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Preface to “Tissue Engineering and Regenerative

Nanomedicine”

The convergence of regenerative principles in nanomedicine and tissue engineering promises

to create new avenues in regenerative medicine. The great advantages of using nanomaterials for

controlled drug delivery, surface functionalization, scaffolding, and sensing and imaging applications

are now being recognized. Emerging engineering strategies are investigating the potential

of synthesizing nanosystems with different compositions and architectures. Multi-modal and

multi-scale materials are now being designed by means of incorporating different stimuli-responsive

functionalities, peptides, antibodies, and imaging probes targeting specific cells/cells sheets, tissues,

and organs, and such advancements offer the possibility of tracking results in real-time. These

methods are opening up new treatment possibilities for tackling several aging-related disorders.

J. Miguel Oliveira, Rui L. Reis

Special Issue Editors
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Abstract: Fibrous materials have garnered much interest in the field of biomedical engineering
due to their high surface-area-to-volume ratio, porosity, and tunability. Specifically, in the field of
tissue engineering, fiber meshes have been used to create biomimetic nanostructures that allow for
cell attachment, migration, and proliferation, to promote tissue regeneration and wound healing,
as well as controllable drug delivery. In addition to the properties of conventional, synthetic polymer
fibers, fibers made from natural polymers, such as proteins, can exhibit enhanced biocompatibility,
bioactivity, and biodegradability. Of these proteins, keratin, collagen, silk, elastin, zein, and soy are
some the most common used in fiber fabrication. The specific capabilities of these materials have
been shown to vary based on their physical properties, as well as their fabrication method. To date,
such fabrication methods include electrospinning, wet/dry jet spinning, dry spinning, centrifugal
spinning, solution blowing, self-assembly, phase separation, and drawing. This review serves to
provide a basic knowledge of these commonly utilized proteins and methods, as well as the fabricated
fibers’ applications in biomedical research.

Keywords: protein; nanofibers; biomaterials fabrication; medicine; tissue engineering; wound healing;
drug delivery

1. Introduction

Fibrous materials, so often used in industrial applications and the textile industry, have now
migrated into biomedical research. To date, polymer-based fibers with diameters on the micro- or
nanoscale have been explored in drug delivery [1–4], wound healing [5–7], tissue engineering [8–10],
and biosensor technologies [11–13] due to their high surface-area-to-volume ratio, mechanical strength,
porosity, potential for surface modification, and tunability [13–15]. Equally important in biomaterials
engineering, however, is the need for materials to be both biocompatible and biodegradable. Therefore,
to maximize these properties, natural polymer-based fibers made from proteins have begun to be
developed [16–19].

The appeal of protein-based fibers for biomedical applications stems from the fact that many
proteolytic enzymes capable of degrading commonly used natural polymers are already present in the
body. In the case of protein-based biomaterials, degradation of these materials leads to the production
of amino acids that pose no risk of toxicity and can be reabsorbed by the body [20,21]. In the field of

Nanomaterials 2018, 8, 457; doi:10.3390/nano8070457 www.mdpi.com/journal/nanomaterials1
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tissue engineering, this avoidance of toxic byproducts is of particular importance since materials must
degrade and be replaced by native tissue to achieve complete regeneration [22]. In the field of drug
delivery and nanomedicine, protein-based nanofibers may have the ability to store pharmaceutical
products and biological molecules without threatening their bioactivity [23–25]. Their controllable
degradation through crosslinking or post-fabrication modifications has also been shown to allow
for the controllable release of drugs, with no added toxicity from material byproducts during
fabrication [26,27]. Blending of proteins with other natural and synthetic polymers can also allow for
the development of versatile materials with modifiable degradation and physical properties [28,29].
The biodegradable nature of protein-based fiber materials also supports the efforts of green and
sustainable engineering. Such applications reduce the dependence on petroleum-based polymers
avoiding the pollution issues caused by the disposal of these materials and their byproducts [30].
Additionally, many proteins, such as silk, soy, and corn zein, are very abundant and easy to isolate [31].

The incorporation of natural polymers in biomaterials has also been shown to enhance cell
attachment due to the presence of native cell attachment motifs [25,32]. Thus, the use of protein-based
fibers in tissue engineering and nanomedicine has both medical and commercial appeal. Despite these
advantages, however, standardization of the mechanical and physical properties of protein-based
fibers remains challenging. Such materials have been shown to vary depending on the method of
fiber production, the fiber diameter, and the composition of the fiber [33–35]. In order to illustrate
the appeal of protein-based fibers and regulate their use, this review serves to provide a basic
knowledge of the commonly used materials and methods for the fabrication of protein-based fibers
and their corresponding use in tissue engineering, wound healing, and drug delivery. Popular proteins,
such as keratin, collagen, silk, elastin, zein, and soy, are given particular attention, as well as current
fabrication methods, including electrospinning, wet/dry jet spinning, dry spinning, centrifugal
spinning, solution blowing, self-assembly, phase separation, and drawing.

2. Protein Materials

Some of the specific types of proteins that will be discussed include keratin, collagen, silk, elastin,
zein, and soybean (Figure 1). These proteins are some of the most common protein polymers used for
the fabrication of fibers for biomedical application.

Figure 1. Protein-based biomaterials can be made from a variety of sources. The origin and structures
of some of the most commonly used proteins are shown. These include collagen or gelatin, silk, keratin,
elastin, soy, and corn zein. These proteins can then be processed into fibers with unique physical
properties through a variety of methods.

2



Nanomaterials 2018, 8, 457

2.1. Elastin

Elastin is a naturally-occurring protein found in the extracellular matrix (ECM) that maintains the
elasticity of connective tissue in the human body. Tropoelastin, the 72 kDa precursor to elastin, is first
synthesized by cells in the rough endoplasmic reticulum and consists of alternating hydrophobic
and hydrophilic domains. The hydrophilic domains contain lysine residues interspersed by alanine
residues, and this arrangement allows for tetrafunctional crosslinking of tropoelastin molecules by the
lysine oxidase enzyme. Crosslinking of tropoelastin molecules is further strengthened by self-assembly
of the hydrophobic domains that consist of repeating motifs of non-polar residues of glycine, valine,
and proline [36]. Complete assembly of elastin molecules occurs outside of cells due to the protein’s
large size. Tropoelastin molecules are believed to align and crosslink after interacting with extracellular
microfibrils near the cell surface. While these microfibrils provide an integral framework for elastin
assembly, as elastin-rich tissue forms, these microfibrils become detectable only on the periphery of the
protein structures [37]. The elastin-based fibers are then arranged in a variety of structures depending
on the tissue’s location. For example, in ligaments, elastin fibers are arranged in parallel-oriented
structures, but can be found in a honeycomb-like pattern in cartilage [36].

In biomaterials engineering, elastin is used to describe a variety of elastic proteins and peptides
rather than one single molecule. It can be used in a variety of forms that include, most commonly,
soluble elastin [18,38,39], recombinant tropoelastin [40,41], and synthetic elastin-like peptides that
may also be hybrids with other proteins, such as silk [42–45]. The inclusion of elastin in nanofiber
scaffolds has been shown to increase fiber elasticity and provide for better cell attachment [18]. Due to
elastin’s elasticity and resilience, it has found special purpose in the development of vascular grafts,
since fibrous scaffolds made from the protein have been shown to closely match the compliance of
natural arteries [46–48].

2.2. Collagen and Gelatin

Collagen is a fibrous protein that serves as the main component of the ECM. While the majority of
collagen found in body can be classified as type I, II, or III, as many as 29 different types of collagen have
been identified. All collagen exhibits a repeating X-Y-Gly amino acid sequence, where glycine is always
present as the third residue. X and Y can denote any amino acids, with proline and hydroxyproline
being the most common ones. The glycine residue allows for a stable secondary structure formation of
collagen, which consists of three strands coiled around each other to form a triple helix. These triple
helices can then arrange into different quaternary structures depending on the type of collagen.
In fibrillar types, such as types I–III, V, and XI, the coiled coils are crosslinked by the lysine oxidase
enzyme to form fibrils that then aggregate to form fibers [49]. The spaces between collagen crosslinking
domains measures 67 nm and these gaps give collagen its striated appearance [50].

Due to its natural abundance, Type I collagen is the most common class of collagen used in
biomaterials development [49]. The production of collagen fibers has allowed for the generation of
biomimetic tissue engineering scaffolds that closely resemble the natural ECM. Therefore, fiber meshes
have been used for bone [51–53], cartilage [54], vasculature [55,56], ligament [57,58], skin [59,60],
muscle [61], and nerve [62,63] regeneration. These materials allow for cell attachment, penetration,
and proliferation due to collagen’s ability to interact with cell surface receptors, such as the α2β1,
α1β1, α10β1, and α11β1 integrins [64]. The mechanical properties of collagen-based fiber meshes can
also be easily modified by chemical or physical crosslinking, although this has been shown to affect
their biocompatibility [65].

Due to its complicated hierarchical structure, collagen fibrils can be difficult to extract and isolate.
However, the coiled coil can be easily broken down through hydrolysis to produce three polypeptide
strands, known as gelatin [66]. These strands can be further degraded into shorter amino acid sequences
by matrix metalloproteinases, making gelatin a biodegradable material with low immunogenicity.
Due to the presence of alkaline and acidic amino acid residues, gelatin is also amphoteric and
can form a thermally reversible network in water [67]. Like collagen, the mechanical properties
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of gelatin-based materials can be further modified through chemical or physical crosslinking, which is
often necessary due to the instability of the natural biopolymer in water at body temperature [68].
Crosslinked gelatin-based materials and fibers made by dissolving gelatin in polar solvents to prevent
aggregation [69] have been shown to promote ocular [70,71], bone [72,73], cardiovascular [74,75],
nerve [76,77], and skin [78] regeneration.

2.3. Silk

Silk is a natural biopolymer produced by insects, spiders, and worms that consists of two main
proteins. Silk sericin, the sticky protein found on the outside of silk strands, makes up 15–35% of silk
cocoons and must be removed through a degumming process to extract the more versatile silk fibroin
protein [79]. The particular amino acid sequence of silk fibroin can vary depending on its species,
but is predominately composed of hydrophobic blocks composed of glycine, alanine, and serine
residues and hydrophilic blocks consisting of charged amino acids. The hydrophobic blocks allow for
the formation of β-sheets within the protein, giving silk high tensile strength, while the hydrophilic
blocks give silk fibroin its elasticity [80]. Variations in specific sequences account for differences in
the secondary structure of silk, which, in turn, affects its mechanical properties, thermal stability,
chemical characteristics, and solubility [79,81].

Silk fibroin obtained from the Bombyx mori silkworm is one of the most commonly used
biomaterials due to its availability and low cost [29,79]. It has been shown to exhibit excellent
biocompatibility, bioactivity, biodegradability, tunability, mechanical stability, and low immunogenicity,
allowing silk-based fibers to be used to create tissue engineering scaffolds that allow for bone [82–85],
cartilage [86], heart valve [87], and nerve [88] regeneration. The oxygen and water vapor permeability
of silk also encourages its use in wound healing [25,89]. The mechanical properties and stability
of silk-based biomaterials can also be modified through methanol treatments that increase β-sheet
crystallinity and strength [29,90].

In addition to silk produced from worms, dragline silk produced by the Nephila clavipes spider has
found use in biomaterials development. Like silkworm silk, it has shown low immunogenicity,
high tensile strength, and biodegradibility. Recent studies have outlined the dragline silk’s
ability to promote cell adhesion, migration, and proliferation of dental pulp stem cells [91] and
cardiomyocytes [92], showing its promise as a component in tissue engineering scaffolds.

2.4. Keratin

Keratin is an insoluble structural protein that makes up the bulk of the adnexa of the epidermis,
including hair, horns, and fingernails. The protein can be further characterized a soft or hard keratin
depending on its amino acid sequence. Both soft and hard keratin, however, have similar secondary
structures that consist of two chains, each containing a central alpha-helical domain. These chains are
designated as type I and II and interact to form heterodimers that polymerize to form filaments [93].
Some forms of keratin, like that found in hair, have a high content of cysteine residues that interact
through disulfide bonding, enhancing the mechanical strength of the protein [94]. Extraction of keratin
requires disruption of these disulfide bonds. This can be accomplished through an oxidation of the
protein [95].

The presence of cell binding motifs on keratin, as well as its ability to self-assemble, make it an
ideal natural polymer to be used in the creation of biomaterials for tissue regeneration [93]. However,
because keratin is known to exhibit poor mechanical stability, it is often combined with other natural or
synthetic polymers to create composite fibers [96,97]. Such composites have been used for the skin [98],
cartilage [99], and bone [97,100] tissue regeneration.

2.5. Zein

Zein is the major storage protein in corn and is a member of the prolamin group of proteins.
Its structure and solubility are dictated by its amino acid sequence, which primarily consists of
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non-polar, uncharged residues, such as glutamine, leucine, proline, and alanine. In addition to its
biodegradability and biocompatibility, recent studies suggest that corn zein can exhibit anti-oxidative
and antimicrobial properties [101,102]. These properties have led to zein’s expanded use in
biomedical engineering.

Studies have shown that the corn protein is compatible with human umbilical vein endothelial
cells, human hepatocytes, and mice fibroblasts [103]. Neat zein nanofibers have been shown to exhibit
low mechanical strength and stability, and the high hydrophobicity of the protein may also prevent
cell attachment [104–106]. Therefore, it is often necessary to incorporate additional synthetic or natural
polymers and chemical crosslinking to create successful tissue engineering scaffolds. Studies suggest
that these composites may promote successful tissue regeneration when used as a scaffold [107,108].
While it may be counter to cell attachment, the hydrophobicity of corn zein does enhance its capabilities
as a drug delivery vehicle since it is more resistant to hydrolysis, allowing for longer, more sustained
release of pharmaceuticals [109,110].

2.6. Soybean Protein

Soybean protein is a globular protein composed of two main subunits referred to as conglycinin
7S and glycinin 11S. Both subunits contain regions of non-polar amino acids, such as alanine, valine,
and leucine; basic amino acids, including lysine and arginine; and non-charged polar residues,
like cysteine and glycine. The globular structure of soybean protein makes it resistant to hydrolysis
and incredibly stable, leading to its long shelf-life [111]. For biomaterials engineering, the protein is
of particular interest due its abundance of functional groups that allow for surface modification and
blending with other polymers [112].

Soy protein is biodegradable and can be obtained from abundant renewable resource. In recent
years, soybean products, such as soybean whole fat (SF), soy protein concentrate (SPC), and soy
protein isolate (SPI), have become alternatives to petroleum polymers due to their abundance and
adhesive properties [113]. Compared to other plant protein-based membranes, SPI-based materials
are clearer, smoother, more flexible, and have impressive gas barrier properties compared to lipid and
polysaccharide formulations.

Although the solubility of soybean protein is relatively low in acidic solutions, solvents with
higher pH above 4.8 have been used to process soybean, allowing for fiber fabrication [114]. Due to
the presence of ECM-mimetic peptides within the protein, such fibers have seen great success as tissue
engineering scaffolds [111]. Some of the most common applications of soy protein materials include
skin regeneration and wound healing [115–117].

3. Fabrication Methods

There are numerous ways of fabricating protein-based fiber materials. Table 1 lists fabrication
methods along with controlled parameters that affect fiber properties.

Table 1. Parameters of fabrication methods affecting fiber properties [118–130].

Fiber Fabrication Method
Parameters to Control Fiber Formation

Solution Process Environment

Electrospinning

- Polymer concentration
- Viscosity
- Conductivity
- Solvent evaporation rate
- Molecular weight

- Flow rate
- Applied voltage
- Tip to collector distance
- Collector types

- Temperature
- Humidity

Wet-/Dry-Jet Spinning
- Polymer concentration
- Viscosity
- Molecular weight

- Coagulation medium
- Coagulation bath concentration
- Post-drawing

- Temperature
- Humidity

Dry Spinning - Polymer concentration
- Molecular weight

- Post-drawing
- Take up speed

- Temperature
- Humidity
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Table 1. Cont.

Fiber Fabrication Method
Parameters to Control Fiber Formation

Solution Process Environment

Centrifugal Spinning

- Viscosity
- Surface tension
- Molecular structure
- Molecular weight
- Polymer concentration
- Solvent structure or evaporation rate
- Additive

- Rotational speed
- Head diameter
- Nozzle diameter
- Distance from nozzle to collector

- Temperature
- Humidity

Solution Blowing

- Polymer type
- Concentration
- Solvent evaporation rate
- Molecular weight

- Injection rate
- Gas flow pressure
- Distance from nozzle to collector

- Temperature
- Humidity

3.1. Electrospinning

Electrospinning is a nanofiber fabrication method that consists of three main components:
a polymer solution within a metal tipped syringe, an applied high voltage, and a grounded
collector [131–137]. Figure 2 shows two common electrospinning systems (vertical and horizontal
electrospinning systems) utilized in current research. In the vertical system, gravity is an important
parameter for controlling fiber formation, while horizontal spinning system relies mainly on the
electrical force between the spinning device and the collector.

 

Figure 2. Schematic showing the set-up of a (A) vertical electrospinning system and (B) horizontal
electrospinning system.

Before the electrospinning process, polymers are dissolved into a solvent and the solution is
placed inside the syringe. To begin the process, the solution is forced out of the syringe at a constant
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flow rate. Simultaneously, a high voltage is applied to the solution, resulting in repulsive interactions
between like charges within the solution. A Taylor cone [138] is formed at the end of the syringe when
the electrical forces and surface tension forces in the solution are at equilibrium. At a critical value,
the electrical forces overcome the surface tension forces and a jet of solution propels out of the Taylor
cone and towards the grounded collector. At ideal conditions, as the solution jet travels, the solvent
evaporates from the solution, leaving non-woven, polymer fibers due to high surface area to volume
ratio, and finally gathered on the collector [131–137]. Fibers are produced with diameters in the range
of 10 nm–10 μm, and various collector modifications can also allow the formation of aligned nanofiber
arrays and non-woven yarns. In the literature, numerous protein nanofibers have been fabricated
using the electrospinning technique. Generated fiber mats for silk, collagen, and gelatin-based fibers
are shown in Figure 3 at various scales.

Figure 3. Scanning electron microscope images of (A) pure silk nanofibers, (B) PCL-gelatin nanofibers,
(C) silk-PEO nanofibers, and (D) type I collagen nanofibers fabricated using the electrospinning
technique (reproduced with permission from [19,78,136,139], copyright Elsevier, 2017 (A); Elsevier,
2007 (B); John Wiley and Sons, Inc., 2010 (C); Elsevier, 2006 (D)).

Electrospinning is a simple, reliable process that produces fibers with controllable properties.
The process is able to produce a versatile range of fibers, including polymer-, synthetic-,
and composite-based fibers [131,134]. The properties of the fibers can be influenced by controlling
different parameters. These parameters can be categorized into three types: solution, process,
and ambient [131,134]. Table 1 lists controllable parameters in their respective categories. Reproducibility
and functionalization of protein-based nanofibers may be enhanced by treating the protein prior
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to fabrication. This approach was adopted by Pegg et al. [140] to produce alginic acid nanofibers.
Prior to spinning, the alginic acid was converted to ammonium alginate by reacting the polymer with
amine-containing cargo. This pre-treatment allowed for more uniform functionalization and enabled the
fibers to carry diverse therapeutics, such as lidocaine, neomycin, and papain. Electrospun nanofibers like
these are also useful in a variety of applications due to their high surface-area-to-volume ratio [131,134]
and modifiable surface porosity [134].

3.2. Wet/Dry-Jet Spinning

Wet spinning is a fiber fabrication method that consists of a polymer solution, a spinneret, and a
coagulation bath (Figure 4A). During the fabrication process, the polymer solution is extruded via
a syringe pump through the spinneret directly into a coagulation bath. Polymer fibers form in
the coagulation bath as the solvent is removed either through chemical reaction or diffusion [141].
After formation, the remaining fiber material is collected and dried. Drawing, or applying tension
to the fibers can occur immediately after the spinneret [141], during drying [125], or further down
the spinning line [142,143] to elongate the fiber, increase molecular alignment and, consequently,
stiffness and strength. Wet spinning fabrication systems may implement multiple drawings or baths in
order to improve molecular alignment and orientation.

A modified version of wet spinning, referred to as dry-jet wet spinning has been developed
(Figure 4B) [124,141,142]. In dry-jet wet spinning, the polymer solution is extruded through an air gap
before the coagulation bath, rather than directly into the bath. Studies have shown that dry-jet wet
spinning can result in greater molecular alignment compared to conventional wet spinning [142].

Figure 4. Common systems of (A) wet spinning, and (B) dry-jet wet spinning. In dry-jet wet spinning,
the polymer solution is extruded through an air gap before the coagulation bath, resulting in higher
molecular alignment compared to conventional wet spinning [124,141,142].
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By controlling parameters, such as the diameter of the spinneret, polymer solution concentration,
and flow rate, fiber properties, such as diameter, orientation, and morphology [122,125,141,143], can be
modified. Unlike in electrospinning, the fibers are not exposed to a high voltage that may denature
natural polymers, such as proteins. Additionally, drawing of the fibers after formation can lead to
enhanced material properties due to higher molecular alignment. However, the wet/dry spinning
methods typically produces only micron-sized fibers, while electrospinning is a common method of
producing nanofibers.

3.3. Dry Spinning

Dry spinning is a fiber fabrication method that consists of a polymer solution, a syringe, and a
collector. Figure 5A shows the scheme of a typical dry spinning system. Unlike other solution spinning
methods, such as electrospinning and wet spinning, dry spinning involves a single extrusion step.
A key part of the method is that the polymer/protein solution is created such that the solvent of the
solution will evaporate in the ambient environment during spinning. During the process, the solution
is pumped through a syringe and spinneret. Ideally, the solvent of the solution will evaporate out of
the solution, leaving only the polymer fiber to be collected. The fibers are then collected via a take-up
device similar to those used in the wet spinning processes [126]. Similar to wet spinning, additional
drawing [144], heating, or drying [126] can occur to increase the mechanical properties or ensure
fiber stability.

The mechanical properties of the fiber can be affected controlling take up speed, length to
diameter ratio of the spinneret, environment or temperature, and spinning rate [126,145]. Additionally,
subjecting the dry-spun fiber to a post-treatment agent or post-formation drawing can enhance
mechanical properties [126].

