction in stiffness and stress at every cycle. After a few cycles, the material
behavior stabilized, and the hydrogels were able to sustain a compressive strain of 50%
with full strain recovery. All the nanocomposite hydrogels maintained their original shape
and their load-bearing capability up to a high level of deformation. It might be possible
that many microscopic flaws were created within the hydrogels, but no macroscopic cracks
propagated; as a result, the hydrogels were not fractured at a macroscopic level. Over-
all, the G/PEG/CH (CB-1) nanocomposite hydrogel exhibited structural and mechanical
anisotropy, natural tissue-like preconditioning, characteristic hysteresis, nonlinear elas-
ticity, and energy dissipation—making it a biomimetic anisotropic hydrogel more closely
resembling the native ECM of many soft tissues.
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Additionally, dissipation energy calculated for each cycle also showed sharply reduced
absorbed energy after the first cycle, but this was nearly constant for subsequent cycles
(Figure 13a). In the case of G/PEG/CH (CB-1) nanocomposite hydrogel, when compressed
in parallel to the macroporous channels, the calculated dissipation energy was double
compared to those in the perpendicular direction (Figure 13a). Furthermore, the slope
of this decrease was more marked along the parallel direction before the tested samples
reached a constant value after a few cycles for both compression directions. This might
be explained by the more stable structure in the perpendicular direction, as previously
depicted. Additionally, as shown in Figure 13b, the percentage of dissipated energy was the
highest for the first cycle for all hydrogels. However, the percentage of dissipation energy
was found to be similar after the fifth to the subsequent tenth cycle, further confirming the
achieved mechanical stability after a few cycles. Excitingly, all nanocomposite hydrogels
maintained their original shapes after undergoing such a high level of deformation.
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Figure 13. Energy dissipation of nanocomposite hydrogels subjected to compression consisting of
10 loading-unloading cycles at 50% strain. (a) Effect of number of cycles on energy dissipation and
(b) calculated percentage energy dissipation of first, fifth, and tenth cycles.

Moreover, nanocomposite hydrogels were subjected to cyclic compression with in-
creasing maximum strain ranging from 20 to 60%; the stress-strain curves are represented
in Figure 14a–d. In addition, energy dissipation was calculated from the hysteresis loop
with different strain levels (Figure 15). Figures 14 and 15 highlight that hysteresis became
apparent above 30% strain and sharply increased with increasing strain levels, indicating
the increased absorption of energy during higher deformation. For all cases, the hysteresis
loops area became larger with increasing maximum strain. Furthermore, as presented
in Figure 15a, the G/PEG/CH (CB-1) nanocomposite hydrogel showed an exponentially
increasing trend in dissipation energies with an increase in maximum strain, suggesting the
capability of the hydrogel to effectively dissipate energy at larger deformations, and also
indicating a gradual fracture process of the gel network while reaching higher deformation
levels with respect to the previous cycle. The slightly higher dissipated energies for the
parallel compression of G/PEG/CH (CB-1) with respect to the perpendicular compression
might be due to the migration of more pressurized water throughout the porous network.
The exponential growth of dissipated energies at higher deformation levels became more
apparent when the CB amount was increased to 15% and 20%, achieving values of 12 kJ/m3

and 16 kJ/m3 for 60% strain, respectively, which were twice and three times more than the
energy dissipated at 10% CB content.

Percentage dissipation energy is often used to quantify the energy dissipation ability
of a tough hydrogel. A higher level of deformation involves more dissipation due to the
increased stress applied to the material (higher friction). By applying a greater force, a
higher loading energy was conferred to the material and the dissipation energy increased
for the water movement. As shown in Figure 15b, the G/PEG/CH (CB-1) and G/PEG/CH
(CB-2) nanocomposite hydrogels exhibited similar dissipated energy capacities, which
slightly increased with higher deformations. At the same time, G/PEG/CH (CB-3) demon-
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strated lower dissipation ability, but still increased the strain up to 60%, suggesting a less
pronounced bond rupture capacity, increased elastic properties, and more deformation
tolerance. It is noteworthy that, with 20% CB, the percentage dissipation energy was more
constant, and it was probably able to sustain higher deformation, which led to higher values
of percentage dissipation energy (not necessarily linearly increasing over 60% deformation).
This CB nanofiller reinforced the hydrogel by having a greater effect on strength than
modulus. This involved high compression energy during loading; as the deformation
applied to the material increased, the dissipation energy increased but the compression
energy increased relatively more (due to the reinforcement effect). These results clearly
suggested that the nanocomposite hydrogel possessed CB concentration-dependent and
strain-dependent energy dissipation behavior, and effective energy dissipation occurred at
the higher strain deformation.
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Figure 14. Stress-strain curves of the cyclic compression test with amplitudes ranging from 20 to
60% strain applied to nanocomposite hydrogels, corresponding to (a) G/PEG/CH (CB-1)-parallel,
(b) (G/PEG/CH (CB-1)-perpendicular, (c) G/PEG/CH (CB-2), and (d) G/PEG/CH (CB-3).