 

Figure 5. (A) Scheme of a typical dry spinning system. (B) Representation of drawing mechanism
for polymer-based fiber fabrication (reproduced with permission from [126,146], copyright Elsevier,
2011 (A); AIP Publishing, 2006 (B)).
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3.4. Centrifugal Spinning

Centrifugal spinning is a process commonly used in the industrial production of fiberglass.
More recently the process has gained traction as a fabrication method of polymer fibers [129]. It exhibits
some significant advantages over the more commonly practiced electrospinning method. Namely,
its comparatively high production rate and its lack of dependence on a voltage resulting in greater
safety [128,129]. A biopolymer solution or melt can be placed in a rotating head with a small opening
referred to as the nozzle. When the head is rotated at a speed that exerts a centrifugal force on the
solution or melt higher than its surface tension, the solution or melt will emerge from the nozzle as a
liquid jet. The liquid jet is stretched by the combination of the centrifugal force and the air friction
force and deposited into a collection area. Solidified fibers with diameters ranging from hundreds
of nanometers to tens of micrometers are produced upon the evaporation of the solvent [129,147].
A process of nozzle-free centrifugal spinning has been tested by Weitz et al., resulting in fibers as
small as 25 nm in diameter [148]. The viscosity, surface tension, molecular structure, molecular weight,
polymer concentration, solvent structure, solvent evaporation rate, and additive of the polymer
solution or melt all contribute to the morphology of the fibers, with viscosity and surface tension
being the largest influences [128,129]. Rotational speed, head diameter, nozzle diameter, and distance
between the nozzle and collector also largely influence the morphology of the fibers produced [129].

3.5. Solution Blowing

Solution blowing is a relatively new method of fiber fabrication. It involves an apparatus
consisting of two concentric nozzles. A biopolymer solution is pumped through the inner nozzle
as a high velocity gas flows through the outer nozzle. The flow of gas stretches the solution and
ejects it from the apparatus. Fibers are formed in the air as the solvent evaporates before reaching a
collector [149]. The high velocity gas is supplied from a source of compressed gas such as nitrogen,
argon, or air equipped with a pressure regulator and connected to the apparatus. Biopolymer type,
concentration, injection rate, gas flow pressure, and working distance all influence the properties of
the fibers being produced [130].

3.6. Self-Assembly

Molecular self-assembly is a process ubiquitous in natural biological systems. Structures formed
by self-assembly are governed by non-covalent forces, such as hydrogen bonding, electrostatic
interactions, van der Waals interactions, hydrophobic interactions, stacking interactions,
and water-mediated hydrogen bonding [150,151]. These non-covalent bonds between small molecules
result in supramolecular architectures, such as nanofibers. The shapes and properties of resulting
fibers are determined by the molecules and non-covalent bonds structuring them [152]. The driving
intermolecular interactions can be influenced by environmental factors, such as salt concentration,
pH, temperature, and surface characteristics [153].

3.7. Phase Separation

Phase separation is a rather simple process. However, it is limited to the scale of a laboratory
setting [152]. The process begins with the dissolution of a protein polymer in a solvent. The temperature
of the solution is then reduced to the gelation temperature, which is the point at which the solution
forms a gel. Solvent exchange is carried out by immersing the gel in distilled water. When removed,
the gel is blotted with filter paper and freeze-dried, resulting in the formation of a nanofibrous
matrix [152]. By adjusting factors, such as gelation temperature and biopolymer concentration,
the morphology of the fibers is able to be controlled [154].
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3.8. Drawing

The commonly used fabrication method, electrospinning, produces a layer of fibers on a flat
collector [155], while the fabrication method known as drawing only produces one fiber at a time.
The production of single fibers limits the use of this method to the laboratory scale [152]. In the
drawing process, a sharp-tipped probe is placed in contact with a droplet of biopolymer solution
and withdrawn at a predetermined speed. The solvent evaporates due to the high surface area in
relation to the volume. The end of the resulting fiber attached to the probe can then be connected to
another droplet to form a suspended fiber [146]. The drawing process relies on the viscoelasticity of
the solution so that it can maintain cohesion under the stresses of being pulled [156]. Multiple fibers
can be drawn from each droplet [152]. When too much time is allowed to pass between the deposition
of the solution droplet and the drawing of the fiber, the droplet will become too viscous due to the
evaporation of the solvent. Furthermore, the continual shrinkage of the droplet affects the diameter
of the fibers produced and limits the continuous drawing of fibers. A modification to this method,
implementing the use of micropipettes, can improve the continuous formation of short fibers and
provide greater control of the parameters that affect fiber properties. In this method the solution is
continuously pumped through the micropipette. The droplet is formed at the tip of the micropipette
and brought in contact with a substrate that it will adhere to. It is then laterally drawn before coming
in contact with the substrate once again, forming a suspended fiber [146].

4. Applications of Protein-Based Nanofibers in Tissue Regeneration and Nanomedicine

Many protein-based fiber materials have applications in the biomedical field. These materials have
been put to use, in part, because of their favorable biocompatible and biodegradable characteristics.
For instance, natural protein fibers, such as keratin, silks, or collagens, are all of interest to researchers
due to their mechanical properties and ability to maintain a low host immune response [157].
Protein-based fiber materials are often used for scaffolds, sutures, wound healing, ligament replacement,
and drug delivery technology. Examples of these applications are summarized in Table 2 at the end of
this section.

4.1. Tissue Engineering and Regenerative Medicine

Tissue engineering has become a major focus in the biomedical engineering community due to the
lack of tissue transplants and host rejection of foreign tissue [158]. To be successful, two components
must be optimized in tissue engineering—the cells and the scaffold. The scaffold is necessary
as it provides the specific architecture and mechanical structure of the desired tissue by closely
recapitulating the natural ECM [158,159].

Protein-based nanofiber membranes can provide an excellent scaffold in tissue engineering due
to the biocompatibility, biodegradability, and tunability of the fibers. The presence of innate cell
adhesion sites and functionality of these constructs also suggests the superiority of protein-based
materials over those made from synthetic polymers when creating scaffolds for tissue engineering.
These scaffolds create a platform for seeding cells in a defined structure, such that it mimics the host
morphology, to catalyze the growth of new specialized tissues. Fibrous membranes also allow for the
development of porous scaffolds, essential for cell migration, gas exchange, diffusion of nutrients,
cell communication, and the elimination of waste, enhancing of the growth of the native ECM and the
proliferation of surrounding cells [159]. Figure 6 maps out the different areas of the human body that
have a need for tissue engineering or regenerative medicine applications.
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Figure 6. Generalized model of potential tissue engineering and medicine applications for various
organ systems. (Reproduced with permission from [158], Copyright John Wiley and Sons, Inc., 1998).

Due to its abundance in the ECM, collagen fibers are most commonly used for the creation of
tissue engineering scaffolds. Studies have successfully used these constructs for 3D cell culturing,
vascular regeneration, skin grafts, bone tissue engineering, cartilage repair, nerve regeneration,
spinal cord healing, and corneal defect correction [160–166]. For example, using the electrospinning
method, Ribeiro et al. [167] developed collagen nanofiber meshes with an average fiber diameter
of 30 nm. During spinning, nanohydroxyapatite crystals were also deposited onto the fibers by
simultaneous electrospraying. Nanofibers were crosslinked with N-ethyl-N′-(3-dimethylaminopropyl)
carbodiimide/N-hydroxy succinimide, allowing for the creation of a scaffold that closely recapitulated
the native ECM of bone tissue and allowed for osteoblast adhesion and proliferation.

Collagen-based nanofibers have also been co-fabricated with synthetic polymers to enhance the
mechanical properties of the scaffolds. For example, as seen in Figure 7A,B, Tillman et al. created
an electrospun PCL-collagen scaffold for a rabbit aortoiliac bypass [168]. The scaffold supported
cell growth and was able to withstand normal physiological conditions. Additionally, it supported
adhesion and growth of vascular cells, which was important for nutrient delivery and functionality
of the implanted scaffold. Lastly, it maintained its structural integrity for over one month during
the experiment. Once it was removed, the scaffold displayed biomechanical strength, comparable
to its intended native artery. Ekaputura et al. also used similar collagen-PCL composite nanofibers
encased in a hyaluronic acid hydrogel to promote vascularized bone regeneration through the release
of vascular endothelial growth factor and platelet-derived growth factor [169].

Often, synthetic polymers are incorporated into protein-based fibrous materials to improve
mechanical stability. However, proteins, such as elastin, have been incorporated into synthetic
polymer-based scaffolds to modulate their mechanical properties. Foraida et al. [18] covalently
conjugated elastin onto the surface of electrospun poly-lactic-co-glycolic acid (PLGA) nanofiber
scaffolds through 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide/N-hydroxysulfosuccinimide
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(EDC/NHS) chemistry. While this was found to improve the wettability of the scaffolds, it had
little effect on their elasticity. Therefore, elastin and PLGA were also blended prior to electrospinning
to create elastin-PLGA composite meshes containing fibers with an average diameter of approximately
300 nm. The incorporation of elastin was found to greatly increase the compliance of the fiber
meshes. Compared to PLGA fibers with a Young’s Modulus of 4.29 MPa, the modulus of elastin-PLGA
fibers was 0.59 MPa. As a result, elastin-PLGA nanofibers were able to support apical polarization
and self-organization of epithelial cells, allowing for controllable cell proliferation and a higher
degree of cell-cell contact compared to PLGA fibers. These characteristics better recapitulate the
native arrangement of epithelial cells. As a result, elastin was identified as an integral part of tissue
engineering scaffolds that hope to promote regeneration of epithelial constructs, like salivary glands.

In addition to collagen and elastin, fibrous proteins, such as silk, have been used to create tissue
engineering scaffolds. Figure 7C–E depicts an in vivo rat study reported on by Melke et al. to assess
the capacity of scaffolds made from mulberry B. mori silk and non-mulberry A. mylitta to induce bone
regeneration in a cranial defect model. Since mylitta silk contains the natural RGD (Arg-Gly-Asp)
motif, it allowed for enhanced cell adhesion and proliferation, leading to the regeneration of a higher
bone volume [170]. Kim et al. has also used silk nanofiber meshes to induce bone regeneration.
These meshes were also seeded with stem cells and evaluated after 31 days. They found their
stem cell-seeded scaffolds and meshes were able to guide differentiation and promote new bone
formation [171].

 

Figure 7. (A,B) Aortoiliac bypass using a PCL-collagen scaffold; (C–E) Effects of mulberry B. mori silk
and non-mulberry A. mylitta silk on bone regeneration (reproduced with permission from [168,170],
Copyright Elsevier, 2009 (A,B); Elsevier 2016 (C–E)).

Due to its mechanical strength, silk is an ideal protein for tissue regeneration. Recently, Du et al. [87]
also used silk fibroin to produce nanofibrous scaffolds for heart valve tissue engineering, but combined
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the natural polymer with poly(ester-urethane) (PEUU) to improve the fracture resistance of the scaffold.
These scaffolds were created by combining the two polymers in hexafluoroisopropanol and following the
electrospinning technique previously highlighted. Meshes consisting of randomly-orientated fibers with
varying diameters were created. Average diameter and the hydrophilicity of the scaffold were dependent
upon the ratio of silk fibroin to PEUU, both of which decreased with the addition of PEUU. However,
these changes did not significantly affect cell adhesion and proliferation, illustrating that the mechanical
properties of silk materials can be easily optimized through the addition of synthetic polymers without
sacrificing biocompatibility.

Nanofibrous scaffolds made from gelatin have also been developed and may have a promising
future in cartilage tissue regeneration. Agheb et al. [10] developed electrospun gelatin fiber meshes that
were crosslinked before or after synthesis with glutaraldehyde or EDC/NHS chemistry. To increase
the functionality of these scaffolds, the authors also embedded tyrosine and triazole rings since an
increase in aromatic ring content has also been shown to enhance the tensile strength and bioactivity
of materials. Fibers crosslinked after electrospinning exhibited larger diameters, reduced porosity,
greater rigidity, and smaller pore sizes. As a result, those crosslinked before electrospinning sustained
better chondrocyte proliferation and viability in later tests. The incorporation of additional aromatic
rings was also shown to increase chondrocyte viability and allowed them to express their natural
phenotype and morphology, leading the authors to believe that the modified gelatin scaffolds could be
used to promote cartilage regeneration in vivo.

These above studies illustrate that protein-based nanofibers can be used to promote regeneration of
a variety of tissue in nanoscale. In all cases, nanofibers were easily fabricated and modified by chemical
functionalization, crosslinking, or polymer blending showcasing the versatility of such materials.

4.2. Drug Delivery

Nanofiber materials are often used in drug delivery since their high surface-area-to-volume
ratio and porosity allow for high efficiency drug storage and release. Protein-based nanofibers
have particular appeal over their synthetic counterparts since the materials are biodegradable and
biocompatible. They have also been shown to be highly modifiable, allowing researchers to tune the
release of pharmaceuticals.

Due to the biodegradability, flexibility, biocompatibility, anti-microbial properties, and the
anti-oxidant behavior of corn zein protein, it is commonly used to create nanofibers that are used
in drug delivery [19,172]. Figure 8 shows the results of a drug delivery study done with co-axial
electrospun corn zein nanofibers [173]. In coaxial electrospinning, two liquids are spun simultaneously
from one concentric spinneret to create fibers with a core-sheath structure. However, to generate
higher quality fibers with increased smoothness and uniformity, an unspinnable solvent containing no
polymer was used to create the sheath, while corn zein was used to create the core. This unspinnable
solvent, in this case dimethylformamide (DMF), is unable to form nanofibers, but replaces the standard
polymer-air interface usually seen during electrospinning. In this way, an air-solvent-polymer interface
is established, thus mitigating environmental effects on fiber formation. Ferulic acid (FA) was
incorporated into the corn zein-ethanol solution prior to spinning and served as the model drug.
Corn zein nanofibers created through standard electrospinning (without the unspinnable solvent
sheath) were designated F1, while those made with coaxial spinning were designated F2 (Figure 8).
As seen in Figure 8A, FA is released from both types of electrospun corn zein fibers through a standard
Fickian diffusion mechanism. However, F2 fibers exhibited a longer, more controlled release than F1.
This was attributed to the fact that F1 fibers had a flatter, more ribbon-like structure than F2 due to the
coaxial spinning mechanism. F1 fibers also had a more wrinkled appearance than F2. Both of these
characteristics contribute to a higher surface area on the F1 fibers, leading to faster, burst release of FA.
This study illustrates the use of corn zein nanofibers as drug delivery vehicles and also the ability to
optimize fiber fabrication methods to achieve the desired release profiles of drugs.
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Figure 8. Corn zein nanofibers containing ferulic acid (FA) can be fabricated through single-fluid
electrospinning (A) and modified coaxial electrospinning (B). Release of FA from both fiber types (F1 and
F2) was then monitored over time (C) (reproduced with permission from [173], Copyright Elsevier, 2013).

Soy protein has also been used to create fiber meshes for applications in drug delivery.
Xu et al. [174] developed soy protein microfibers by dissolving the protein in an aqueous urea solution
and extruding it into a sodium sulfate solution. This produced fibers with an average diameter of
45 μm. Model drugs, including diclofenac, 5 fluorouracil (5-Fu), and metformin, were incorporated
into fibers prior to spinning or loaded into fibers through sorption by exposing the dry fibers to
solutions containing drugs at various conditions. Overall, the researchers found that the soy protein
fibers had a high affinity to the model drugs, allowing for efficient sorption loading. This loading
could also be modified by modulating the temperature during fiber exposure. Burst release could also
be limited by lowering the concentration of the loaded drug.

Like those used in tissue engineering, natural and synthetic polymer composite fibers can also be
used for drug release. For example, Lee et al. [175] developed multi-layered PLGA/collagen nanofibers
membranes through electrospinning, that were used to deliver lidocaine and epinephrine over four
weeks. These membranes were then used to deliver the drugs to rabbits with palatal oral wounds
and test groups showed faster hemostasis, as well as recovery of food and water intake, compared to
control groups who received an empty PCL membrane. In place of a model drug, proteins have also
been added to synthetic polymer-based nanofibers and released over time. Zeng et al. [176] prepared
these protein-loaded fibers by electrospinning a solution of poly(vinyl alcohol) and bovine serum
albumin protein (BSA). To control the release of BSA, the fibers were also coated with poly(p-xylylene)
(PPX). This coating was found to slow the release of BSA over 20 days, and successful release of the
model enzyme luciferase was also observed. This demonstrates that proteins can be easily incorporated
into fibers for structural purposes, as well as therapeutic ones.

4.3. Wound Healing

Due to their porosity, gas permeability, and high surface-area-to-volume ratio, fibrous materials
may offer advanced treatment options for burn victims and patients with skin ulcers compared
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to conventional treatment options like hyperbaric oxygen therapy. A successful wound dressing
is one that is able to facilitate epithelial cell migration and regeneration, and this is often best
achieved by creating a warm, moist environment. During healing, it is also important to prevent
the influx of bacteria that can lead to an infection that delays wound healing. To meet these
requirements, protein-based fiber meshes are commonly used for the creation of conventional bandages,
antimicrobial-infused dressings, and advanced tissue engineered skin grafts [177,178].

In an effort to promote wound healing and minimize infection and inflammation
Chouhan et al. [25] recapitulated the physical and biological ECM of dermal tissue by creating
electrospun silk fibroin meshes with varying concentrations of poly(vinyl alcohol) (PVA) for added
mechanical stability. Silk fibroin from the Bombyx mori (PVAABM) silkworm was used, as well as
non-mulberry silk from Antheraea assama (PVAAA) and Philosamia ricini (PVAPR). These meshes were
then functionalized with epidermal growth factor (EGF) and ciprofloxacin HCl antibiotic. All fibers
allowed burst release of EGF, but those containing silk fibroin achieved a greater release over 24 h,
compared to those made solely from PVA. Since non-mulberry silk fibroin contains a naturally occurring
RGD motif, these fiber meshes were also able to support greater cell adhesion and proliferation, as seen
in Figure 9A. Silk fibroin also allowed for greater water retention, allowing for the creation of the moist
environment, crucial in wound regeneration. Due to these characteristics, nanofiber meshes containing
silk fibroin resulted in faster wound closure than meshes containing PVA alone, as seen in Figure 9B,C.
Meshes containing non-mulberry silk fibroin out-performed those containing B. mori silk fibroin with
100% closure being achieved after 14 days, compared to only 80% closure in the latter samples.

Figure 9. (A) Hematoxylin and eosin staining for histological analysis of subcutaneously implanted
mats made of varying PVA-silk nanofiber composite fibers. Mats containing non-mulberry silk showed
greater cell infiltration and proliferation compared to those made of mulberry silk or those containing only
PVA. Green arrows indicate infiltrating cells at the interface of the implant, and yellow arrows indicate
the development of new blood vessels. (B) Images of wounds on rabbits treated with PVAA-silk mats.
The percentage of wound closure is quantified in (C) (reproduced with permission from [25], Copyright
Elsevier, 2017).
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In addition to growth factors and antibiotics, nanoparticles can also be embedded into
protein-based fiber meshes. This is advantageous, since some metal nanoparticles, such as those
made from silver (AgNPs), can have antimicrobial properties. Wang et al. [179] incorporated AgNPs
into keratin-based nanofibers that were blended with polyurethane and fabricated through the
electrospinning process. When used to heal circular wounds in rats, these nanofiber meshes resulted
in 30% wound closure after nine days, compared to only 60% wound closure in a control group
that received conventional sponge dressing. A reduction of TNF-α secretion and inflammatory cell
infiltration was also seen. The incorporation of keratin into poly(hydroxybutylate-cohydroxyvalerate)
(PHBV) nanofiber mats was also shown to accelerate the proliferation of human fibroblast cells,
as demonstrated by Yuan et al. [180].

Table 2. Overview of applications of protein-based nanofibers in medicine.

Protein Fabrication Technique Material Application

Keratin Electrospinning
• AGNP-embedded

keratin-Polyurethane nanofibers
• PHBV-keratin nanofiber mats

• Dermal wound healing [179]
• Fibroblast cell proliferation [180]

Collagen Electrospinning

• Crosslinked collagen nanofiber meshes
• PCL-collagen nanofiber meshes
• PCL-collagen nanofiber meshes

embedded in hyaluronic acid hydrogel
• PLGA-collagen nanofibers

• Bone tissue regeneration [167]
• Aortoiliac bypass [168]
• Vascularized bone regeneration [169]
• Delivery of lidocaine and epinephrine [175]

Gelatin Electrospinning
• Crosslinked gelatin nanofibers with

embedded tyrosine and triazole rings
• Cartilage regeneration [10]

Silk Fibroin Electrospinning

• Silk fibroin nanofiber meshes
• PEUU-silk fibroin nanofiber mashes
• EGF-functionalized PVA-silk

fibroin nanofibers

• Bone tissue regeneration [171]
• Heart valve regeneration [87]
• Dermal wound healing [25]

Zein Co-axial Electrospinning • Corn zein nanofibers • Delivery of ferulic acid [173]

Soy Wet-spinning • Soy protein microfibers • Delivery of diclofenac, 5 fluorouracil and metformin [174]

Elastin Electrospinning
• Crosslinked PLGA-elastin

nanofiber meshes
• Regeneration of epithelial constructs [18]

5. Conclusions

The use of fibrous materials in biomedical research has been growing in popularity due to
their high surface-area-to-volume ratio, tunability, porosity, and mechanical strength. Fibers made
from natural polymers, such as proteins, hold additional promise due to their biodegradability and
biocompatibility. Natural enzymes within the body are able to degrade these proteins to produce
amino acids that pose no risk of toxicity and can be reabsorbed. Proteins, such as silk, collagen,
and keratin, also contain innate cell adhesion motifs. Therefore, when these constructs are used in
tissue engineering or wound healing applications, they can support increased cell migration and
proliferation. The mechanical and physical properties of many protein-based fiber materials can
also be modified by crosslinking or blending an additional polymer, creating a tunable platform.
These characteristics are also highly dependable on the type of the fabrication method used to create
fibers. While electrospinning is currently the most popular technique, other methods, such as wet/dry
jet spinning, dry spinning, centrifugal spinning, solution blowing, self-assembly, phase separation,
and drawing, have been successful. As biomedical research and technology progresses, protein-based
fibers may lead the way in the development of new biomaterials that promote tissue regeneration,
wound healing, and controllable drug delivery.
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Abstract: The world of dentistry is approaching graphene-based nanomaterials as substitutes for
tissue engineering. Apart from its exceptional mechanical strength, electrical conductivity and thermal
stability, graphene and its derivatives can be functionalized with several bioactive molecules. They can
also be incorporated into different scaffolds used in regenerative dentistry, generating nanocomposites
with improved characteristics. This review presents the state of the art of graphene-based nanomaterial
applications in the dental field. We first discuss the interactions between cells and graphene,
summarizing the available in vitro and in vivo studies concerning graphene biocompatibility and
cytotoxicity. We then highlight the role of graphene-based nanomaterials in stem cell control, in terms
of adhesion, proliferation and differentiation. Particular attention will be given to stem cells of dental
origin, such as those isolated from dental pulp, periodontal ligament or dental follicle. The review then
discusses the interactions between graphene-based nanomaterials with cells of the immune system;
we also focus on the antibacterial activity of graphene nanomaterials. In the last section, we offer our
perspectives on the various opportunities facing the use of graphene and its derivatives in associations
with titanium dental implants, membranes for bone regeneration, resins, cements and adhesives as
well as for tooth-whitening procedures.

Keywords: graphene; nanomaterials; dental stem cells; antibacterial activity; dental implant;
bone regeneration

1. Introduction

Tissue engineering is an interdisciplinary science which aims at developing biological substitutes
to restore, maintain, or improve tissue function by using a combination of cells, scaffolds and suitable
biochemical factors [1]. Scaffolds in particular represent the key element in tissue engineering research,
whose role is not only to provide the appropriate environment for specific cells but also to retain
growth and nutrition factors for cellular migration, adhesion, growth and differentiation [2].
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Over the years, several natural and synthetic three-dimensional (3D) scaffolds have been
successfully developed and employed for various tissues, such as skin [3], cartilage [4], muscle [5],
vasculature [6] and bone [7]. With regard to dental tissues, regeneration is very challenging and requires
thorough understanding of biological events at the cellular and molecular level [8]. Tooth indeed is one
of the most difficult tissues to treat due to its heterogeneous and dynamic anatomical structure which
includes the vital dentin-pulp complex, cementum, periodontal ligament, alveolar bone and enamel [9].
Furthermore, dental tissues show a limited and variable degree for self-repair as a result of injury or
disease: cementum, for example, has a very slow regenerative capacity, whereas enamel regeneration
is not possible. Dentin can regenerate, while dental pulp has a partial regeneration capacity as it
is enclosed in dentin and has limited apical blood supply. In contrast, alveolar bone exhibits rapid
turnover in response to mechanical stimulation [10].

In the last decade, many advances have been made in the dental tissue engineering field aimed
at the regeneration of dental pulp [11], periodontal ligament [12,13], dentin [14], enamel [15] and
integrated tooth tissues [16,17], which have seen the interplay of stem cells, growth factors and scaffolds.
Scaffolds including collagen [18], polymers [19], self-assembling peptides [20], or silk [21] have been
used for dental tissues regeneration. A novel strategy that may improve the success of scaffold therapy
is represented by nanosized materials [22]. Nanomaterials possess exciting physicochemical and
biological properties for biomedical applications due to their small size, large surface area and ability
to interact with cells, promoting their adhesion, migration, proliferation and differentiation [23].

In the last few years, graphene and its derivatives have emerged as a new class of nanomaterials [24].
Graphene is a carbon-based flat monolayer, arranged in a two-dimensional hexagonal structure, with
unique mechanical, electrochemical and physical properties. The graphene family nanomaterials include
several graphene derivatives, such as Few-Layered Graphene (FLG), ultrathin graphite, Graphene Oxide
(GO), reduced Graphene Oxide (rGO) and graphene nanosheets [25]. These differ from each other in terms
of surface properties, number of layers and size. In addition to the above graphene derivatives, graphene
family also comprises graphene-based composites, which derive from functionalization of graphene with
polymers, small molecules, or nanoparticles through covalent or noncovalent interactions [26] (Figure 1).
Graphene surface functionalization with molecules of diverse nature allows the development of different
devices, that can enhance or alter the properties required for specific application.

 

Figure 1. Schematic representation of different graphene-based nanomaterials. (a) Few-Layered
Graphene (FLG), (b) Graphene Oxide (GO), (c) graphene nanosheets and (d) reduced Graphene Oxide
(rGO) belong to the graphene derivatives group; (e) GO nanoparticle composite and (f) GO polymer
composite are composites of graphene. Reproduced with permissions from [25,26].
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Since its discovery in 2004 [27], many applications have been explored for graphene, ranging from
electronic and optoelectronic devices to photoconductive materials. However, only in 2008 graphene
was introduced for the first time in the field of biomedical sciences [28] and widely used in biomedical
applications such as bioelectronics, bioimaging, drug delivery and tissue engineering [24].

The present review intends to provide the reader an overview of the current state of the art
of the graphene-based nanomaterials in tissue engineering in dentistry. Different aspects of the
graphene-based nanomaterials will be discussed in detail. First, we highlight the role of stem cells
and their interactions with graphene nanomaterials. We consider the influence of graphene-based
nanomaterials both on biocompatibility, cytotoxicity and differentiation properties of stem cells.
In this context, particular attention will be given to stem cells of dental origin. The interactions
with immune cells and antibacterial properties of graphene, which are critical aspects to consider
in the hostile environment of the oral cavity, are subsequently discussed. Finally, applications of
graphene-based nanomaterials on dental implants, membranes, resins, cements and adhesives as well
as on teeth-whitening are extensively presented.

2. Graphene-Based Nanomaterials and Interactions with Cells

The first aspect to consider when developing a new nanomaterial for biomedical applications is its
biocompatibility. Excellent biocompatibility is indeed essential in order to avoid any adverse effect of
a material in living tissues [29]. Apart from being biocompatible, scaffolds should direct the successful
transformation of stem cells into cells and tissues with morphological features and physiological
functions similar to those in vivo. In other words, tissue engineering techniques can be considered
efficient when they obtain stem cell differentiation into the desired tissue lineage [30]. Furthermore,
an ideal scaffold should not evoke an inflammatory response and desirably inhibit bacterial growth on
the surfaces. This feature is very critical when considering the environment of the oral cavity, which is
known to be an important site for bacterial biofilm formation. In the following paragraphs, the effects
of incorporation of graphene-based nanomaterials into different scaffolds, in relation to the issues
described above, will be discussed in detail.

2.1. Graphene Biocompatibility In Vitro and In Vivo

Graphene-based nanomaterials are rapidly spreading as scaffolds in tissue engineering applications,
also in the dental field; consequently, assessments of their biocompatibility and cytotoxicity have to be
done. Dosages, viability assays, type of nanomaterials, type of cells and uses need to be evaluated
before developing a new reliable graphene-based nanomaterial.

Over the years, biocompatibility of graphene and its derivatives has been largely discussed
among authors. The comprehension of the toxicological potential of graphene-based nanomaterials,
indeed, has to be carefully evaluated in order not to interrupt future in vivo studies and translational
efforts [31]. Accumulating evidence suggests that the cytotoxicity of graphene and its derivatives
is influenced by numerous factors, such as their concentration, shape, size, dispersibility, surface
functionalization and that the common mechanisms describing the cytotoxicity of graphene-based
nanomaterials include Reactive Oxygen Species (ROS) production and cell membrane damage [32,33].

The 3-(4,5-Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium bromide (MTT) assay, which measures
the mitochondria function of the cells, is one of the preferred method for evaluating the effect of
nanomaterials in cell culture [34]. In one of the pioneering works, the in vitro toxicity of FLG sheets
was compared to that of Single Wall Carbon Nanotubes (SWCNT) by using neuronal PC12 cells [32].
The authors found that the toxicity of these two nanomaterials of relatively identical chemical structure
was concentration-dependent, but, interestingly, these showed a different pattern of toxicity. FLG sheets
resulted more toxic than SWCNT at low concentrations; whereas at higher concentrations graphene
showed a lower activity, thus reversing its cytotoxic effect. These results can be primarily explained by
the different shape of graphene sheets and SWCNT. Indeed, apart from concentration, the shape of
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nanomaterials plays an extremely important role, determining how these interact with cells and with
potentially other biological systems.

Shortly after, another work evaluated the toxicity and biocompatibility of GO to human lung
A549 cells, a widely used cell line for toxicity studies [33]. Compared to the previous study, the authors
found that GO has much lower toxicity, as indicated by the results of the viability assay and
Lactate Dehydrogenase (LDH) leakage assay. Together with MTT, the LDH assay, which measures
enzyme release resulting from membrane damage, is another reliable and widely accepted test for
evaluating materials toxicity [35]. The results of this work can be explained assuming that the
cytotoxicity of nanomaterials is also heavily influenced by their surface functionalization. In this case,
GO functionalization is higher than that of FLG sheets due to the presence of oxygenated functional
groups. GO is indeed the oxidized derivative of graphene, produced by the oxidation of bulk graphite
powders via chemical oxidation processes. It contains several reactive oxygen functional groups,
such as epoxide, carboxyl and hydroxyl groups, which stabilizes the GO sheets on water, thus making
them more hydrophilic [36].

Another work that stresses this concept is the one by Sasidharan and colleagues [37]. They found
that, while pristine graphene accumulated on the cell membrane causing high oxidative stress
leading to apoptosis, hydrophilic functionalized graphene, although internalized by the cells, did not
cause any toxicity. The potential cytotoxicity of graphene-based nanomaterials is, therefore, highly
dependent on their functionalization degree, as also established in the study of Das and coworkers [38].
When comparing the toxicity of GO and rGO, the first was found to be more toxic than rGO of same
size on all the three cell lines used in the study. rGO is the reduced form of graphene; it is mainly
produced to restore the electrical conductivity and optical absorbance of GO while reducing the oxygen
content, surface charge and hydrophilicity [39]. Authors supposed that cytotoxicity was mediated
by inducing ROS generation in the cells and that the presence of more reactive functional groups of
GO would have a greater potential to interact with biological macromolecules compared with rGO.
Nevertheless, by decreasing extent of oxygen functional group density on the GO surface, it was
possible to reduce oxidative stress and consequently the nanomaterials toxicity.

The physicochemical mechanism of the oxidation-state dependent cytotoxicity of GO was
proposed recently by the group of Zhang [40]. They synthesized three GO samples with similar
size distribution and solubility in water, but with different oxidation state; these samples were then
tested on Mouse Embryo Fibroblasts (MEFs). First of all, their results suggested that 50 μg/mL may be
a threshold for GO to exhibit toxicity on normal mammalian cells. Then, they found that the GO with
lower degree of oxidation displayed stronger toxicity on MEFs and stimulated higher intracellular
ROS production (Figure 2a). As resulted from Electron Spin Resonance (ESR) spectrometry analysis,
the decrease in the oxidation state was correlated to a higher ability of the GO samples to promote
H2O2 decomposition and ·OH formation. Among various types of ROS, ·OH is an extremely reactive
free radical and indiscriminately induces oxidative damages on various biomolecules, including DNA,
lipids and proteins [41].

Soon after, another distinct process contributing to the molecular basis of graphene cytotoxicity
was unraveled by Duan and colleagues [42]. They demonstrated that GO nanosheets were responsible
to induce pore formation on cell membranes. Molecular dynamics simulations revealed that the
molecular mechanism for perforation was dependent on cooperative lipid extraction driven by several
graphene nanosheets (Figure 2b).

With regard to in vivo experiments, there are few studies concerning the biocompatibility of
graphene-based nanomaterials since most of the investigations have only focused on the in vitro aspect
of research. Nevertheless, the in vitro cell culture environment is definitely different from the in vivo
complex 3D physiological condition. In addition, typical cytotoxicity assays measure the effect only
during the first 12–24 h after exposure to a toxic substance although many biological reactions in vivo
continue beyond 24 h.
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Figure 2. Morphological observations of cells after interactions with graphene-based nanomaterials.
(a) Transmission Electron Microscopy (TEM) images of Mouse Embryo Fibroblasts (MEFs) treated
with GO-high (GO-h), GO-medium (GO-m) and GO-low (GO-l) at 50 μg/mL for 24 h. On bottom,
high-magnification images of the boxed-in photos on top are represented. The white and black arrows
indicate GO aggregates inside and outside cells, respectively. (b) Scanning Electron Microscopy (SEM)
images of cell membrane damage incurred by A549 cells as a result of GO nanosheets exposure
observed during different phases of incubation. On bottom, high-magnification images of the boxed-in
photos on top are represented. Reproduced with permissions from [40,42].

As for in vitro experiments, the in vivo effects of graphene-based nanomaterials were observed
to be dependent on their concentration, physicochemical properties, exposure time, but also on
administration route and on the characteristics of the animals used in the assays [43].

Wang and colleagues observed that intravenous injection of GO at 0.1 mg and 0.25 mg showed no
obvious toxicity to mice, whereas almost half animal population died after administration of 0.4 mg
GO [44]. All deaths occurred within days after injection of the GO. When investigating the effects of
GO on organs of mice, the authors determined that graphene-based nanomaterials mainly accumulate
in liver, spleen and lung after intravenous injection.

In another study, GO or pluronic-dispersed graphene was administered by intratracheal
instillation to mice [45]. The authors found that GO induced acute lung injury that persisted for
more than 21 days after administration. Lung inflammation was attributed to GO ability to increase
the rate of mitochondrial respiration and the generation of ROS in cells, activating inflammatory
and apoptotic pathways. On the contrary, toxicity was significantly reduced when the unoxidized
graphene was well-dispersed with the block copolymer pluronic. These results demonstrate that
graphene oxidation contributes to its pulmonary toxicity, whereas dispersion of pristine graphene in
pluronic represents a safe way for handling and potential biomedical application of graphene.

Later, the group of Yang tested several Polyethylene Glycol (PEG) functionalized GO materials
with varied sizes and surface chemistry after oral and intraperitoneal injection to mice [46]. The authors
observed that few h after being administered by oral route, PEGylated GO derivatives were present
in high quantities in stomach and intestine, but not in other major organs. However, only low levels
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were detected in the organs after 1 day and no trace was detected after 1 week. In contrast, high
accumulation of PEGylated GO derivatives was observed in the liver and spleen after intraperitoneal
injection, but their levels gradually decreased.

Considering certain inconsistencies and contradictory results in several studies, generalizations
about graphene toxicity should be avoided. Indeed, it is generally accepted that the in vitro and
in vivo behaviors of graphene-based nanomaterials are closely associated with their physicochemical
properties, such as surface functionalization, coating, size and importantly, the administration routes.
However, based on the studies presented in this section, we may summarize that the hydrophobic
forms of graphene-based nanomaterials, which accumulate on the surface of cell membranes, are more
toxic compared to the most hydrophilic ones. These, in fact, are more prone to infiltrate the cell
membrane and to be internalized, as well as being removed from the application site. At the same
time, when comparing GO with its reduced counterpart, rGO, the latter results less toxic than the
hydrophilic form. Anyway, by controlling the GO reduction and maintaining the solubility, it is
possible to minimize the GO toxicity and unravel the wide range of biomedical applications.

2.2. Graphene, Stem Cells and Osteogenesis

As mentioned before, one of the key characteristics of the ideal scaffold is an effective and
controlled guidance of the proliferation and differentiation of stem cells into specific tissue lineages,
either in the absence or presence of chemical inducers and growth factors. In the past few years,
graphene-based nanomaterials have been increasingly used as scaffold materials for stem cell growth
and differentiation. In the specific field of dental tissue engineering, most of the studies focused
on evaluating the role of graphene in driving the osteogenic differentiation of stem cells. Indeed,
bone regeneration plays a fundamental role in regenerative dentistry and how incorporation of
graphene-based nanomaterials can enhance osteoconductivity through stimulating both cellular
osteogenic differentiation and biomineralization have been extensively investigated [24].

In one of the first in vitro studies using stem cells, graphene produced by the Chemical Vapor
Deposition (CVD) method and combined with different substrates was found to increase human
Mesenchymal Stem Cells (MSCs) proliferation with no signs of cytotoxicity [47]. MSCs are one
of the major progenitor cells achievable from a number of sources including adipose tissue, bone
marrow and dental tissues [48]. Remarkably, graphene-coated scaffolds not only supported the growth
and proliferation of human MSCs, but also accelerated their specific differentiation into osteoblasts,
based on the level of the osteogenic marker osteocalcin and calcium mineralization level. The observed
phenomena were obtained in the absence of additional growth factors and the acceleration rate was
similar to that achieved with the use of typical osteogenic growth factors.

Starting from these results, another group investigated whether the graphene-induced
osteogenesis of human MSCs was correlated to the chemical properties of graphene [49]. In the
study, the effects of graphene and GO substrates were explored on both the osteogenic and adipogenic
differentiation of human Bone Marrow MSCs (BM-MSCs). The results of the work revealed the ability of
graphene to induce BM-MSCs differentiation into osteoblasts, probably by acting as a pre-concentration
platform for dexamethasone and beta-glicerophosphate, typical osteogenic differentiation factors.
In contrast, adipogenic differentiation resulted suppressed on graphene but strongly enhanced on
GO substrates. In this case, the authors hypothesized that GO possesses high adsorption capacity of
insulin, the key mediator for fatty acid synthesis.

Other studies have further tested the effects of GO on MSCs growth and osteogenic differentiation
and the results varied. In the interesting work of Wei and colleagues, the authors compared the
cellular behaviors of BM-MSCs towards pristine GO nanosheets using two in vitro biomimetic culture
methods, that imitate similar situations in vivo [50]. The sequential-seeding method would mimic the
interaction between GO and established cells, whereas the co-seeding method resembles the interaction
between GO and migrating cells. The authors found that both cell proliferation and differentiation
were dependent on pristine GO nanosheets concentration and in vitro culture methods. In particular,
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BM-MSCs cultured with the sequential-seeding method resulted less vulnerable than those cultured
with the co-seeding method, in which the cells had not yet adhered to the substrate. This seeding
approach was beneficial for cells adhesion and proliferation when treated with 0.1 μg/mL of GO.
Analogously, differentiation into osteoblasts was efficiently promoted when BM-MSCs were treated
with this GO concentration, but only when osteogenic inducers were added to culture media (Figure 3a).

In recent years, also 3D graphene-based scaffolds have been actively explored and developed
for the growth and differentiation of stem cells. The group of Crowder was the first to employ 3D
graphene foams as substrates for human BM-MSCs culture [51]. When seeded onto these foams
for 7 days, BM-MSCs were shown to maintain viability; in addition, the cells strongly expressed
the osteogenic markers Osteocalcin (OCN) and Osteopontin (OPN), indicating their spontaneous
osteogenic differentiation without the need for extrinsic biochemical factors (Figure 3b). It could be
assumed that 3D graphene foams provided in vivo-like microenvironments which were conducive for
the differentiation of stem cells.

Besides being used in their pristine form, graphene nanomaterials have also been combined
with different polymers, nanofibers, or nanoparticles to create novel composites for controlling the
growth and differentiation of stem cells. Hydroxyapatite (HAp), for example, is a calcium phosphate
ceramic commonly used for bone repair or regeneration due to its chemical similarity to that of natural
apatite in bones [52]. The recent work of Lee and colleagues demonstrated that rGO-coated HAp
nanocomposites directed spontaneous differentiation of the murine preosteoblastic MC3T3-E1 cells
towards bone lineage even in the absence of osteogenic differentiation factors [53]. Nevertheless,
the osteogenic activity mediated by the rGO-coated HAp composites was further enhanced when these
agents were added to the culture medium (Figure 3c). The authors concluded that, as the rGO-coated
HAp composites showed to be potent inducers of spontaneous osteogenic differentiation of human
MSCs, their application in the orthopedic and dental field may be determinant.

Natural bone is a composite material in which inorganic HAp nanocrystals are orderly embedded
in an organic matrix made of collagen [54]. Collagen sponges are clinically approved scaffolds for bone
regeneration [55]. These provide soft microenvironment to MSCs; however, stem cells preferentially
differentiate to osteogenic lineage when cultured on mechanically stiff substrates. In order to overcome
this problem, the group of Kang modified collagen sponge scaffolds by covalently incorporating GO
flakes [56]. The covalent conjugation of GO flakes to collagen scaffolds increased the scaffold stiffness,
which was comparable to that of pre-mineralized bone matrix and did not cause cytotoxicity of human
MSCs. Importantly, when compared to non-modified collagen scaffolds, the GO-collagen sponges
significantly enhanced the osteogenic differentiation of the cells. The authors hypothesized that the
enhanced osteogenic differentiation was likely mediated by MSCs mechanosensing, since molecules
that are involved in cell adhesion to stiff substrates, such as focal adhesions and cytoskeletal proteins,
were either up-regulated or activated. In a following work of Nishida and coworkers [22], the effect
of GO incorporation into 3D collagen sponges was examined in vitro and in vivo and compared
to that observed with untreated collagen scaffolds. A previous study of the same group revealed
clear morphological changes of collagen scaffolds after GO coating, that were dependent on GO
concentration [57]. Notably, GO coating did not alter the porous structure of collagen sponges but
reinforced their stability. Also, in their following work, the authors found that GO application
improved the physical properties of collagen scaffold, such as compressive strength, enzyme resistance
and adsorption of calcium and proteins. In addition, when GO scaffolds were implanted into a
dog tooth extraction socket, the rate of new bone formation was higher than in the control group
consisting of untreated collagen scaffolds, where most of the socket area was filled by connective tissue.
These results were obtained by means of histomorphometric measurements and radiographic images
taken 2 weeks after implantation.

Among others available materials, peptides containing the repeating arginine-glycine-aspartic
acid (RGD) sequence, which is often found in Extracellular Matrix (ECM) proteins, have been widely
applied to enhance cell adhesion to synthetic polymers or metallic surfaces [58,59]. In one of the
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latest studies, a 3D graphene/RGD peptide nanoisland composite was developed and tested on the
osteogenesis of human Adipose-Derived Stem Cells (ADSCs) [60]. Human ADSCs represent excellent
candidates being accessible for autologous transplantation and able to differentiate into osteogenic
lineage for bone regeneration [61]. Also, in this work beta-glicerophosphate, dexamethasone and
ascorbic acid were added to the culture medium for induction of osteogenesis. Such scaffolds were
found to accelerate ADSCs osteoblastic differentiation, as revealed by gene expression results, Alkaline
Phosphatase (ALP) activity measurements and evaluation of calcium deposition over a period of
4 weeks. Thus, the combination of RGD-containing peptides and GO substrates enhanced the adhesion
strength of stem cells, ultimately resulting in increased osteogenic differentiation, as cell adhesion
is the first step driving osteogenic lineage commitment. Taken together, the results of these studies
would suggest that nanomodifications of different scaffolds using GO might provide good structure
for colonization by several cell types.