It is generally accepted that the stiffness and toughness of conventional materials are
two opposite mechanical parameters. Interestingly, our G/PEG/CH (CB) nanocomposite
hydrogel could simultaneously increase both stiffness and toughness with increasing CB
concentration. This could be attributed to the hybrid physical and chemical crosslinking
in the nanocomposite hydrogel. The enhancement in the elastic modulus (an indicator of
stiffness) of the G/PEG/CH(CB) nanocomposite hydrogels was attributed to the increase
in the elastically effective G/PEG/CH chains and the reinforcing effect of the carbon black
acting as a filler. The rupture (or peeling) of physically adsorbed G/PEG/CH chains
from CB was accompanied by energy dissipation, which consequently improved the crack
resistance of the hydrogels. In addition, as more G/PEG/CH chains were adsorbed on
CB particles, more energy was dissipated. Therefore, the toughness of the G/PEG/CH
(CB) nanocomposite hydrogels continued to increase with the CB concentration. Taken
together, a slight decrease in the stress and no residuary strain during the consecutive
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loading-unloading cycles demonstrated the elasticity, excellent shape-recovery properties,
and good mechanical stability of the nanocomposite hydrogels.
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3.6. Electrical Impedance

To highlight the resistive and capacitive behaviors, the complex impedance associated
with the samples was studied in terms of the magnitude and phase angle in dry and wet
conditions, as presented in Figures 16 and 17, respectively. Considering dry testing, the
results reported good optimally tunable electrical properties with a characteristic frequency
of transition between resistive- and capacitive-like behaviors, depending on the CB content,
despite the presence of noise at low frequency. Such a result appears to be promising in view
of the application of electrical stimuli, even when compared with more complex materials.
The electrical properties in wet conditions, which were more physiologically relevant,
showed low magnitude at high frequencies (>1 MHz) with a decreasing phase angle,
confirming a capacitive behavior (Figure 17). At lower frequencies (<1 kHz), impedance
decreased with increased CB content, reaching a steady-state value in a range between
1 kHz and 1 MHz, with a near to zero phase angle confirming a resistive behavior. Overall,
the impedance of the nanocomposite hydrogels decreased with increased CB concentrations;
furthermore, it is worth noting that the G/PEG/CH scaffold without CB presented, within
the very same frequency range, an overall value of impedance magnitude of about 10 kΩ.
Additionally, a change in electrical conductivity, with and without biological cells and
along with various protocols, was in progress. Since these nanocomposite hydrogels were
prepared with the aim of developing novel scaffolds for tissue engineering applications, it
is of utmost importance to evaluate the biocompatibility of these types of hydrogels, which
is presently ongoing. However, our previous studies on G/PEG/CH hydrogels using
human mesenchymal stem cells (hMSCs), assessing their tissue regeneration capability
(chondrogenic and osteogenic differentiation), confirmed that this hydrogel scaffold was
biocompatible and suitable for cell growth, chondrogenic and osteogenic differentiation,
and mineralization [42,52].
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posite hydrogels tested in wet conditions.

4. Conclusions

Conductive nanocomposites have shown immense potential in tissue engineering due
to their ability to support cell growth, promote tissue regeneration, and provide electrical
stimulation to engineered tissues. These results revealed that the developed synthesis
method was amenable enough to accommodate nanomaterials into macroporous hydrogels
under mild conditions. The incorporation of conductive carbon black (CB) (10, 15, and
20 wt.%) significantly improved electrical conductivity and enhanced mechanical proper-
ties with the increased CB content. Interestingly, nanocomposite hydrogel with 10% CB
provided both anisotropic morphology and mechanical properties, whereas anisotropic
pore morphology diminished at higher CB concentrations (15 and 20%), imparting a denser
texture. In general, under repeated compressive cycles at 50% deformation, all nanocompos-
ite hydrogels showed nonlinear elasticity, toughness, preconditioning, and characteristic
hysteresis. Overall, the collective mechanical behavior resembled the mechanics of soft
tissues. The electrical properties of the nanocomposite hydrogels conducted in wet con-
ditions, which is more physiologically relevant, showed a decreasing magnitude with
increased CB concentrations, with a resistive-like behavior in the range of 1 kHz–1 MHz
and a capacitive-like behavior for frequencies <1 kHz and >1 MHz. Overall, the impedance
of the nanocomposite hydrogels decreased with increased CB concentrations. This work
is still in the development and optimization stages. Finally, the combination of tissue-like
morphological and mechanical behaviors, along with good electrical conductivity, could
lead to their use in various applications.
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