 

Figure 3. Effect of graphene-based nanomaterials on the osteogenic differentiation of Mesenchymal
Stem Cells (MSCs). (a) Evaluation of matrix mineralization by means of Alizarin Red S (ARS)
staining (top panel) and quantification (bottom panel). MSCs were grown for 21 days in osteogenic
differentiation medium on GO nanosheets. The level of mineralization in the 0.1 μg/mL GO group
was significantly higher than the other two conditions. (b) Human BM-MSCs cultured on 3D
graphene foams for 4 days show protrusions up to 100 μm in length (yellow arrowheads) that
extended from the cell bodies (black arrows), as evidenced by SEM images (top panel). These 3D
substrates were also found to promote the expression of the osteogenic markers Osteocalcin (OCN) and
Osteopontin (OPN), as displayed by immunofluorescence images (bottom panel). (c) SEM images of the
rGO-coated Hap nanocomposites showing that Hydroxyapatite (HAp) particles were partly covered
and interconnected by an network of rGO nanosheets (top panel). ARS staining performed at 21 days
reveals that rGO-coated HAp nanocomposites significantly increase calcium deposits in MC3T3-E1
cells compared to the non-treated control and rGO or HAp alone (bottom panel). (d) Schematic
representation of the study: human BM-MSCs were seeded onto rGO substrates, then exposed to
Pulsed Electromagnetic Fields (PEMFs) (top panel). The rGO+PEMFs group exhibited the strongest
staining as evidenced by ARS staining performed after 2 weeks from cells seeding. Reproduced with
permissions from [50,51,53,62].
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One last work worth mentioning is the one of Lim and colleagues [62]. The authors used
Pulsed Electromagnetic Fields (PEMFs) in combination with rGO substrates to evaluate the osteogenic
differentiation of human alveolar BM-MSCs. PEMFs therapy is based on the physical effect sorted
from the combination of an electric with a magnetic field, generating waves that propagate at the
speed of light; and it has already been reported to strongly enhance the commitment of ADSCs into
mature osteoblasts in vitro [63]. Cells cultured using osteogenic medium were exposed to 30 minutes
daily treatments of 0.6 ± 0.05 mT and 50 Hz PEMFs for up to 2 weeks. After 7 days, rGO+PEMFs
promoted the expression of ALP, an early marker of osteogenesis, whereas at week 2, the same scaffolds
stimulated OPN, OCN and Runt-related transcription factor 2 (RUNX2) expressions as well as calcium
deposition. In addition, DNA microarray analysis established that the combination of rGO and PEMFs
increased the expression of genes related to ECM formation, membrane proteins and metabolism.
The results of this work seem to demonstrate the synergic effects of rGO scaffolds and PEMFs on the
osteogenesis of human alveolar BM-MSCs (Figure 3d).

All the works presented in this section demonstrate that, over the last few years, graphene has been
found as one of the most promising biocompatible scaffolds for human MSCs adhesion, proliferation
and differentiation, particularly towards the osteogenic lineage. These recent investigations clearly
indicate a potential or active ability of graphene and its derivatives to induce the osteogenic
differentiation of MSCs. Graphene alone seems to drive the spontaneous osteogenesis of stem cells;
however, the presence of osteogenic inducers or growth factors in culture medium contributes in
promoting this effect. Further summarizing the studies presented here, we may conclude that the
association of graphene with stiff substrates, such as HAp, or with natural bone components, such as
collagen, enhances the intrinsic properties of graphene in guiding the osteogenic differentiation
of stem cells. Also mimicking the natural bone ECM, for example through the production of 3D
graphene-based scaffolds, has proved to be a novel strategy in directing the stem cell fate towards
the osteogenic lineage. Nevertheless, a deeper understanding of the ability of graphene to improve
the biological properties of different scaffold materials will be essential to engineer graphene-based
substrates for targeted biomedical applications.

Regarding stem cells of dental origin, few data are available to date. Dental tissues are a very
rich source of stem cells, which are collectively called Dental Stem Cells (DSCs) [9]. In the following
paragraphs, studies describing applications of graphene-based nanomaterials in association with DSCs
will be presented.

2.2.1. Dental Pulp Stem Cells (DPSCs)

Dental pulp is the soft connective tissue of the tooth and Dental Pulp Stem Cells (DPSCs) are a
unique MSCs population that is present in the cell rich zone and core of the pulp. These cells were
firstly discovered in 2000 by Gronthos and colleagues, thanks to their ability to differentiate into
odontoblasts/osteoblasts, adipocytes and neural-like cells [64].

Previous studies established that DPSCs and BM-MSCs are analogous cell populations, since they
share expression profile for thousands of genes, among which those associated with the initiation of
mineralization and bone homeostasis [65]. Other commonly expressed genes include those coding
for various growth factors known to be strong promoters of osteogenesis, such as Fibroblast Growth
Factor 2 (FGF-2) and Bone Morphogenetic Protein 2 (BMP-2) and BMP-4, but also genes encoding ECM
components such as ALP, Collagen type I (COLI) and OCN. Human dental pulp is an optimal source of
DPSCs due to its easy surgical access, the very low morbidity of the anatomical site after the collection
of the pulp and the high efficiency of the extraction procedure of the stem cells from the tissue [66].
In addition, compared to equal volumes of bone marrow, dental pulp contains a higher number of MSCs.

In the study of Rosa and coworkers, the effect of GO-based scaffolds on DPSCs proliferation
and differentiation was evaluated and compared to that of glass substrates [67]. Cell morphology
and proliferation were evaluated by SEM and fluorescence microscopy after 5 days from seeding;
mRNA expression of Msh homeobox 1 (MSX-1), Paired box 9 (PAX-9), RUNX2, COLI, Dentin Matrix
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acidic Phosphoprotein 1 (DMP-1) and Dentin Sialophosphoprotein (DSPP) genes was measured at
7 and 14 days. The results of this study indicated that DPSCs were able to adhere on both the glass and
GO surfaces, without any significant difference in proliferation. Nevertheless, when mRNA expression
levels were measured, these resulted significantly higher for all genes tested onto GO compared to
glass surfaces after 14 days from seeding (Figure 4a). MSX-1 is essential for the development of
teeth, craniofacial structures and/or limb structures in embryos; it is a target activator of PAX-9 and
the deletion of them causes tooth agenesis in mice [68,69]. RUNX2 is a transcription factor that is
essential for osteogenic differentiation and can up-regulate the expression of OCN [70]. DMP-1 is
highly expressed during odontogenesis and in mature odontoblasts, it is capable to produce dentin
in vivo and its deficiency leads to dentinogenesis imperfecta [71]. DSPP codes for two proteins, dentin
sialoprotein and dentin phosphoprotein, both of which have been associated with early dentinogenesis
and are absent in bone [72]. What is really considered interesting in this work is the fact that the GO
substrates provided an up-regulation for all the measured gene expression, even if no inducers for
differentiation were used. In addition, the substrate was also capable of increasing the expression of
both DMP-1 and DSPP, which are intimately related to odontogenic differentiation of stem cells from
dental pulp. This means that the use of GO substrates by themselves may enhance the expression of
odontogenic genes opening new opportunities to the use of GO alone or in combination with dental
materials to improve their bioactivity and beyond.

In another study, the authors aimed at evaluating the potential of graphene to induce odontoblastic
or osteogenic differentiation of DPSCs without the use of any chemical inducers [73]. Dentin and
bone are considerably made of a HAp that is associated with the matrix produced by odontoblasts
and osteoblasts, respectively [64]. Mineralization, odontogenic and osteogenic genes expression and
protein expression of RUNX2, COLI and OCN were evaluated in DPSCs seeded on graphene and glass
substrates for 14 and 28 days. Regarding the mineralization process, the graphene substrate positively
influenced the cells to spontaneously secrete mineralized matrix. When comparing the gene expression
levels, the odontoblastic-related genes MSX-1, PAX-6 and DMP-1 were significantly down-regulated
on graphene substrates compared to glass. On the contrary, graphene increased both gene and protein
expressions of RUNX2 and OCN, thus suggesting its ability to induce osteogenic differentiation rather
than odontogenic differentiation of DPSCs. An explanation to this may be the high Young modulus
of graphene (1.0–2.4 TPa) [74], which can contribute to the osteogenic differentiation of DPSCs as
these cells usually need soft substrates to achieve the odontogenic differentiation [75]. Taken together,
the results of this study suggest that DPSCs are not prone to differentiate into odontoblastic-like cells
when grown on graphene, but this substrate is able to induce osteogenic differentiation of the cells
without the use of chemical inducers for osteogenesis.

Therefore, authors seem to agree with the fact that graphene is a biocompatible material for
DPSCs and it might be used as a valid substrate for dental tissue engineering since it is able to promote
either osteogenic or odontogenic differentiation of DPSCs depending on the surface characteristics
and functionalization of graphene, as also emerged in the previous section.

2.2.2. Periodontal Ligament Stem Cells (PDLSCs)

The periodontium refers to those structures which surround and support teeth. It is composed by
four parts: gingiva, alveolar bone, cementum and periodontal ligament. The function of the periodontal
ligament is to literally attach the teeth to the bone and when a chronic process, called periodontitis,
affects these structures, the teeth stability and health are compromised. All the periodontium is
constantly maintained by Periodontal Ligament Stem Cells (PDLSCs), which have the ability to
differentiate into cementoblasts, odontoblasts and fibroblasts [76].

Thanks to their potential to differentiate into several types of specialized cells, PDLSCs can be used
as substitute to BM-MSCs in order to determine the osteogenic potential and the viability onto different
substrates [77]. Even if in literature the bone formation potential of PDLSCs on various surfaces such
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as Titanium (Ti) has been already demonstrated [78], few articles evaluated the biocompatibility of
graphene-based nanomaterials for human PDLSCs.

In one of the few studies, the effects of GO, Silk Fibroin (SF) and GO combined with SF were
investigated on PDLSCs adhesion, proliferation, viability and expression of MSCs markers [79].
SF is widely used as a biocompatible material in the fabrication of cellular scaffolds for tissue
engineering and a composite of the two materials has already been proposed for several biomedical
applications [80,81]. Nevertheless, its performance as a substrate for growing of PDLSCs has not
been addressed yet. In this work, PDLSCs obtained from healthy extracted molars were used and
cultured up to 10 days on the above-mentioned substrates and on plastic, which represented the control
condition. Cell adhesion was higher on GO and on the GO-SF composite film rather than on fibroin
alone, as revealed by immunofluorescence staining of the actin cytoskeleton (Figure 4b). Regarding
the cells proliferation rate, the results of the MTT assay showed a high rate of proliferation for PDLSCs
growing on GO films compared to plastic and on GO and fibroin composite film compared to fibroin
alone after 10 days from seeding. In order to evaluate if the biomaterials employed in this study
were able to maintain the mesenchymal phenotype of PDLSCs, flow cytometry was used to assess
the expression of some MSCs surface molecules. Culture of PDLSCs on SF, GO or GO-SF composite
did not significantly alter the level of expression of the typical MSCs markers CD73, CD90 or CD105
compared to expression levels displayed by PDLSCs cultured on plastic The authors concluded that
the GO-SF composite significantly improved the performance of the fibroin film, as an alternative to
the coating with collagen, representing an interesting combination of biocompatibility, induction of
proliferation and mechanical resistance, very suitable for working in cellular environments where
mechanical resistance is required.

Later, the same group investigated the potential of SF and GO composites to promote human
PDLSCs spontaneous differentiation into osteo/cementoblast-like cells [82]. In the study, the authors
have optimized the parameters of fabrication of the GO-SF composite film, using different ratios of the
two materials and also varying the graphene oxidation status, with the aim to find the best configuration
for cell proliferation and differentiation. The PDLSCs proliferation rate was consistently improved in
those combinations containing low amounts of graphene and a high SF dose, as emerged from the MTT
assay results at 7 and 10 days of culture. The authors concluded that the best configurations in terms of
PDLSCs proliferation were GO alone and rGO:rSF at 1:3 ratio. SF was used to confer 3D characteristics
to the GO or rGO as well as to improve its handling. Previous data have shown that human PDLSCs
bioengineered on 3D graphene scaffold preparations are associated with higher proliferation rates than
on 2D ones [83]. Flow cytometry analysis was further used to confirm the mesenchymal phenotype of
the isolated PDLSCs and to determine possible phenotypic changes after their culture on the different
graphene-fibroin combinations. The MSCs surface molecules CD73, CD90 and CD105 were found to be
present in the PDLSCs grown on all the biomaterials tested, although their expression decreased with
culturing time. This is not surprisingly, since the expression level of MSCs markers progressively declines
in stem cells during their multilineage differentiation process [84,85]. After demonstrating the beneficial
effects of GO-SF composites on PDLSCs proliferation, gene expression analyses were performed to further
characterize the effect of these scaffolds on PDLSCs differentiation into osteo/cementoblast-like cells.
No osteogenic chemical inducers were added to the culture medium. GO-SF composites, particularly
the reduced configurations rGO, rSF and rGO-rSF, were found to induce the over-expression of early
osteoblast/cementoblast markers, including BMP2, RUNX2, ALP and COLI. On the contrary, Osterix
(OSX) and Osteocalcin (OCN), whose expressions are associated with late osteoblast differentiation
stages, were found to be down-regulated on all the substrate preparations. Starting from this result,
the authors explored the expression of two specific cementum-related genes, Cementum Attachment
Protein (CAP) and Cementum Protein 1 (CEMP1), that are expressed at early and late differentiation
stages, respectively [86]. All the scaffolds tested were associated with significant down-regulation of
CAP and concomitant over-expression of CEMP1, suggesting that graphene-fibroin composites can
induce cementoblast differentiation of the human PDLSCs in the absence of any growth factors.
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2.2.3. Dental Follicle Progenitor Cells (DFPCs)

The dental follicle is the loose connective tissue surrounding the enamel organ and the dental
papilla of the developing tooth germ. Its principal role is the coordination of tooth eruption
through the regulation of the osteoclastogenesis and osteogenesis processes [87]. The Dental Follicle
Progenitor Cells (DFPCs) are multipotent stem cells that have immunomodulatory properties, high
proliferation rate and ability to differentiate into odontoblasts, cementoblasts, osteoblasts and other
cells implicated in the teeth [88]. Furthermore, they are able to re-create a new periodontal ligament
after in vivo implantation.

 

Figure 4. Interactions of graphene-based nanomaterials with Dental Stem Cells (DSCs). (a) SEM images
showing that Dental Pulp Stem Cells (DPSCs) can efficiently adhere and proliferate on GO substrates
for 3 and 5 days (top panel). DPSCs on GO present higher expression compared to glass (control)
for all genes tested both at 7 and 14 days (bottom panel). (b) SEM images of films composed of Silk
Fibroin (SF), GO and GO-SF mixture (3:1) at different magnifications (top panel). Immunofluorescence
staining of the actin cytoskeleton showing a higher adhesion of Periodontal Ligament Stem Cells
(PDLSCs) on GO and on the GO-SF composite film rather than on SF alone at 7 days. (c) TEM images
of GO, Thermally Reduced Graphene Oxide (TRGO) and Nitrogen-doped graphene (N-Gr) (top panel).
Confocal microscopy images of human Dental Follicle Progenitor Cells (DFPCs) seeded on GO, TRGO
and N-Gr at 40 μg/mL showing staining of cytoskeleton actin filaments (green) and nuclei (red) (bottom
panel). Reproduced with permissions from [67,79,89].

To date, only one study evaluating the behavior of human DFSCs on graphene-based
nanomaterials has been reported [89]. In the work, human DFSCs obtained from healthy extracted teeth
were seeded onto GO, Thermally Reduced Graphene Oxide (TRGO) and Nitrogen-doped graphene
(N-Gr) substrates. Then, cytotoxicity, oxidative stress induction, cellular and mitochondrial membrane
alterations were analyzed for all the developed substrates (Figure 4c). The results of this study showed
that GO was the less toxic for the cells, followed by N-Gr, whereas the TRGO substrate resulted the
more toxic. Regarding the oxidative stress level, both the GO and the TRGO substrates induced lipid
peroxidation without significant alteration of the membrane. On the other hand, the N-Gr substrate,
which showed to have a positive antioxidant effect on the stem cells studied, reduced cell viability
without oxidative stress. The authors suggested that N-Gr affected the cells not only determining
a physical damage of the plasma membrane due to graphene irregularities, but also by the ability
of nitrogen to coordinate biomolecules thus interfering in the biological processes. As regards the
mitochondria membrane potential, it was decreased in all the substrates used in this study following
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a dose-dependent manner. This effect was higher in the TRGO than in the GO substrate, while in
the N-Gr substrate structural lesions were present only at high concentrations (20 and 40 μg/mL).
The authors concluded that while GO and N-Gr may be considered as promising fillers for various
dental nanocomposites, TRGO does not seem to be a suitable material.

2.3. Graphene and Immune Cells

A critical step for the application of nanotechnology in medicine is the interaction of a material
with the immune system because, once administrated, it immediately enters in contact with the immune
cells. Graphene and its composites are not exempt from the interaction with cells of the immune system
and, as in the last few years the biological applications of graphene-based nanomaterials have grown,
it results necessary to investigate the immune-related impact of these nanomaterials. Many papers
about this issue underlined stimulation or suppression effects of graphene-based nanomaterials
on immune system cells, depending mainly to graphene purity, oxidation level, shape dimension,
functionalization and to the type of immune cells analyzed.

The first extended investigation on graphene and immune cells was made by Sasidharan and
coworkers [37]. After comparing the effects of pristine graphene and GO on Peripheral Blood
Mononuclear Cells (PBMCs), the authors observed really different effects: pristine graphene induced a
significant release of Interleukin-8 (IL-8) and IL-6 whereas GO determined only a moderate release of
IL-8, despite both seemed to have an excellent compatibility with PBMCs.

To best characterize the impact of GO on immune cells, Orecchioni and colleagues studied and
compared the effects of small-size (100–500 nm) and large-size (1–10 μm) GO flakes on a pool of
PBMCs [90]. The authors detected a more efficient cellular activation and cytokine release by small-size
GO. In particular, through gene expression analysis, they underlined that small GO is able to modulate a
large number of genes related to cytokines and activation-related genes, such as T-box transcription factor
(TBX21) and CD80. Furthermore, it was found that GO promotes the over-expression of many pathways
such as leukocytes chemotaxis pathway and genes associated with C-X-C motif chemokine 10 (CXCL10)
ligand and C-X-C motif chemokine receptor 3 (CXCR3), able to activate T-helper and Natural Killer (NK)
cells. Once established various effects on the total PBMCs, several studies have then been performed also
analyzing the effect of graphene on specific immune cell types, as described in the following paragraphs.

2.3.1. Lymphocytes

Lymphocytes, which represent about the 20–40% of the white blood cells and the 70–80% of
PBMCs, are responsible for the antigen-specific and innate immune response. The most of research
have been made analyzing the effects of graphene-based nanomaterials on T lymphocytes, concluding
that the cytotoxicity of graphene depends on its dosage, time of exposure and type of material with
which these are combined. For example, Ding and coworkers demonstrated that low doses of GO have
no cytotoxic effects on T lymphocytes, while a dose over 100 μg/mL causes oxidative stress related
apoptosis after 24 h of incubation [91]. In particular, at high concentration GO was found absorbed on
cell membrane, without internalization or cell membrane disruption, but it caused a reduction of cell
viability and an increase of lymphocytes apoptosis probably due to the production of ROS. However,
no significant reduction in T lymphocytes immune response was found. The same tests conducted
on GO-polyethylenimine (GO-PEI) revealed that this kind of functionalization severely damaged T
lymphocytes and suppressed their immune ability [91]. On the contrary, the functionalization of GO
with polyvinylpyrrolidone (PVP) increased the biocompatibility of GO and at high doses of GO-PVP
the amount of apoptosis was much less then in GO alone [92].

2.3.2. Macrophages

Half of the studies about graphene and the immune system have been carried out on macrophages,
not only because these represent the first phase of body immune reaction, but also because macrophages
are the easiest long-term culturing primary immune cell population [93].
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The phagocytic activity of macrophages makes them the most exposed cells to the negative
influence of graphene and its derivatives [94]. It has been reported that the ability of macrophages to
the internalization mainly depends on the size of the sheets: the smaller is the lateral dimension of GO,
the greater the ability of macrophages to internalize it [95]. Moreover, the capacity of macrophages
to phagocyte GO can be modulated by GO functionalization. Zhi and colleagues demonstrated that
the functionalization of GO with PVP decreases the internalization of the compound, indicating that
PVP-GO has a better immunological biocompatibility (Figure 5a) [92].

Regarding the activation of macrophages, Chen and colleagues showed that pristine graphene and
GO promoted the production of several cytokines, such as IL-1α, IL-6, IL-10 and Tumor Necrosis Factor
alpha (TNF-α), via NF-κB pathway, that is activated via Toll-Like Receptors (TLRs) [96]. Graphene
promotes the activation of IκB Kinase (IKK), thereby activating NF-κB [97,98]. Moreover, GO stimulates
the production of Myeloid Differentiation primary response gene 88 (MyD88), another protein related to
TLRs. Activated TLRs start the kinase cascade, by a MyD88 mechanism, that promotes the translocation
of NF-κB into the nucleus, thus increasing cytokines gene expression (Figure 5b). In addition, an elevated
activation of TLRs, especially TLR-4, causes TLR-dependent necrosis of macrophages. The silencing
of genes that code for TLRs, completely immunize macrophages from graphene [99]. The stimulation
of TLRs also favors the formation of phagosomes that active enhance the uptake of graphene and the
consequent affection of cell metabolism and gene/protein expression [99]. Experiments on phagocytic
process showed that 100 μg/mL GO generate the same effects of LPS stimulation that is the activation
of macrophages and the production of pro inflammatory cytokine [100].

Figure 5. Interactions of graphene with macrophages. (a) Optical micrographs of macrophages treated
with 25 μg/mL GO and PVP-GO for 48 h. Macrophages showed to be inclined to GO internalization
(red arrows), while the functionalization with PVP prevents the phenomenon. (b) Signaling pathway
of macrophage activation stimulated by graphene. Graphene may stimulate Toll-Like Receptors (TLRs),
thus activating kinase cascade Myeloid Differentiation primary response gene 88 (MyD88)-dependent
mechanism. IKK activation initiates the phosphorylation and degradation of IκB and consequently,
the release of NF-κB subunits and their translocation into the nucleus. NF-κB binds to the promoter
regions of its effector genes and initiates the transcription of multiple pro-inflammatory genes and the
secretion of Interleukin 1α (IL-1α), IL-6, IL-10, Tumor Necrosis Factor alpha (TNF-α). Reproduced with
permissions from [92,99].
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2.3.3. Dendritic Cells (DCs)

Dendritc cells (DCs), representing the 1–2% of PBMCs, play a fundamental role in the activation
of antigen-specific T lymphocytes [101]. Few data are available about interactions of graphene-based
nanomaterials and DCs. Tkach and coworkers showed that GO incorporated by DCs down-regulates
the intracellular level of LMP7, a part of an immunoproteasome required for processing protein
antigen [102]. In another study, Zhi and colleagues compared the effect of GO and PVP-GO on DCs,
highlighting a capacity of GO to promote maturation of DCs and also the overexpression of IL-6
in a dose-dependent manner, compared to the non-treated group [92]. The authors concluded that
functionalization with PVP mitigate the effects of GO, that resulting in a lower immunogenicity.

2.4. Graphene and Antibacterial Activity

Infection is a frequent process during biomaterial implantation procedures. Since antibiotics often
impact negatively on bacterial flora and pathogens are able to acquire resistance against different
antibiotics, in the last few years various nanotechnologies with antimicrobial properties have been
developed and studied [103,104], trying to get closer to the ideal scaffold that should inhibit bacterial
growth at the surface, while simultaneously promoting cell adhesion and proliferation [43].

It has been reported that some graphene-based nanomaterials possess antibacterial properties;
nevertheless, the effects of graphene on bacteria structure, metabolism and viability depend on
the materials’ concentration, time of exposure, physical-chemical properties, as well as on the
characteristics of bacteria used in the tests [105,106].

A lot of studies indicated that graphene and several graphene nanocomposites have a remarkable
antibacterial ability against both Gram-negative and Gram-positive bacteria [107–110]. It has been
demonstrated that the antibacterial effect is due to the capacity of graphene to physically damage
microorganisms through different mechanisms: graphene nanostructure acts as a nano-knife
penetrating and cutting cell membrane, it wraps cells inducing mechanical stress, it is able to extract
phospholipids from lipid membranes and it produces oxidative stress through ROS generation but also
by charge transfer phenomena. Molecular dynamic simulations suggest that thin graphene nanosheets
can insert into both bacterial membranes creating a break and, once inserted, the Van Der Walls forces
and the hydrophobic properties of graphene promote phospholipids extraction from the lipid layers of
the bacterial membranes causing irreversible damages [111].

Another way for graphene to exert antibacterial activity seems to be through the separation of
microorganisms from the microenvironment. Aggregated graphene sheets in suspension can isolate
bacteria from the surrounding environment hindering nutrient consumption, reducing their ability to
proliferate and favoring their inactivation [108].

Graphene antibacterial activity is also probably related to oxidative stress induction. This is
mainly mediated by ROS generation, especially when GO is used, nevertheless oxidative stress can be
triggered without ROS generation. Li and coworkers showed that graphene is able to act as an electron
pump pulling out electrons from bacterial membranes and inducing ROS-independent oxidative stress
that affects microorganisms [110].

Obviously, these mechanisms are not specific against bacteria but can also affect other cells,
although with less effectiveness. Pang and colleagues tried to clarify the ratio between biosafety
and antibacterial activity of graphene and GO [112]. They observed that both cytotoxicity and
antibacterial effects are dose-dependent and that GO has a higher activity; in particular, a GO
concentration in the range of 50–100 μg/mL keeps the balance between minor cytotoxic effects and
major antibacterial activity.

Among graphene derivatives, GO attracted particular attention thanks to the ease with which
it can be functionalized, representing the precursor of the most graphene nanocomposites, but also
thanks to its excellent water dispersity. However, a lot of study established that antibacterial activity
of GO is dependent not only on its concentration but also on the size and the lateral dimension of GO
sheets. Liu and colleagues demonstrated that the antibacterial activity of GO nanosheets depends on
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their size [113]. Indeed, larger GO sheets express stronger antibacterial activity against Escherichia coli
compared to smaller one, probably due to the capacity of larger GO sheets to completely cover bacteria
inhibiting their proliferation and colony formation (Figure 6a).

In the environment of the oral cavity, Streptococcus mutans, Porphyromonas gingivalis and
Fusobacterium nucleatum are the most representative bacteria responsible for caries, periodontal and
periapical diseases [114]. The microbial community resident in the mouth exists in balance with the oral
microenvironment [115]. Host susceptibility, diet and habits could lead to a break in balance that gives
rise to adverse reactions. In particular, S. mutans is a Gram-positive facultative anaerobic bacterium
importantly involved in caries formation and in the modification of the oral microenvironment,
decreasing the pH value by the production of large amount of organic acids [116]. Instead, P. gingivalis
and F. nucleatum are Gram-negative anaerobic bacteria, associated with periodontitis [117]. For these
reasons, antibacterial activity of graphene and its nanocomposites, in particular against these cariogenic
bacteria, has been studied. He and collaborators investigated the effect of GO against dental pathogen
bacteria, showing that the viability of S. mutans, P. gingivalis and F. nucleatum decreased in the presence
of GO nanosheets depending on its concentration in a dose-dependent manner [114]. TEM images
clearly showed that, when the GO was present, the integrity of S. mutans, P. gingivalis and F. nucleatum
was strongly compromised due to the severe insertion, cutting and destructive extraction of lipid
molecules effect that GO act against the membrane (Figure 6b).

Figure 6. Effect of GO nanosheets on bacteria. (a) Atomic Force Microscopy (AFM) amplitude (top)
and 3D (bottom) images of Escherichia coli cells 2 h of after incubation with/without GO sheets. E. coli
cells incubated with deionized water without GO sheets show a preserved integrity of the membrane
(control). The incubation with the 40 μg/mL large GO sheets suspension results in a completely cover
of bacterium surface by GO sheets, whereas small GO sheets adhere to cell surface without fully
covering it. Scale bars are 1 μm. (b) TEM images of Streptococcus mutans, Fusobacterium nucleatum and
Porphyromonas gingivalis cells after incubation with GO nanosheets dispersion (right side) for 2 h and
after incubation with saline solution for 2 h as control (left side). All treated cases had the same GO
dose of 80 μg/mL. Scale bars are 500 nm. Reproduced with permissions from [113,114].

Graphene and some of its composites seem to exert their activity not only against single
bacteria but also against bacterial biofilms. Biofilms are surfaced-attached bacterial communities
that self-produce adhesive ECM; they play a role in a wide variety of infections, i.e., caries, catheter
infection and bloodstream infection [118]. Several complicated and expensive methods to prevent
biofilms formation have been proposed, including coating of nanomaterials with ion or polymers
impregnated with antibiotics [119–122]. Recently, inspired by graphene antibacterial ability and
its ease functionalization, possible effects of graphene-based nanomaterials against biofilms are
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being studied. For example, Song and coworkers investigated the influence of GO on bacterial
biofilm formation, observing that high GO concentrations inhibit the formation of Gram-negative
and Gram-positive biofilms via membrane stress, whereas low GO concentrations enhance their
formation [123]. The authors hypothesized that low GO concentration kills only a limited part of
bacteria and dead cells could serve as a protection barrier and nutrient to the rest of biofilm formation,
whereas high GO concentration promotes the inactivation of most bacteria, hindering the biofilm
growth. In another work, Mao and colleagues tested the antibiofilm activity of a GO-aptamer composite
and compared to that of GO and aptamers per se [124]. They showed that all agents interacted with
pathogen disturbing the initial growth of biofilm and destroying the established biofilm, but the
combination of GO and aptamers exhibited a superior synergic effect than the single substances.

Despite a lot of studies stressed an antimicrobial activity for pristine graphene and GO, some other
works evidenced that graphene has no intrinsic bactericidal properties, but even it is able to enhance
bacteria growth when a colloidal suspension is formed [125,126]. Das and Ruiz in their studies showed
that only the functionalization with antibacterial agents such as silver nanoparticles conferred to the
graphene-based nanomaterials a bactericidal activity [125,126]. In agreement with these studies, Some and
collaborators confirmed that graphene alone has no antibacterial properties, but graphene-iodide
composites, above all double-oxidizes GO-iodide, have a potent antibacterial activity [127].

Wu and coworkers tried to clarify the debate concerning the antimicrobial activity of graphene
and its derivatives comparing the antibacterial effects of GO, GO-polyoxyalkyleneamine (GO-POAA)
and GO-chitosan against E. coli and Bacillus subtilis, Gram-negative and Gram-positive bacteria,
respectively [128]. The results of this study indicated that less than 50 μg/mL GO in a nutrient
medium solution has no antimicrobial activity; on the contrary, it enhances bacterial growth acting as
a biofilm that allows bacterial attachment and proliferation. On the other hand, the conjugation of GO
with POAA or chitosan, two antibacterial molecules, at the same concentration showed antibacterial
effects. All materials demonstrated antibacterial activity when bacteria were grown in Phosphate
Buffered Saline (PBS) solution.

All these studies would suggest that the antibacterial activity of graphene-based nanomaterials is
variable and dependent on the conditions of the tests; in particular, results change depending on the
type of material and the size of particles, on its concentration and its state (in solution or adsorbed on
a support), on the type of bacteria used in the study and on the medium used for their growth.

3. Applications of Graphene-Based Nanomaterials in the Dental Field

Graphene and its derivatives display many potential applications in the dental field, as can be seen
from the literature. Thanks to their potentiality, particularly in driving the osteogenic differentiation
of stem cells and antibacterial abilities, the application of graphene-based nanomaterials to already
existing dental technologies are being studied. In addition, graphene seems to be interesting as
a platform able to release therapeutic molecules to improve implants osseointegration and bone
formation. In the following paragraphs, we will present several studies discussing the association
of graphene with dental implants, membranes, resins, cements and adhesives, as well as strategies
for teeth-whitening.

3.1. Graphene and Dental Implants

Nowadays, Ti dental implants are considered as the best substitutes for missing teeth
thanks to their reliability and predictability, besides to their mechanical strength and favorable
biocompatibility [129,130]. Since these devices are in close contact with the surrounding tissues,
a critical parameter for the success of the implantation is the ability of the implant to integrate with the
tissue promoting the osseointegration process; this represents indeed a fundamental step for obtaining
the best new bone quantity and quality [129,131]. During this process, a key role is played by the
implant surface characteristics such as roughness, surface treatment and hydrophilicity.
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Ti inertness represents a disadvantage because it may induce the development of fibrous tissue
which could lead to the failure of the implant [130]. For this reason, several studies have focused on
modifying implant surfaces to favor a better osseointegration. In this context, graphene appeared to be
an excellent implant-coating for hard tissue engineering in order to accelerate bone regeneration.

As evidenced earlier, GO-coating was found to be a successful substrate for anchoring and growing
of DPSCs on its rough surface and for promoting their osteogenic differentiation through up-regulation
of MSX-1, PAX-9, RUNX2, COLI, DMP-1 and DPSS in particular after 14 days of culture [67]. To improve
stem cells osteogenic differentiation, the groups of Jung and Ren functionalized GO-Ti implants using
different methods with dexamethasone, a synthetic glucocorticoid that is known to contribute to this
phenomenon [130,132]. Independently of the method of functionalization and coating, both groups
showed that GO-coating of Ti implants, even more when functionalized with dexamethasone, improves
implants biocompatibility, cell proliferation and mostly cell osteogenic differentiation.

Another approach to improve the osseointegration of Ti implants could be its coating with
bioactive proteins. For bone regeneration, BMP are the most potent osteoinductive proteins and
among these, BMP-2 has been reported to induce osteogenic differentiation of stem cells, which can
enhance the osseointegration of implants by forming bone at the space between the implants and the
implantation site [133,134]. La and collaborators investigated the efficiency of a Ti substrate coated
with GO as a delivery carrier for BMP-2, an osteoinductive protein that need to be released over a
long time period and Substance P (SP), a stem cells recruiter protein [135], for bone regeneration [136].
In vitro experiments showed that no significant difference was found in SP release between Ti and
Ti/GO. Interestingly, the BMP-2 release from the Ti/GO substrate was maintained for 14 days; on the
contrary, the release of almost all the BMP-2 content from the Ti substrate occurred on the first day.
Furthermore, the bioactivity of the BMP-2 released from the substrate was significantly higher in
the GO-coated group. The in vivo study, in which the different substrates were implanted on mouse
calvaria, showed that even if no significant difference in bone formation was found between Ti/BMP-2
and Ti/SP/BMP-2, Ti/GO/SP/BMP-2 implants showed much more extensive bone formation than
Ti/GO/BMP-2 implants confirming that the presence of GO preserves the bioactivity of proteins
(Figure 7).

Figure 7. Bone regeneration of Ti implants with or without GO coating and BMP-2/SP loading in
mouse calvarial defects 8 weeks after treatment. The red arrowheads indicate the newly formed bone,
the black arrowheads indicate the implant at (a) 12.5× magnification and (b) 100× magnification.
Reproduced with permissions from [136].

Implant GO-coating represents an advantage also due to its antibacterial properties. Despite the
fixation of graphene on Ti implant makes it to lose a bit of antibacterial activity, there is the possibility
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to functionalize the coating with antibacterial substances, such as antibiotics or silver nanoparticles.
As demonstrated by Quian and colleagues, minocycline hydrochloride added to GO-coating improved
the antibacterial activity against aerobic or facultative anaerobic bacteria (Staphylococcus aureus),
facultative anaerobic bacteria (E. coli) and anaerobic bacteria (S. mutans) thanks to the synergic effect
of GO contact-killing and minocycline release-killing [137]. In another study, the group of Jianfeng
tested the antimicrobial activity of GO-silver coating on Ti, showing that it is very prominent against
S. mutans and P. gingivalis [138]. This suggests that this multiphase nanocomposite could be helpful in
the prevention of implant-associated infection.

As previously reported, human PDLSCs are promising DSCs that can be used as an alternative to
human BM-MSCs and GO is believed to be a useful platform for modulating structure and function of
these cells. Nevertheless, the behavior of PDLSCs on GO-coated Ti substrates is not fully understood.
In the work of Zhou and colleagues, the morphology, proliferation and osteogenic differentiation
potential of PDLSCs seeded on GO-Ti scaffolds were evaluated and compared to those obtained
on sodium titanate (Na-Ti) substrates [139]. The results of this study showed that, when the cells
were seeded onto GO-coated Ti scaffolds, they exhibited higher proliferation rate, ALP activity
and up-regulation of gene expression levels of the osteogenesis-related markers COLI, ALP, Bone
Sialoprotein (BSP), RUNX2 and OCN respect to those cultured on the Na-Ti substrate. In addition,
GO enhanced the expression of RUNX2, BSP and OCN also at a protein level. The authors concluded
that the combination of GO, PDLSCs and Na-Ti can represent a big step forward in regenerative
dentistry. Nevertheless, further additional studies will be necessary to elucidate how to use GO as
a biocompatible and implantable platform for the delivery of therapeutic proteins for applications
related to regenerative medicine, especially for the success of Ti dental implants.

3.2. Graphene and Membranes

To increase efficiency of bone repair, especially in periodontal and periimplant bone defects,
the use of Guided Bone Regeneration (GBR) membranes has been important for years in oral surgery.
These membranes are placed on the bone defect regeneration site and their principal function is
to not allow infiltration of soft tissue cells into the growing bone. Thus, these act as physical
barriers that separate connective tissue and the regenerating bone providing the slow osteogenic
cells migration [140]. In the dental field, the use of membrane for GBR was introduced in 1980’ to stop
cell migration from gingival connective tissue and epithelium to periodontal defect [141]. In the last
decades, several types of membrane, non-resorbable and bioabsorbable, have been developed and
tested for the application in GBR (Table 1) [142].

Table 1. Examples of different types of membrane used for Guided Bone Regeneration (GBR).

Type Name Materials Characteristics

Non-resorbable
Gore-Tex Expanded

polytetrafluoroethylene Good space maintainer, handling

Gore-Tex-Ti Titanium-reinforced
polytetrafluoroethylene

Ideal for ridge augmentation and
grafting in bone defects

Resorbable natural
Tutodent Collagen Type I from bovine

pericardium Resorbable rate: 8–16 weeks

Osseoguard Flex Collagen Type I and III from
bovine dermis Resorbable rate: 6–9 months

Resorbable synthetic
Epi-Guide Poly-D,L-lactic acid Resorbable rate: 6–12 months

ResolutAdapt Poly-D,L-lactide/Co-glycolide Resorbable rate: 5–6 months,
good space maintainer

All membranes need to satisfy the five main criteria underlined by Scantlebury: biocompatibility,
space-making, cell-occlusiveness, tissue integration and clinical manageability [143]. In order to
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improve these main criteria, graphene started recently to be used in this field. For example, De Marco
and colleagues enriched collagen membranes with two different concentration of GO (2 μg/mL
and 10 μg/mL) and tested the effect on Human Gingival Fibroblasts (HGFs) [144]. They showed
that the presence of GO on collagen membranes altered membrane features: it conferred a lower
deformability, higher stiffness and reduced hydration and increased roughness compared to non-coated
membranes. These changes favored the proliferation of HGFs, avoiding any inflammatory response,
as demonstrated by the reduction of IL-6 and Prostaglandin E2 (PGE2) secretion after 3 days of culture
and facilitated proteins adhesion to the membrane (Figure 8a).

The same GO-coating applied on collagen membranes was tested using DPSCs to analyze
osteoblastic differentiation and inflammatory response [145]. The researchers found that GO-coating
significantly increased cell viability on a concentration-dependent manner and promoted DPSCs
osteoblastic differentiation, as demonstrated by the up-regulation of BMP-2, RUNX2 and OSX gene
expression. Moreover, 10 μg/mL GO enrichment reduced the expression of TNF-α at all experimental
times compared to the control membrane, whereas 2 μg/mL GO enrichment significantly decreased
TNF-α expression only after 21 days of culture. Interestingly, Hematoxylin-Eosin staining revealed
that cells were not able to penetrate into the membrane and the more concentrated GO coating led
to the formation of a thicker cell layer (Figure 8b). The authors concluded that the GO enrichment of
collagen membranes promoted osteoblastic differentiation process, decreased inflammation and was
compatible with cell viability in a dose-dependent manner. These new membranes could be considered
as a valid alternative to substitute conventional collagen membranes.

Figure 8. Different GO coating concentration on collagen membrane from porcine dermis. (a) SEM images
of uncoated, 2 μg/mL and 10 μg/mL GO-coated membranes. 4.05 k magnification. (b) Hematoxylin-Eosin
staining of uncoated, 2 μg/mL and 10 μg/mL GO-coated membranes with DPSCs after 28 days of culture.
40× magnification. Reproduced with permissions from [144,145].

3.3. Graphene and Resins, Cements and Adhesives

Resins, cements and adhesives are the most used materials for dental restoration. Nevertheless,
their porosity and adhesiveness make them receptacles for bacteria in the oral cavity and in particular
in proximity of dental restoration. These polymeric materials, indeed, facilitate the adhesion of
bacteria and the formation of biofilms that are the main cause of dental restoration failure [146].
An example of the application of graphene to dental commercial materials is reported in the study of
Bregnocchi and coworkers [146]. The authors added Graphene Nanoplatelets (GNPs) as nanofiller
to a commercial dental adhesive. The generated graphene nanocomposite significantly inhibited the
growth of S. mutans, without altering the standard adhesion properties of the dental adhesive.
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One of the main limitation of GNPs in dental application is its grey color. In order to ameliorate this
aspect, Zanni and colleagues tested a hybrid material composed by Zinc Oxide Nanorods (ZnO-NRs)
grown on GNPs, thus combining the antimicrobial effect of GNPs with the light color and biocidal
properties of ZnO-NRs [147]. The authors studied the effect of Zinc Oxide Nanorods-Decorated
Graphene Nanoplatelets (ZNGs) against S. mutans. The results showed that up to the 95% S. mutans
cell viability reduction was obtained using ZNGs even at a very low concentration (5 μg/mL).
Moreover, the biomass and exopolysaccharide production, which are necessary for the biofilm
formation, were evaluated: the ZNGs showed to behave as an obstacle for the biofilm growth.
The authors concluded that the use of ZNGs is a viable instrument to control caries disease as it
decreases S. mutans growth.

Biris and colleagues successfully prepared graphene sheets embedded with various amounts of
gold nanoparticles (Gr-Au-x) using the radiofrequency catalytic chemical vapor deposition technique
over a Aux/MgO catalyst [148]. Sarosi and colleagues analyze the effect of these sheets used
as nanofiller for some dental nanocomposites based on BisGMA/triethyleneglicol dimethacrylate
matrix [149]. The authors concluded that the graphene–gold nanoparticles could be very promising
filler for the dental nanocomposites because the reinforcement with high percent of nanoparticles is a
good solution to improve physicochemical properties.

As a last example, Li and collaborators demonstrated that the functionalization of glass ionomer
cements with fluorinated graphene is not only useful to inhibit bacterial growth but also to ameliorate
mechanical properties of the cements, increasing microhardness and compressive strength and
decreasing friction coefficient, all important parameters for cements [150].

3.4. Graphene and Teeth-Whitening

Nowadays, a lot of people would change the color of their teeth, which often is ruined by food,
beverage and smoke; consequently, the level of demand for tooth-whitening is increasing. Tooth color
is determined by intrinsic factors, associated with the light scattering and absorption properties of the
enamel and dentine and extrinsic factors, associated with the absorption of materials (e.g., tea, red
wine) on the surface of the enamel.

The products used for tooth-whitening are extensively-based upon Hydrogen Peroxide (H2O2)
chemistry, because of its bleach-properties and the techniques constantly evolve to ameliorate the rate
of whitening, the ease of the treatment and to decrease the side effects. The most common risks of
teeth-whitening include increase dental sensitivity and gingival irritation, besides changes in tooth
microstructure. These effects are directly related to the concentration of H2O2, the duration of the
treatment and the non-bleach component of the products [151].

To improve the bleaching process and decrease the time of the treatment, the light-activation
of peroxide-based products is used, but novel ways are being found to ameliorate the efficiency
of teeth-whitening. Several studies reported that the use of activating agents, such as nanoHAp
or Fe(III) phthalocyanine, together with H2O2 is useful for the purpose [152]. Based on these
evidences, Su and coworkers proposed the application of a nanocomposite made of rGO and Cobalt
Tetraphenylporphyrin (CoTPP) as a catalyst for tooth bleaching (Figure 9a) [120]. They then evaluated
its efficacy on tooth-whitening compared to the whitelight irradiation and D&C Red 34 or Orange
No. 4, two representative stain solutions. They concluded that the use of H2O2 plus CoTPP/rGO under
photoactivation increased the whitening effect of H2O2 and decreased the treatment time (Figure 9b).
This result might be explained because the active radicals produced by H2O2 have a short life and
so their main effect is to penetrate the tooth structure and then start a radical generation mechanism.
When photoirradiation is used, radical generation can be started deeper in the structure. Moreover,
photoactivating H2O2 plus CoTPP/rGO increase the reactions between H2O2 and stain molecules.
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Figure 9. Strategies based on graphene for improving teeth-whitening. (a) A schematic diagram
illustrating the enhanced peroxidase-like catalytic activity of the rGO-Co. Reactions of Cobalt
Tetraphenylporphyrin (CoTPP) with Hydrogen Peroxide (H2O2): CoIII TPP–e21(1/2) H2O2 → (CoIV)
TPP-OH2 (CoIV) TPP-OH → 2 CoIII TPP1O212H1. (b) Photographs of teeth stained with dye D&C Red
34 and bleached using H2O2 alone or H2O2 plus CoTPP/RGO for 0.5 (left) or 70 h (right). Reproduced
with permissions of [150].

4. Limitations on the Use of Graphene

While graphene is one of the most promising materials in nanotechnology, the synthesis on
large scale represents an important aspect to be evaluated. Most of the studies described so far have
been carried out using small amount of uncontaminated and controlled defect-free samples [153],
but in the perspective of using graphene for applications on large scale, defects generated during the
production process need to be investigated. Various types of defects can generate spontaneously and
their formation is difficult to predict; they depend greatly on the method used for the production [154].
Defects change electronic structure, susceptibility and reactivity of graphene and its derivatives [155].
Most of the production techniques lead to the formation of graphene mixture, that differ in size, shape
and number of layer and are often contaminated with hydrocarbons or organic molecules which
alter the integration and the compatibility with cells and tissues [153]. These evidences represent a
substantial limitation on the study and use of graphene and graphene-based nanomaterials.

Another limitation on graphene biomedical application is the scarce existing information on
in vivo toxicity mechanisms and more studies are needed to support safe biological applications
of these materials. However, some reports showed that graphene-based nanomaterials mainly
accumulate in liver, spleen and lung after intravenous administration [43]. Few studies focused on
graphene-based nanomaterials elimination half-life indicating that small-sized nanomaterials present
fast elimination [45,156], but further work is needed. In addition, because of its recent discovery, little
is known about long-term toxicity of graphene and its derivatives and this issue represents a restriction
for clinical approaches.

Therefore, the scarce synthetic control, the high variability in production and the multiple
parameters that modulate activity and toxicity of graphene and graphene-based nanomaterials,
together with the scarce available studies, are big limitations for large scale application of graphene
and its derivatives.
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5. Conclusions and Future Perspectives

The research on biomedical applications of graphene-based nanomaterials has seen dramatic
progress in the last few years. In this review, we focused on the recent advances in dental tissue
engineering using graphene and its related nanomaterials. Graphene exhibits numerous outstanding
properties. In addition to its exceptional mechanical strength, electrical conductivity and thermal
stability, what makes graphene extremely interesting is the possibility to functionalize and combine it
with different biomaterials and biomolecules. This confers new properties to existing materials and
allows the generation of nanocomposites with enhanced characteristics.

In this review, we discussed recent studies concerning the biocompatibility, cytotoxicity and
antibacterial activity of graphene-based nanomaterials both in vitro and in vivo. Then, we analyzed
the effect of graphene-based nanomaterials on the adhesion, proliferation and differentiation of stem
cells, focusing in particular on stem cells of dental origin. We examined the potential of graphene to
promote osteogenic differentiation of stem cells, which is a key point for its future application in dental
field. In this context, we presented recent studies employing graphene and its related nanomaterials for
surface modification of dental implants or other scaffolds used in dentistry, such as membranes, resins
and adhesives. As clearly highlighted in this review, graphene-based nanomaterials have emerged
as promising scaffolds for a wide range of biomedical applications and all the presented works seem
to agree with the fact that existing dental materials show improved characteristics following the
addition of graphene; nevertheless, their behavior is closely dependent on graphene’s physicochemical
properties, such as surface functionalization, coating and size.

The increased interest in graphene and its derivatives have led to concerns about the risk of
exposure not only to humans but also to the environment. Therefore, evaluation of the safety and
potential risks of these nanomaterials is mandatory to ensure the safe use of graphene materials in
biomedical applications. However, there is still much investigation to perform in order to assess the
potential long-term toxicity of graphene and its composites and their effects on different cells, tissues
and organs, including those of oral cavity. Moreover, in-depth studies are necessary to understand
cell-signaling, metabolic pathways and osteogenic effects triggered by graphene-based nanomaterials.
Overall, we believe that the use of graphene-based nanomaterials in the dental field deserves to be
deeply explored as it can lead to even more reliable dental treatments in the near future.
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Abstract: Magnetic nanoparticles (MNPs) are widely used in medical examinations, treatments,
and basic research, including magnetic resonance imaging, drug delivery systems, and tissue
engineering. In this study, MNPs with magnetic force were applied to tissue engineering for dental
enamel regeneration. The internalization of MNPs into the odontogenic cells was observed by
transmission electron microscopy. A combined cell sheet consisting of dental epithelial cells (DECs)
and dental mesenchymal cells (DMCs) (CC sheet) was constructed using magnetic force-based
tissue engineering technology. The result of the iron staining indicated that MNPs were distributed
ubiquitously over the CC sheet. mRNA expression of enamel differentiation and basement membrane
markers was examined in the CC sheet. Immunostaining showed Collagen IV expression at
the border region between DEC and DMC layers in the CC sheet. These results revealed that
epithelial–mesenchymal interactions between DEC and DMC layers were caused by bringing DECs
close to DMCs mechanically by magnetic force. Our study suggests that the microenvironment in the
CC sheet might be similar to that during the developmental stage of a tooth bud. In conclusion, a CC
sheet employing MNPs could be developed as a novel and unique graft for artificially regenerating
dental enamel.

Keywords: magnetic nanoparticles; nanotechnology; cell sheet; odontogenic cells; epithelial-
mesenchymal interactions; dental enamel regeneration

1. Introduction

Magnetic nanoparticles (MNPs) are widely used in medical treatments and clinical and basic
research because of their unique features, such as superparamagnetic properties, biocompatibility,
and non-toxicity. MNPs are used as contrast media and have been extensively used in the field of
magnetic resonance imaging due to their better imaging resolution and sensitivity [1,2]. Since the
technology of coating molecules and antibodies on the surface of MNPs was well established, MNPs
have been applied in drug delivery systems and hyperthermia in cancer therapy [3–8]. MNPs can
also be used to decorate biological nanofibers [9]. These nanofibers decorated with MNPs can be
induced to form biological nanofiber assemblies on the centimeter scale by applying magnetic force.
These long-range-ordered assemblies can be used as scaffolds in tissue engineering to encourage the
adhesion, proliferation, and differentiation of various cells [9].

In the field of regenerative medicine, cell sheets created by magnetic force-based tissue engineering
technology (Mag-TE) have been applied to the regeneration of many organs, including skin, bone,
liver, and heart. Such cell sheets prepared by Mag-TE are reported to be functional and have
favorable structures [10–14]. It is reported that multilayered keratinocyte sheets can be constructed

Nanomaterials 2017, 7, 322; doi:10.3390/nano7100322 www.mdpi.com/journal/nanomaterials58



Nanomaterials 2017, 7, 322

by using Mag-TE system and be harvested without enzymatic treatment [10]. The transplantation of
mesenchymal stem cell (MSC) sheets constructed by the Mag-TE system induced bone formation in
bone defect areas in the crania of nude rats, and it is suggested that these MSC sheets are useful for
bone tissue engineering [11]. By using the Mag-TE system, human aortic endothelial cells (HAECs)
adhered to form a layered construct with tight and close contact on rat hepatocyte monolayers [12].
In this co-cultured construct, albumin secretion by hepatocytes was significantly enhanced compared
with that in homotypic cultures of hepatocytes or heterotypic co-cultures of hepatocytes and HAECs
without using the Mag-TE system. In heart revision, the presence of gap junctions and electrical
connections were found within the cardiomyocytes sheets using the Mag-TE system [13]. In addition,
it was demonstrated that human iPS cell-derived fetal liver kinase-1 positive cell sheets accelerated
revascularization of ischemic hindlimbs in nude mice [14]. These several reports suggest that MNPs
and the Mag-TE system are useful for regenerative medicine.

There has been great interest in the regeneration of tooth and periodontal tissue. Although
attempts at reconstruction of dentin, periodontal ligaments, and alveolar bone have been relatively
successful, regeneration of dental enamel (DE) remains difficult because of problems due to its
specific developmental process [15,16]. It has been reported that DE is formed and matured by
epithelial–mesenchymal interactions. Similar to the development of tooth germ, the establishment
of such constant epithelial–mesenchymal interactions depends heavily on the positional relationship
between dental epithelial cells (DECs) and dental mesenchymal cells (DMCs) [15,17]. However, no
method has been developed to address the issue of cell position. Therefore, we attempted to solve this
problem by focusing on MNPs, materials that can be used to control the arrangement of DECs and
DMCs [18], and hypothesized that we could imitate the microenvironment in the developmental stage
of a tooth bud in vitro.

In this study, we investigated the effects of MNPs and exposure to magnetic force on DECs and
DMCs obtained from porcine tooth germ. We constructed a combined cell sheet consisting of DECs
and DMCs (CC sheet) using the Mag-TE system, and examined the expression of differentiation and
basement membrane markers in this cell sheet.

2. Results

2.1. Internalization of MNPs in Odontogenic Cells

Internalization of MNPs in odontogenic cells was evident from transmission electron microscopy
(TEM) microphotographs (Figure 1). The presence of MNPs in the cytoplasm was confirmed.
The diameters of MNPs were also measured on TEM images at higher magnification and the average
was approximately 20 nm (data not shown).

 
1 m

Figure 1. Transmission electron microscopy (TEM) image of odontogenic cells treated with
100 pg-magnetite/cell of magnetic nanoparticles (MNPs) (×5000). White arrows indicate intracellular
MNPs. Scale bar = 1 μm.
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2.2. Cytotoxicity of MNPs in DECs and DMCs

The cytotoxic effects of MNPs on DECs and DMCs were assessed by MTS assays. MNPs at 0,
50, 100, 150, or 300 pg-magnetite/cell were added to DECs and DMCs at confluency. There were
no significant changes in the absorbances at all concentrations for both DECs and DMCs (p > 0.05,
one-way analysis of variance (ANOVA) with Tukey’s multiple range test) (Figure 2).
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Figure 2. Cytotoxic effects of MNPs on dental epithelial cells (DECs) and dental mesenchymal cells
(DMCs) assessed by MTS assays. MNPs at 0, 50, 100, 150, or 300 pg-magnetite/cell were added to
the cells at confluency. After the cells were maintained for 24 h in the presence or absence of MNPs,
the MTS assay was performed. p > 0.05, ANOVA.

2.3. Effects of MNPs and/or Magnetic Force on mRNA Expression of Enamel Matrix Genes in DECs

The mRNA expression profiles of Amelogenin (AMEL), Enamelin (ENAM), and Ameloblastin (AMBN)
in DECs were investigated after the cells were exposed to MNPs and/or magnetic force for 12 and 24 h.
Depending on the presence of MNPs or magnetic force, experimental groups were classified into four
subgroups as shown in Table 1. There were no significant changes in the levels of all mRNAs in groups
1–4 when the magnetic force was applied for 12 h (p > 0.05, ANOVA). Group 4 with 24 h of exposure to
magnetic force showed significant increases in the mRNA expression of AMBN compared with groups
1–3 (* p < 0.05, ANOVA), although there were no significant changes in the levels of AMEL or ENAM
mRNAs (p > 0.05, ANOVA) (Figure 3).
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Figure 3. Effects of MNPs and/or magnetic force on the expression levels of AMEL, ENAM, and AMBN
in cultured DECs examined by real-time reverse transcriptase polymerase chain reaction (RT-PCR).
Real-time RT-PCR data were normalized to the expression levels of β-actin mRNA. Independent
experiments were repeated twice. Data represent the mean ± standard deviation (SD) of triplicate
samples. * p < 0.05, ANOVA.
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Table 1. Classification of experimental groups depending on the presence of MNPs or magnetic
force loading.

Classification of The Experimental Groups Group 1 Group 2 Group 3 Group 4

MNPs - - + +
Magnetic Force - + - +

2.4. Effects of MNPs and/or Magnetic Force on the mRNA Expression of Dentin-Related Genes in DMCs

The mRNA expression profiles of Runt-related transcription factor 2 (RUNX2), CollagenIα2 (COL1α2),
and Dentin sialophosphoprotein (DSPP) in DMCs were investigated after the cells were exposed to MNPs
and/or magnetic force for 12 and 24 h. Depending on the presence of MNPs or magnetic force,
experimental groups were classified into four subgroups as shown Table 1. There were no significant
changes in the levels of RUNX2, COL1α2, or DSPP mRNAs in groups 1–4 when the magnetic force
was applied for 12 or 24 h (p > 0.05, ANOVA) (Figure 4).
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Figure 4. Effects of MNPs and/or magnetic force on the expression levels of RUNX2, COL1α2, and
DSPP in cultured DMCs examined by real-time RT-PCR. Real-time RT-PCR data were normalized to
the expression levels of β-actin mRNA. Independent experiments were repeated twice. Data represent
the mean ± SD of triplicate samples. p > 0.05, ANOVA.

2.5. Construction of DEC and DMC Sheets Using the Mag-TE System

We attempted to construct DEC and DMC sheets using the Mag-TE system [14]. By applying
magnetic force, both DECs and DMCs labeled with MNPs migrated to form a sheet-like structure in
the middle of the culture well after 24 h of incubation (Figure 5A). The cell sheets were circular with
diameters of 8 mm and appeared to have the same structure in repeated experiments. These sheets were
embedded in paraffin, sectioned, and observed after hematoxylin and eosin (HE) staining. The cell
sheets had a multilayered structure of approximately 20 μm in thickness (Figure 5B).
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4 mm 20 m

A B

Figure 5. Photographs of a DEC sheet created by the Mag-TE system. DECs labeled with MNPs
were seeded into a 24-well ultra low attachment culture plate (Corning Inc., Corning, NY, USA) at
2 × 106 cells/plate. A cylindrical neodymium magnet (magnetic force, 4110 G) was placed on the
reverse side of the ultra low attachment plate, and the cells were cultured for 24 h. After the culture,
the cell sheet was constructed (A). Microscopic image of an HE-stained cross section of a DEC sheet
(×100) (B).

2.6. Localization of MNPs in CC Sheet

A CC sheet was constructed using the Mag-TE system. The CC sheet had a multilayered structure
approximately 40 μm in thickness. Iron staining was performed to visualize the localization of MNPs
in CC sheet. MNPs were distributed ubiquitously over the CC sheet (Figure 6).

20 m

DEC

DMC

Figure 6. Microscopic observation of a CC sheet after iron staining (×200). Filled arrows indicate
MNPs in the DEC layer. White arrows indicate MNPs in the DMC layer. Scale bar = 20 μm.

2.7. Expression of mRNAs Encoding Enamel Matrix- and Dentin-Related Genes in CC Sheet

The mRNA expression levels of AMEL, ENAM, AMBN, RUNX2, and Collagen IV 1 (COL4 1) in CC
sheet were higher than those in the control (* p < 0.05, ** p < 0.01), although there were no significant
changes in the levels of COL1α2 or DSPP mRNA expression (p > 0.05) (Figure 7).
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Figure 7. mRNA expression levels of AMEL, ENAM, AMBN, RUNX2, COL1α2, DSPP, and COL4α1 in
CC sheet examined by real-time RT-PCR. A mixture of DEC and DMC sheets prepared separately were
used as a control. Real-time RT-PCR data were normalized to the expression levels of β-actin mRNA.
Independent experiments were repeated twice. Data represent the mean ± SD of triplicate samples.
* p < 0.05. ** p < 0.01.

2.8. Localization of Collagen IV in CC Sheet

Immunofluorescence staining was performed to assess the localization of Collagen IV(COL4) that
is expressed in the basement membrane of presecretory and late mature stage tooth germs. The nuclei
of live cells were stained with 4′,6-diamidino-2-phenylindole (DAPI) (Figure 8A). COL4 expression
was localized markedly in the middle region of the CC sheet (Figure 8B,C).
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Figure 8. Fluorescence microscopic observation of a CC sheet (×200). DAPI (blue) was used to stain
nuclei (A). COL4 was stained with a specific antibody. COL4-expressing cells (green) were identified
around the border of DEC and DMC layers (B,C). Scale bars = 20 μm.
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3. Discussion

Recently, MNPs have been attracting a lot of attention in medical field. Due to their special and
unique properties, they have been studied and applied clinically in various medical areas, including
regeneration. In the field of regeneration, tooth regeneration using tissue engineering techniques has
been studied and developed actively, but the techniques or methods are not well established [19].
Tooth development is regulated by intricate interactions between DECs and DMCs, but it has not been
completely elucidated yet [15,17]. In particular, DE is formed through a complicated development
process [20]. Therefore, many problems remain in the field of enamel regeneration. For example,
although a collagen sponge has been used as a scaffold to transplant a mixture of DECs and DMCs,
the success rate of tooth production is not very high [21]. This result indicates that it is essential
for enamel regeneration to control the three-dimensional position of DECs and DMCs to be similar
to the tooth developmental process. Although DECs and DMCs are aligned and in contact via the
basement membrane throughout tooth development [22], it is difficult to mimic this microenvironment
in vitro. Therefore, we focused on a cell sheet and determined whether we could reproduce the cell
arrangement and three-dimensional cell position in vitro by layering two cell sheets of two different
cell types. MNPs have an ability to make different cells cohere together by applying magnetic force [12].
This is the reason why we adopted the method employing MNPs among the various methods used
to prepare cell sheets, such as using temperature-responsive cell culture dishes [23,24] and collagen
gels [25].

Although MNPs are applied to regenerative medicine of many organs and are known as a
biocompatible material [10–14,26], neither the influence of MNPs on odontogenic cells nor their
applicability to regenerative dentistry have been reported. First, we examined the internalization
of MNPs in the odontogenic cells by TEM. The TEM imaging revealed that MNPs were localized
in the cytoplasm, and it is suggested that MNPs were taken up in the odontogenic cells (Figure 1).
This result was similar to previous research which reported the uptake of MNPs in different cell
types [27–29]. The result obtained in the present study and the previous reports [27–29] suggest
that MNPs can be used as carriers to deliver biologically active agents, such as growth factors and
nanovectors, to odontogenic cells for control of histodifferentiation and organ generation in vivo [30,31].
We further investigated the cytotoxicity of MNPs in DECs and DMCs. The results of MTS assays
suggested that MNPs had no cytotoxicity in DECs or DMCs up to 300 pg-magnetite/cell (Figure 2).
Therefore, we believed that we could apply MNPs to DE regeneration. In this study, a DEC sheet,
DMC sheet, and combined cell sheet of DECs and DMCs (CC sheet) were constructed using the
Mag-TE system. The CC sheet was constructed by directly laminating magnetically labeled DECs
on a prepared DMC sheet by magnetic force loading. Although cell sheets can be piled up by a
method involving temperature-responsive cell culture dishes, the cell sheets prepared in this way
must be peeled off and placed on another cell sheet. As cell sheets are thin, they require skill in
handling to multi-layer sheets one by one [23,24,32,33]. Therefore, the multi-layering technique with
the Mag-TE system will be useful because the manipulation required to remove a cell sheet can be
avoided. Furthermore, in the method with temperature-responsive cell culture dishes, it is difficult
to cohere two cell sheets together [34], whereas in our method with the Mag-TE system, layers of
DECs and DMCs could be brought into close proximity by magnetic force. It is suggested that
epithelial–mesenchymal interaction between the DEC layer and DMC layer is more likely to occur
when the Mag-TE system is applied. In this CC sheet, the mRNA levels of AMEL, ENAM, AMBN,
RUNX2, and COL4α1 were significantly higher than those in a mixture of DEC and DMC sheets
prepared separately. AMEL, ENAM, and AMBN are differentiation markers of DECs which are known
to differentiate into ameloblasts [35–41]. Therefore, our results suggest that DECs differentiated into
enamel-secreting ameloblasts [42], and imply that epithelial–mesenchymal interactions proceeded
by bringing DEC and DMC layers physically close to each other by magnetic force. RUNX2 is
a differentiation marker of osteoblasts and odontoblasts [43]. The increase in RUNX2 mRNA in
the CC sheet suggests that DMCs differentiated into odontoblasts because of the enhancement of
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epithelial–mesenchymal interactions. The result of the iron staining (Figure 6) indicated that the MNPs
were distributed ubiquitously over the CC sheet. This suggests that the magnetic force can be loaded
uniformly to the CC sheet, and that epithelial–mesenchymal interactions may occur homogeneously
in the CC sheet. The basement membrane, which interfaces with the dental epithelium and papilla
mesenchyme [44,45], is involved in epithelial–mesenchymal interactions [46,47]. COL4 is a membrane
form of collagen expressed in tooth bud basement membrane at the presecretory stage and reported to
be related to ameloblast differentiation and tooth development [39,45,48,49]. These studies suggest that
the interactions mediated through the basement membrane and the basement membrane components
such as COL4 are essential for DEC growth and differentiation to form the proper shape and size
of the tooth. Taken together with these previous findings, the results in the present study, which
showed enhancement of COL4α1 mRNA expression and localization of COL4 by immunofluorescence
staining in CC sheet, suggest the existence of a basement membrane between the DEC and DMC layers
(Figure 8B,C).

Our results collectively support the hypothesis that epithelial–mesenchymal interactions between
DEC and DMC layers were induced by the Mag-TE system. Further study is required to verify the
utility of CC sheets employing MNPs as a cutting edge technology, including tissue regenerating
experiments in vivo.

4. Materials and Methods

4.1. Materials

MNPs (Nano3D Biosciences, Houston, TX, USA) and a neodymium magnet (diameter = 25 mm,
magnetic force = 4110 G; NeoMag Co., Ltd., Chiba, Japan) were used in this study. MNPs (0.05%, w/v)
coated with poly-L-lysine were diluted to 0.001% (w/v) with Dulbecco’s modified Eagle’s medium
(DMEM; Nacalai Tesque Inc., Kyoto, Japan) containing 10% fetal bovine serum (FBS; Hyclone®;
Thermo Fisher Scientific Inc., Waltham, MA, USA) and 1% antibiotics (Gibco® Antibiotic-Antimycotic;
Thermo Fisher Scientific Inc., Waltham, MA, USA).

4.2. Primary Culture of Odontogenic Cells In Vitro

DECs and DMCs were isolated from third molar tooth buds of 6-month-old porcine lower jaws
(Fukuokashokunikuhanbai Co. Ltd., Fukuoka, Japan) and cultured as described previously [16].
Single cell suspensions of DECs and DMCs were seeded in 10-cm dishes (Corning Inc., Corning, NY,
USA) and maintained in DMEM containing 10% FBS and 1% antibiotics at 37 ◦C with 5% CO2.

4.3. Transmission Electron Microscopy (TEM)

Odontogenic cells were incubated with MNPs (100 pg-magnetite/cell) for 24 h. After incubation,
cells were collected, washed three times with phosphate buffered saline (PBS), and fixed with a fix
buffer (2.5% glutaraldehyde, 0.1 M sucrose, 3 mM CaCl2, and 0.1 M sodium cacodylate, pH 7.4) for
2 h. Next, the cells were rinsed in 0.1 M sodium phosphate for 15 min at room temperature. The cells
were then postfixed with 1% OsO4 for 1.5 h and rinsed in 0.1 M sodium phosphate overnight at
4 ◦C. Subsequently, the cells were dehydrated in graded alcohol concentrations and propylene oxide,
embedded in epoxy resin, and incubated for 2 days at 65 ◦C. Ultrathin sections (80 nm) were prepared
by a Leica EM UC7 (Leica microsystems GmbH, Wetzlar, Germany). Finally, the sections were stained
with 2% uranyl acetate and lead acetate for 5 and 10 min, respectively. The sections were observed
using a Tecnai-20 (FEI Co., Hillsboro, OR, USA).

4.4. Cytotoxicity Assay

The cytotoxicity of MNPs in DECs and DMCs was assessed by MTS assays. In brief, DECs or
DMCs were seeded onto a 96-well flat bottom cell culture plate (Corning Inc., Corning, NY, USA) at
3 × 103 cells/well and incubated with MNPs at 0, 50, 100, 150, or 300 pg-magnetite/cell. After 24 h of
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incubation at 37 ◦C, the cells were exposed to an MTS solution for 24 h. Suspended cells were removed
by gentle rinsing with phosphate-buffered saline (PBS), and the number of adherent cells remaining in
each well was quantified using a coupled enzymatic assay resulting in conversion of a tetrazolium salt
into a red formazan product (CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay, Promega,
Madison, WI, USA). Recording the absorbance at 490 nm in the MTS assay was carried out using a
microplate reader (infinite M200, Tecan Japan Co., Ltd., Kanagawa, Japan).

4.5. Construction of Cell Sheets

DEC and DMC sheets were constructed using the Mag-TE system [10,14,26]. To magnetically
label the cells, DECs and DMCs were first incubated with MNPs at 100 pg-magnetite/cell. After 6 h of
incubation at 37 ◦C, both cell types labeled with MNPs were seeded into a 24-well ultra low attachment
cell culture plate (Corning Inc., Corning, NY, USA) at 2 × 106 cells/plate. The cylindrical neodymium
magnet (4110 G) was placed on the reverse side of the ultra low attachment plate, and the cells were
cultured for an additional 24 h. The external magnetic field was provided perpendicular to the cell
layers. Then, the neodymium magnet was removed from the culture plate. A CC sheet was also
constructed using the Mag-TE system. First, 2 × 106 magnetically labeled DMCs were seeded into a
24-well ultra low attachment cell culture plate with the external magnetic field provided perpendicular
to the cell layers and cultured for 24 h. After generation of the DMC sheet, 2 × 106 magnetically
labeled DECs were seeded into the same 24-well ultra low attachment cell culture plate and incubated
for another 24 h. Then, the neodymium magnet was removed from the culture plate.

4.6. Real-Time Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) Analyses

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). First-strand
cDNA was synthesized from 100 ng total RNA using ReverTra Ace (Toyobo, Osaka, Japan). The cDNA
was then amplified by SYBR green 1 DNA polymerase (TAKARA BIO Inc., Shiga, Japan). Real-time
RT-PCR analyses of Amelogenin (AMEL) (Sigma-Aldrich Co. LLC., Tokyo, Japan), Enamelin (ENAM)
(Sigma-Aldrich Co. LLC., Tokyo, Japan), Ameloblastin (AMBN) (Sigma-Aldrich Co. LLC., Tokyo,
Japan), Runt-related transcription factor 2 (RUNX2) (Sigma-Aldrich Co. LLC., Tokyo, Japan), CollagenIα2
(COL1α2) (Sigma-Aldrich Co. LLC., Tokyo, Japan), Dentin sialophosphoprotein (DSPP) (Sigma-Aldrich
Co. LLC., Tokyo, Japan), CollagenIVα1 (COL4α1) (BEX CO., LTD., Tokyo, Japan), and β-actin
(Sigma-Aldrich Co. LLC., Tokyo, Japan) were performed using a Rotor-Gene 6000 (Qiagen, Tokyo,
Japan). β-Actin was chosen as an internal control to standardize the variability in amplification owing
to slight differences in total starting RNA concentrations. Primer and probe sequences are listed in
Supplementary Table S1.

4.7. Prussian Blue Staining

To visualize the localization of MNPs in CC sheet, an iron staining kit (Muto pure chemicals
Co., Ltd., Tokyo, Japan) was used. A CC sheet constructed by the Mag-TE system was fixed with
4% paraformaldehyde and then rinsed with PBS three times. After dehydrating in graded alcohol
concentrations, the samples were embedded in paraffin, and 3 μm-thick serial sections were prepared
and mounted on glass slides. Deparaffinized sections were stained with the mixture of filtrated 2%
potassium ferrocyanide II/2% hydrochloric acid (ratio 1:1) for 60 min at 37 ◦C and washed in distilled
water. Finally, the sections were counter-stained with 1% safranin O for 5 min, washed three times in
distilled water, and air dried.

4.8. Immunohistochemical Observations

A CC sheet constructed by the Mag-TE system was fixed with 4% paraformaldehyde and then
rinsed with PBS three times. After dehydrating in graded alcohol concentrations, the samples were
embedded in paraffin, and 3 μm-thick serial sections were prepared and mounted on glass slides.
Deparaffinized sections were incubated in an antigen retrieval solution (HistoVT One, Nacalai Tesque,
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Kyoto, Japan) for 20 min at 90 ◦C, followed by blocking with EzBlock BSA (ATTO, Tokyo, Japan) for
30 min. The sections were incubated overnight with a primary antibody against COL4 (anti-collagen
IV antibody, ab6586, Abcam Co., Ltd., Tokyo, Japan), which is a basement membrane marker, followed
by 30 min of incubation with Alexa Fluor 488-conjugated secondary donkey anti-rabbit IgG (Thermo
Fisher Scientific Inc., Waltham, MA, USA). Then, the sections were gently rinsed three times with
PBS and counterstained with 4′,6-diamidino-2-phenylindole (DAPI) (Dojindo, Kumamoto, Japan) for
10 min. Fluorescence images were acquired with a BZ-9000 (Keyence, Osaka, Japan).

4.9. Statistical Analyses

Differences between group averages were assessed by Student’s t-tests or one-way analysis of
variance (ANOVA) with Tukey’s multiple range test. SPSS version 20.0.0 (IBM SPSS Statistics, IBM,
Tokyo, Japan) was used for statistical analyses.

5. Conclusions

In the present study, MNPs were shown to be taken up in odontogenic cells, and were found
to be a biocompatible material for odontogenic cells at a limited concentration. The Mag-TE system
demonstrated that the epithelial–mesenchymal interactions and the differentiation stage of DECs could
be controlled, which is thought to be important to regenerate DE. Regeneration of DE can be expected
in vivo by reconstructing the microenvironment and differentiation stage of odontogenic cells in vitro.
Consequently, MNPs may be a promising and unique material for regenerative dentistry.

Supplementary Materials: The following are available online at www.mdpi.com/2079-4991/7/10/322/s1,
Table S1: Primers/probes for real-time RT-PCR.
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Abstract: Cornea endothelial cells (CEnCs) tissue engineering is a great challenge to repair
diseased or damaged CEnCs and require an appropriate biomaterial to support cell proliferation
and differentiation. Biomaterials for CEnCs tissue engineering require biocompatibility, tunable
biodegradability, transparency, and suitable mechanical properties. Silk fibroin-based film (SF) is
known to meet these factors, but construction of functionalized graft for bioengineering of cornea
is still a challenge. Herein, lysophosphatidic acid (LPA) is used to maintain and increase the
specific function of CEnCs. The LPA and SF composite film (LPA/SF) was fabricated in this study.
Mechanical properties and in vitro studies were performed using a rabbit model to demonstrate the
characters of LPA/SF. ATR-FTIR was characterized to identify chemical composition of the films.
The morphological and physical properties were performed by SEM, AFM, transparency, and contact
angle. Initial cell density and MTT were performed for adhesion and cell viability in the SF and
LPA/SF film. Reverse transcription polymerase chain reactions (RT-PCR) and immunofluorescence
were performed to examine gene and protein expression. The results showed that films were designed
appropriately for CEnCs delivery. Compared to pristine SF, LPA/SF showed higher biocompatibility,
cell viability, and expression of CEnCs specific genes and proteins. These indicate that LPA/SF, a new
biomaterial, offers potential benefits for CEnCs tissue engineering for regeneration.

Keywords: cornea endothelial cells; tissue engineering; regeneration; silk fibroin; lysophosphatidic acid

1. Introduction

Cornea is the outer layer of the eye and has three individual layers: the epithelium, stroma,
and endothelium [1]. The corneal endothelium is a barrier for metabolic activity that plays an important
role in maintaining transparency by utilizing an ATPase pump [2]. Damaged or diseased corneal
endothelial cells (CEnCs) are difficult to regenerate due to break down of G1-cell cycle phase. Loss of
cell density which is caused by expansion of CEnCs cell size rather than proliferation is also a factor in
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degeneration of CEnCs. A loss of CEnCs result in corneal edema, blindness, visual acuity, etc. [3,4].
There are nearly 10 million cases of worldwide vision loss due to corneal blindness [5,6]. Therefore,
cornea transplantation or replacement of the endothelial cell layer is needed [3]. However, it is
reported that although the corneal graft rejection rate is less than 10%, the immunological rejection
rate increases to 25% after 4–5 years of implantation and continuously increases over time [6–8].
Thus, the development of tissue engineering strategies for an effective alternative to conventional
corneal grafts is increasing, and new biomaterials are required for the development of corneal
replacement n. The important factors that should be considered for bioengineered corneas are
transparency, biodegradability, biocompatibility, water permeability, possession of essential nutrients
for CEnCs, and appropriate mechanical properties for ease handling [2].

Bombyx mori silk is a structural protein and is widely used in tissue engineering biomaterials due to
its biocompatibility, biodegradation, tunable mechanical properties, and non-immunogenic response
in vivo [12–15]. Silk substrates have been shown to support cell adhesion, mobility, proliferation,
and differentiation by mimicking extracellular matrix (ECM) [16–20]. The silk material is made in
variety forms such as sponge, hydrogel, fiber, and film [16,17,19–27]. The most often-used structure
for corneal tissue engineering is film [2,3,15,28–33]. However, studies are still preceding to improve
silk material properties to enhance cell function, proliferation, and biocompatibility [3,12,15,30,32].
Silk fibroin in film form can be incorporated with bio-functional molecules and other biomaterials to
generate functional matrices. Also, patterned silk film surfaces can produce high-resolution surface
features [21–35].

Herein, lysophosphatidic acid-incorporated silk fibroin film (LPA/SF) was designed for an
efficient bioengineering of CEnCs graft. LPA is an endogenous glycerophospholipid signaling
molecule, a ligand activator, and has been reported to stimulate growth of fibroblasts, keratinocytes,
and endothelial cells, and plays many biological functions in the nervous system [36,37]. The LPA is a
critical serum component and affects cell attachment, proliferation, migration, and viability [38].
Epithelial cells, fibroblasts, or platelets are reported to release LPA at injured or inflammation
sites [38–40]. Also, LPA is released in the injured cornea, and it is predicted that these factors support
cell migration and proliferation to regenerate a wound [38].

The LPA/SF was characterized both mechanically and biochemically to determine suitability of
CEnCs carrier.

2. Materials and Methods

2.1. Preparation of SF Solution

Silkworm cocoons were cut into the pieces, and 10 g of silkworm cocoons were added into a
boiling 0.02 M Na2CO3 (Showa Chemical, Tokyo, Japan) in distilled water (DW) for 30 min to remove
sericin. After 30 min, silkworm cocoons were washed with DW and fully dried in 60 ◦C oven for
overnight. The dried SF was dissolved in a 9.3M LiBr (Kanto chemical, Tokyo, Japan) for 4 h in the
60 ◦C to prepare SF solution. The LiBr was removed via dialysis of SF solution in a dialysis tube
(SnakeSkin®Dialysis Tubing 3500 MWCO, Thermo Fisher Scientific, Waltham, MA, USA) for 48 h,
and the SF aqueous solution was kept at 4 ◦C until usage.

2.2. Fabrication of LPA/SF

Pure 8% SF aqueous solution was used in this study. The LPA (Sigma-Aldrich, St. Louis, MO,
USA) was dissolved in chloroform:methnol:acetic acid 95:5:5 and incorporated in SF aqueous solution
to make the final concentration of 20 μM LPA/SF. The SF and LPA/SF solution were transferred to
petri dish to make a thickness of 6–8 μm films and dried under a clean bench to avoid contamination.
The films were cross-linked with methanol for 30 min at room temperature. For further sterilization,
the films were treated with 70% ethanol under a UV light for 30 min and washed 3 times with PBS for
20 min.

72



Nanomaterials 2018, 8, 290

2.3. Characterizations

The chemical structure of SF and LPA/SF was analyzed using ATR-FTIR (Perkin Elmer, Waltham,
MA, USA) at the spectra wavelength range of 4000–400 cm−1.

The morphology was investigated by field emission scanning electron microscopy (FESEM, Hitachi
S4700) and atomic force microscopy (AFM) on a Scanning Probe Microscope XE 70 (Multimode-8,
Bruker, Billerica, MA, USA). Contact angle characterization was carried out by employing water contact
goniometer (TantecTM, CAM-PLUS Micro, Schaumburg, IL, USA) to measure the hydrophilicity of tissue
culture polystyrene (TCP), SF, and LPA/SF. Transparency of SF and LPA/SF was evaluated by SYNERGY
Mx spectrophotometer (BioTek, Winooski, VT, USA) at a wavelength range of 380 nm–780 nm after
immersing in PBS.

2.4. Isolation and Culture of Rabbit CEnCs (rCEnCs)

rCEnCs were cultured in endothelial growth medium-2 (EGM-2, Lonza, Walkersville, MD,
USA) supplemented with 10% fetal bovine serum (FBS, Gibco, Big Cabin, OK, USA) and 1%
penicillin/streptomycin (PS, Gibco, USA), epidermal growth factor (EGF), vascular endothelial
growth factor (VEGF), fibroblast growth factor (FGF), insulin-like growth factor (IGF), hydrocortisone,
gentamicin, and amphotericin-B under standard culture conditions (5% CO2, and 37 ◦C). rCEnCs were
isolated from New Zealand white rabbits (4 weeks old, Female). Animal experiment procedures were
approved by Chonbuk National University Animal Care Committee, Jeonju, South Korea. Briefly,
eyeballs were removed from rabbits and transferred to PBS. The eyeballs were washed 3 times with PBS
under a clean bench. Soft tissues were removed, and cornea was cut from the eyeball. The endothelium
with Descemet membrane was stripped from stroma. rCEnCs were transferred into a 0.2% collagenase
A (Roche, Germany) and digested for 40 min in an incubator with the condition of 5% CO2, and 37 ◦C.
After digestion, the solution was centrifuged at 1500 rpm for 5 min at 4 ◦C. The rCEnCs pallet was
suspended in the culture media and incubated under standard conditions (5% CO2, and 37 ◦C).
The media was changed every 2 days, and passage 0 of primary rCEnCs was used for this study.

2.5. Morphology Analysis

The rCEnCs were seeded on the SF and LPA/SF at density of 100 cells/mm2 and cultured in
EGM-2 medium for 5 days. The culture media was changed every 2 days. The media solution was
removed, and the films were washed with PBS. The films with adhered cells were fixed with 2.5%
glutaraldehyde (Sigma-Aldrich, USA) and different concentrations of ethanol (50%, 60%, 70%, 80%,
90%, and 100%) were used sequentially to dehydrate the films. The ethanol was changed every 20 min
for dehydration and dried for 24 h in room temperature before FESEM evaluation.

2.6. Initial Attachment

The density of 500 cells/mm2 was seeded on TCP, SF, and LPA/SF in the culture media. After
30 min of culture, the medium was aspirated and fixed with a cold methanol at 4 ◦C for 24 h.
The samples were washed with PBS and stained with DAPI (Santa Cruz Biotechnology, Santa Cruz,
CA, USA). The initial attachment of rCEnCs on the TCP, and films were investigated by fluorescence
microscopy (Nikon Eclipse TE-2000U, Nikon, Tokyo, Japan), and the cell number was counted using
the Image J program (n = 3).

2.7. Cell Viability

MTT (3-[4,-dimethylthiazol-2-yl]-2,5-diphenyltetrazoliumbromide;thiazolyl blue, Sigma-Aldrich,
USA) assay was performed for the rCEnC viability on the SF and LPA/SF. The 100 cells/mm2 per
well were seeded on TCP, SF, and LPA/SF and cultured in EGM-2. The rCEnCs were cultured for 1, 3,
and 7 days, and the culture media was changed every 2 days. The samples were replaced with fresh
culture medium with the addition of MTT solution (50 mg/mL in PBS) to make 10% MTT of medium
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volume and incubated under standard conditions (5% CO2, and 37 ◦C) for formazan crystal formation.
After 4 h of incubation, the solution was aspirated and 1 mL of dimethyl sulfoxide (DMSO) was added
to dissolve formazan crystal. Finally, the absorbance of the solution was evaluated at 570 nm using
microplate reader (Synergy MX, Biotek, Vernusky, VT, USA) (n = 3).

2.8. mRNAs Expression

The rCEnCs seeded with the density of 100 cells/mm2 films and TCP were cultured for 3 and
5 days. Trizol (Invitrogen, Carlsbad, CA, USA) and chloroform (Sigma-Aldrich, USA) were used to
extract mRNA and centrifuged at 12,000 rpm in 4 ◦C for 15 min. The supernatant was transferred
to a 1.5 mL Eppendorf tube. Iso-propanol (Sigma-Aldrich, USA) was added and kept in 4 ◦C
overnight. Isolated mRNA was dissolved in RNase-DNase free water (Gibco, USA). The gene markers
of voltage-dependent anion-selective channel 2 (VDAC2), voltage-dependent anion-selective channel
3 (VDAC3), chloride channel protein 2 (CLCN2), and sodium/bicarbonate co-transporter (NBC1) were
evaluated and normalized using β-actin a housekeeping gene. Gene expression was measured by
electrophoresis on 1% (w/v) agarose gel containing Ethidium Bromide (EtBr, Sigma-Aldrich, USA).
Images were obtained under a UV light (FluorChem FC2, Alpha Innotech, San Leandro, USA) at
360 nm.

2.9. Immunohistological Analysis

The expression of Na+/K+-ATPase and ZO-1 were measured to identify rCEnCs on SF and
LPA/SF. The histological expression was evaluated after 3 days of culture. The rCEnCs were
fixed with 4% formaldehyde (Sigma-Aldrich, USA) at 4 ◦C overnight and washed with PBS three
times. A protein-blocking solution (DAKO, Glostrup, Denmark) was added for 15 min at room
temperature to prevent non-specific binding. Fixed samples were incubated with the primary
antibodies anti- Na+/K+-ATPase and anti-ZO-1 (1:200, Sata Crux Biotechnology, Dallas, TX, USA) at
4 ◦C for overnight. Alexa Fluor®594-conjugated AffiniPure Donkey Anti-Rabbit IgG (1:300, Jackson
Immuno Research Laboratories, Inc., West Baltimore Pike West Grove, PA, USA) was used as a
secondary antibody. The images were taken by confocal laser scanning microscope (LSM 510 META,
Zeiss, Oberkochen, Germany) installed in the Center for University-Wide Research Facilities (CURF)
at Chonbuk National University.

3. Results

3.1. Characterization of SF and LPA/SF

3.1.1. ATR-FTIR Spectroscopy

The LPA, SF, and LPA/SF components and structure confirmation were analyzed by ATR-FTIR.
The crystallized SF is shown in the 1700 cm−1–1200 cm−1 range. The β-sheet formation of the
film is displayed by the three amide peaks. The C=O stretch, which is amide I (2), is shown at
1630 cm−1–1650 cm−1; amide II (3), which is N-H band, appears at 1520 cm−1–1540 cm−1 and C=N
stretch the amide III (4) is shown at the range of 1230 cm−1–1270 cm−1. Also, the –OH peak (1) was shown
at the range of 3000 cm−1–3650 cm−1. The result of LPA/SF shows deeper depth transmittance than the
SF. The LPA/SF peak showed slightly different peak at the wavelength range of 3100 cm−1–2910 cm−1

compared to the SF (Figure 1).
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Figure 1. ATR-FTIR spectroscopy of SF and LPA/SF spectra wavelength rage of 4000 cm−1–400 cm−1.

3.1.2. Transparency

The transparency of the films was studied by spectrophotometer at the wavelength range of
380 nm–780 nm. The gross image of SF and LPA/SF and the transparency of the fabricated films
and TCP in the visible range is shown (Figure 2a,b). TCP, which is a commercially available material,
was set as a positive control. The SF showed the highest transparency, but there was no significant
difference between LPA/SF and TCP. The transparency of films with cell culture displayed LPA/SF
slightly more transparently than TCP and the pristine SF.

Figure 2. Gross image and transparency of SF (red) and LPA/SF (blue) at wavelength of 380 nm 780 nm
(a) without cell culture and (b) with cell culture (n = 3).

3.1.3. Hydrophilicity

The contact angle of a water droplet on SF and LPA/SF was measured for 10 min. The difference
of contact angle between SF and LPA/SF was not significant for 5 min. However, LPA/SF showed
lower contact angle than the SF after 6 min (Figure 3).
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Figure 3. Contact angle of single water droplet (2 μL) on SF and 20 μM LPA/SF observed for 10 min (n = 5).

3.1.4. Surface Morphology and Roughness

The surface properties of the SF and LPA/SF were studied by FESEM and three-dimensional (3D)
AFM images. There was no significant difference between each film on the FESEM image (Figure 4a).
However, the topographic AFM images of bare SF and LPA/SF differed (Figure 4b). LPA/SF showed
rougher surface when compared to the SF.

Figure 4. (a) FESEM and (b) AFM images of as-fabricated SF and LPA/SF.
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3.2. In Vitro Study

3.2.1. Monolayer Formation

The morphology of rCEnCs cultured on films was evaluated by FESEM. The morphology, cell
density, and ECM secretion of rCEnCs were significantly different between SF and LPA/SF (Figure 5a,b).
The hexagonal shape of cells (red line), which is the basic structure of the endothelial cells, was displayed
in both films, but the ECM secretion between cells was significantly higher in LPA/SF (yellow arrow).

 

Figure 5. FESEM images of 5 days-cultured rCEnCs morphology on (a) SF and (b) LPA/SF.

3.2.2. Initial Attachment

The fluorescence image of TCP, SF and LPA/SF displayed different cell attachment. TCP showed
the highest cells and LPA/SF presented analogous cell density to TCP (Figure 6a). The initial cell
attachment on TCP the positive control was the highest (683.15 ± 42.66 cells/mm2). The LPA/SF
displayed a similar level of TCP initial cell attachment (575.1 ± 123.34 cells/mm2). The SF cell density
was the lowest (308.7 ± 63.12 cells/mm2) (Figure 6b).
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Figure 6. Initial attachment of rCEnCs on TCP, SF, and LPA/SF. (a) DAPI staining for initial attachment
evaluation (scale bar 100 μm) and (b) initial attachment of rCEnCs on the films (n = 3).

3.2.3. Cell Proliferation

TCP showed the highest cell proliferation for 7 days. Compared to bare SF, LPA/SF was found to
increase in cellular number. The LPA/SF displayed higher cell density for 7 days, which implies better
rCEnCs growth than the SF (Figure 7).

3.2.4. Specific mRNAs Expression

mRNAs expression was studied by RT-PCR using CEnCs-associated genes such as VDAC2,
VDAC3, NBC1, and CLCN2. β-Actin housekeeping gene was used for normalization. TCP was set as
a positive control. LPA/SF showed more enhanced gene expression for 5 days compared to SF alone
(Figure 8).

3.2.5. Immunohistological Evaluation

The SF and LPA/SF cultured with rCEnCs were stained with Na+/K+-ATPase (Na-K), which is
related to cornea transparency and tight junction protein ZO-1. Both films were properly expressed
without any remarkable changes of rCEnCs morphology (Figure 9a). The LPA/SF showed higher
fluorescence intensity, which was measured by the Image J program. (Figure 9b).
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Figure 7. Proliferation assay of cell-cultured TCP, SF, and LPA/SF in EGM-2 (n = 3).

Figure 8. CEnCs-specific gene expressions of different films with cell culture by RT-PCR, normalized
by β-actin (n = 3).
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Figure 9. Immunofluorescence staining images of Na-K and ZO-1 of rCEnCs cultured on SF and LPA/SF
(Scale bar 50 μm). (a) Fluorescence intensity of Na-K and ZO-1 analyzed by image J program (b).

4. Discussion

The structure of SF and LPA/SF was confirmed by the ATR-FTIR spectroscopy. Both SF and
LPA/SF displayed proper crystallized Silk fibroin [15]. The LPA/SF presented a small peak at the
wavelength rage of 3100 cm−1–2910 cm−1, which is similar peak to the one shown in the LPA. Moreover,
the LPA/SF exhibited deeper depth of the absorption band compared to SF. It is speculated that the
increase in intensity may be due to the overlap of the LPA and silk fibroin peak. However, the
concentration of the LPA in the SF was low that there was no particular difference.

Optically transparent SF and LPA SF were formed (Figure 2). The transparency is important
in cornea tissue engineering to provide a clear vision in vivo and monitor cell behavior, process of
healing, and check on any sign of infection [15,41]. Notably, the optical intensity of healthy human
acellular corneal stroma is 0.1–0.13 at the wavelength of 380 nm–780 nm [2,42,43]. Figure 2 shows the
as-fabricated films transparency at the wavelength range of 380 nm–780 nm. The pristine SF showed
higher transparency than the LPA/SF. However, when films were cultured with rCEnCs, LPA/SF
showed slightly higher transparency. This suggests that LPA/SF has the potential to be used as a
corneal substitute.

Hydrophilicity property is important, because it effects cell attachment, proliferation, and migration
on the substrate [28,29,35]. The measurement of contact angle is utilized to determine the hydrophilicity
and applicability of the films. The hydrophilicity was evaluated at 0 min and the hydrophobicity was
analyzed at 10 min to characterize the hydrophilicity/hydrophobicity. LPA-incorporated SF showed
higher hydrophilicity than the bare SF (Figure 3). Hydrophilic film provides essential nutrients and
prevents loss of body fluids [44–46].
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The surface characteristics of film for CEnC regeneration is crucial for interaction between cells
and proliferation [47]. The surface was identified by the FESEM and AFM. The FESEM result
showed a smooth surface in both films (Figure 4a). However, the topography of the films was
significantly different in AFM, which measures the surface roughness in nanoscale [48]. The roughness
was significantly high in LPA/SF, whereas the SF presented relatively smooth surface (Figure 4b).
It is reported that a rough surface provides greater cell attachment and a greater proliferation
environment [48]. The result of the cell morphology on the films showed concomitant results of
foregoing discussion. The films cultured with rCEnCs displayed monolayer on all films and presented
hexagonal shape of rCEnCs. However, large amount of ECM release between rCEnCs in LPA/SF was
exhibited (Figure 5b). Interaction between ECM and single layer of rCEnCs with the specific hexagonal
shape regulates the hydration of corneal stroma and controls transparency of the cornea in the anterior
chamber of eyeball [30,49,50].

The initial attachment to a graft, which defines affinity toward the specific substrate, is an
important factor to consider in tissue engineering [28,32,35]. A high rate of initial attachment signifies
that less time is required to reach the demanded confluency to the target graft and higher cell
proliferation [15,43,45]. The evaluation of the initial cell attachment to the films showed that the
LPA/SF was significantly higher than SF and similar rate to the positive control TCP (Figure 6a,b).
The viability and proliferation of CEnCs is important for vision recovery when transplanted [34].
The density of CEnCs must reach around 500 cells/mm2, otherwise it cannot function properly and
causes edema [15,51]. Both films increased significantly over 4 days compared to 1 day. However, the
difference was observed after 7 days, at which point LPA/SF displayed significantly increased rate of
proliferation as similar to the positive control TCP (Figure 7). It is predicted that LPA activated ligand
of cells and led to cell proliferation [37]. Furthermore, the TCP is widely known as the best material for
tissue culture of cell adhesion and proliferation [52]. However, TCP cannot be transplantable. The fact
that LPA/SF results in analogous level of proliferation to the TCP suggests that LPA/SF is a beneficial
material for CEnCs tissue engineering. This is because LPA/SF can be transplantable, and carries
culture property similar to the TCP.

For further confirmation, specific mRNAs and functional protein expressions were obtained.
VDAC2 and VDAC3 are known to regulate the interaction among cells, proteins, and small
molecules [53]. CLCN2 controls pH, transports organic molecules, and effects cells migration,
proliferation, and differentiation [34,54]. NBC1 is one of the NBC proteins and involves in absorption
and secretion of cellular HCO3

− and also intracellular pH regulation [54]. LPA/SF cultured with
rCEnCs showed more gene expression than SF on VDAC3, CLCN2, and NBC1 and slightly lower
expression on VDAC2 on 7 days (Figure 8). Considering the fact that LPA is involved in epithelial
growth, it is expected that LPA increases the favorable environment for cell growth and genes
expression of SF [37]. Moreover, the LPA/SF displaying the similar level of gene expression to
the positive control TCP is significant. This fact indicates that the LPA/SF can provide proper
environment similar to the TCP. The protein expressions results showed that rCEnCs on all films were
displayed properly without any remarkable changes in the cells morphology (Figure 9). Na-K is the
typical CEnCs marker which is responsible in clearing water from the corneal stroma and providing
transparency [2]. The LPA/SF exhibited higher expression of Na-K compared to the SF (Figure 9a,b).
It is assumed that the LPA supported the SF to provide enhanced environment for rCEnCs functionality.
The LPA/SF also showed higher expression level in ZO-1 which is a tight junction protein. This may
be attributed to LPA considering the fact that LPA is known to stimulate cells growth and biological
function [3,36–40]. In conclusion, LPA/SF provided similar condition to positive control TCP and
higher CEnCs specific gene and protein expression. It is envisioned that LPA/SF can be a promising
substrate for CEnCs delivery.

81



Nanomaterials 2018, 8, 290

5. Conclusions

In this study, proper and enhanced film for corneal tissue regeneration was designed. Both SF
and LPA/SF showed appropriate mechanical properties and enhanced biological properties in vitro.
rCEnCs successfully adhered, proliferated, and expressed CEnCs specific genes and proteins on the
both films. Further work is required to obtain an insight into how cells are modulated and respond to
LPA/SF. Considering the overall results, it is expected that LPA/SF can be employed to enhance the
clinical efficacy of the delivery of CEnCs to regenerate diseased or damaged CEnCs.
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Abstract: Titania nanotube (TNT) coatings were produced using low-potential anodic oxidation of
Ti6Al4V substrates in the potential range 3–20 V. They were analysed by X-ray diffraction (XRD),
Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and scanning electron microscopy (SEM).
The wettability was estimated by measuring the contact angle when applying water droplets. The
bioactivity of the TNT coatings was established on the basis of the biointegration assay (L929 murine
fibroblasts adhesion and proliferation) and antibacterial tests against Staphylococcus aureus (ATCC
29213). The photocatalytic efficiency of the TNT films was studied by the degradation of methylene
blue under UV irradiation. Among the studied coatings, the TiO2 nanotubes obtained with the use of
5 V potential (TNT5) were found to be the most appropriate for medical applications. The TNT5 sample
possessed antibiofilm properties without enriching it by additional antimicrobial agent. Furthermore, it
was characterized by optimal biocompatibility, performing better than pure Ti6Al4V alloy. Moreover,
the same sample was the most photocatalytically active and exhibited the potential for the sterilization
of implants with the use of UV light and for other environmental applications.

Keywords: titania nanotubes; anodic oxidation; biointegration; antibacterial properties;
photocatalytic activity

1. Introduction

The considerable progress within the field of biomaterials and their medical applications is a
result of intensive development of materials science. There are numerous biomaterials that can be used
in the human body, including metals, alloys, ceramics, synthetic, or natural polymers [1–7]. However,
titanium (Ti) and titanium alloys are considered to be some of the most significant biomaterials due to
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their resistance towards body fluid effects, high corrosion resistance, great tensile strength, flexibility
and biocompatibility. So far, they are the most widely used materials in implantology [8–12].

The responsibility for the biocompatibility of titanium and its alloys is attributed to the formation
of a chemically stable and highly adherent thin protective passivation film of titanium oxide.
The natural passivation oxide layer on titanium has a thickness about 3–8 nm and is formed
spontaneously in the presence of air or oxidizing media. This is also the case in biological systems,
where a bioliquid surrounds the metal [13–17]. In the case of implants, the stoichiometric defects
and low stability of this film can lead to their delamination and loosening [18–20]. Therefore,
it becomes necessary to make the biocompatible coating permanently bond with the surface of implants.
The fabrication of titania coatings of a specified stoichiometry and morphology by the electrochemical
anodization of Ti/Ti alloy surfaces is a way to achieve this aim [21–26]. This simple and inexpensive
method can lead to the formation of titania nanotube coatings of desired and beneficial structure,
morphology, dimensions (aspect ratio; hole diameter versus length of the nanotubes), as well as
optimized physicochemical properties. According to previous reports, titania nanotube coatings are
produced mainly in the anodic oxidation processes using 20 V or higher potential, and usually, they
are annealed in order to obtain crystalline TiO2 layers.

Taking into account the economic considerations and the noticeable general trend towards the use
of energy-efficient and time-efficient processes, we have focused on titania nanotube coatings (TNT) in
the present study, which were produced on the surface of Ti6Al4V alloy, using possibly low potentials,
i.e., 3–20 V at short process time below 20 min and without subsequent annealing. On the other hand,
we took into consideration the interaction between biomaterials and the microorganisms, since foreign
body-associated infections (FBAIs) are still one of the most frequent and dangerous complications of
modern implantology [27–29]. Staphylococci with their wide repertoire of surface adhesion and easy ability
to form biofilm are among the microorganisms that most frequently may result in infections [30,31]. It was
therefore apparent for the authors that modern implant systems should, if possible, not only actively
participate in the integration with the bone of the recipient, but should also prevent microbial adhesion,
biofilm formation and massive inflammation after the implantation.

To achieve this goal, it means to obtain the coatings, which possess the optimal ability to
osseointegrate as well as antibacterial activity (without enriching them with additional agents, such
as silver nanoparticles or antibiotics), the optimization of TNT fabrication processes has been carried
out, and the results of the studies on above issues are the main part of this paper. Moreover, the
studies on the correlation between the antimicrobial properties and the photocatalytic activity of TNT
coatings have been included into the publication in order to present their potential application in UV
sterilization of implants surface.

2. Results

The coatings consisting of vertically aligned titania nanotubes (TNT) were produced on the
Ti6Al4V surface using the electrochemical anodization technique and known procedure [32]. Samples
were produced in the potential range 3–20 V at room temperature, during a 20 min anodization
process, in the presence of 0.3 wt. % aqueous hydrofluoric acid solution. Coatings obtained at the
mentioned conditions were denoted as TNT3-TNT20. Analysis of TNT3-TNT20 SEM (Scanning
Electron Microscopy) images revealed that uniform nanotube coatings of the same tube length
(approximately 150–200 nm), open at the top and closed at the bottom, without cracks and gaps,
were formed (Figure 1).

The results of BET (Brunauer–Emmett–Teller) investigations of TNT coatings produced on
titanium alloy substrates showed that the value of the surface area of these coatings was decreasing as
the applied anodization voltage was increasing, and were equal to 18.3, 16.8, 12.1, and 10.2 m2/g for
layers anodized at 4 V (TNT4), 6 V (TNT6), 15 V (TNT15), and 20 V (TNT20), respectively. The above
findings were in good correlation with the data obtained for TNT produced on commercially pure
titanium foils [33].
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Figure 1. SEM (Scanning Electron Microscopy) images of the surface morphology and the cross section
of titania nanotube (TNT) coatings on the surface of Ti6Al4V foil, produced at 5 V, 8 V, 12 V, and 18 V.
Cross sections of the TNT coatings are illustrated as inserts.

2.1. Structural Characterization of TNT Coatings

Figure S1 in Supplementary Materials presents X-ray diffraction (XRD) patterns and Raman
spectra of TNT coatings formed on the surface of titanium Ti6Al4V alloy. According to these data,
materials produced on the surface of Ti6Al4V substrates, using the low potential anodic oxidation
(3–20 V), were amorphous since no fingerprints of crystalline titanium dioxides could be seen neither
in the XRD patterns nor in the Raman spectra.

In order to determine the nature of the oxide layer, the composition and the structure of produced
TNT coatings were studied using X-ray photoelectron spectroscopy (XPS). The obtained data for
as-received samples are presented in Table 1 and on Figure S2. Two peaks, which were found at
binding energies of 459.0 eV and 464.8 eV, respectively, were attributed to titanium, Ti(2p3/2) and
Ti(2p1/2) [34–36]. The splitting between the above-mentioned p-core levels is 5.8 eV (Table 1), which
indicates the presence of a normal Ti4+ state in produced TNT coatings. The use of the deconvolution
method revealed that the O(1s) peak can be composed of four (as it is visible for TNT4) or three
(for TNT5-TNT18) components. The first component found at ~530.3 eV is attributed to O2− in the
Ti–O bond of TNT coatings. The second component located between 531.6 and 532.0 eV corresponds
to oxygen of surface –OH groups. In this case, the splitting between the peaks is assigned to oxide
species (TiO2) and hydroxyl oxygen is 1.3–1.8 eV, and it is consistent with previous reports [34].
The components, which were found in the range 532.7–533.7 eV have been assigned to oxygen of water
molecules adsorbed on the TNT oxidized surface (Table 1) [37,38]. The deconvolution of the O(1s)
peak of TNT4 revealed the presence of a fourth component at 533.7 eV, which was attributed to the
physically adsorbed water molecules on the surface of TNT layer [39,40]. Moreover, peaks, which were
found at 285.0 eV (C–H/C–C), 286.4 eV (C–O), 289.0 eV (C=O), have been assigned to adsorbed carbon
oxide and organic contaminants.
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Table 1. X-ray photoelectron spectroscopy (XPS) data of selected TNT samples. The binding energies
are in eV.

Sample
Ti4+ O2− OH− H2O H2O

Ti(2p3/2) Ti(2p1/2) O(1s) O(1s) O(1s) O(1s)

TNT4 459.0 464.8 530.3 (53%) 531.6 (19%) 532.7 (17%) 533.7 (11%)
TNT5 459.2 465.0 530.4 (67%) 531.8 (23%) 533.1 (10%)
TNT6 459.0 464.8 530.3 (66%) 531.7 (24%) 533.0 (10%)
TNT8 458.7 464.7 530.4 (64%) 531.9 (25%) 533.2 (11%)
TNT10 458.8 464.6 530.2 (53%) 532.0 (32%) 533.4 (15%)
TNT15 459.0 464.8 530.4 (69%) 531.8 (21%) 532.8 (10%)
TNT18 458.7 464.5 530.3 (66%) 532.0 (23%) 533.4 (11%)

2.2. The Wettability and the Roughness of TNT Coatings

The nature of hydrophobic and hydrophilic forces plays an important role both for the biological
activity (impact on the cell adhesion and proliferation), as well as for the photocatalytic activity.
Figure 2 shows the results of the wettability studies. They revealed the clear hydrophobic character
of TNT5 and TNT6 samples. In both cases, the contact angle (θ) was close to 90 degrees and it was
significantly higher in comparison to other TNT samples. The roughness of the produced coatings is
another parameter influencing their biological and photocatalytic activity. Analysis of data presented in
Figure 3 revealed that the roughness of TNT6-TNT10 layers is larger as compared to pure titanium alloy,
and furthermore, larger than the roughness observed for TNT3-TNT5 and TNT12-TNT20 coatings.
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Figure 2. Results of wettability studies of TNT3-TNT20 samples.
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Figure 3. The surface roughness of TNT coatings determined by atomic force microscopy (AFM)
data analysis.
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2.3. Biological Activity of TNT Coatings Produced on the Surface of Ti6Al4V Foil

The biocompatibility of TNT coatings produced on the Ti6Al4V foil surface (Ti6Al4V-TNT system)
was evaluated based on the MTT assay results, which were related to the adhesion (measured after 24 h)
and proliferation (assessed after 72 h and 5 days) of L929 murine fibroblasts (Figure 4). It is worth noticing
that all the studied samples showed higher level of fibroblasts proliferation than the reference samples
after 72 h as well as after 5 days’ incubation time. However, this effect was most noticeable in the case of
TNT6-TNT10 samples, which consisted of densely packed nanotubes of ca. 25–35 nm in diameter.

Figure 4. The effect of the incubation time on the murine L929 fibroblasts adhesion (after 24 h) and
proliferation (after 72 h and 5 days) on the surfaces of Ti6Al4V alloy foils, modified by TNT, detected
by MTT assays. The absorbance values are expressed as means ± S.E.M. of three experiments. Asterisk
indicates significant differences between the cells incubated with the respective TNT for 24 h compared
to 72 h of incubation time (* P < 0.05, ** P < 0.01, *** P < 0.001, respectively); hash mark denotes
significant differences between the cells incubated with the same TNT for 72 h in comparison to 5 days’
incubation time (# P < 0.05, ## P < 0.01, ### P < 0.001, respectively).

Figure 5 shows comparative micrographs of L929 murine fibroblasts cultured on the Ti6Al4V
alloy and TiO2 nanotubes: TNT5, TNT10, and TNT15 for 24 h (a, d, g, j), 72-h (b, e, h, k), and 5 days
(c, f, i, l) respectively. Regarding the examination by SEM, the cells cultivated on the TNT surface
effectively attached to the plate surface. Importantly, the fibroblast cultured on the plates for 24 h
formed filopodia, which attached the cell to the surface of the plates, but did not form them among
themselves (Figure 5m). This phenomenon was observed only after 72 h and 5 days of incubation time
(Figure 5n,o, respectively). Moreover, particularly after 5 days, the fibroblasts incubated on plates were
crowded and were forming networks due to overgrowth of cells, which indicates that the tested plates
could contribute to the proliferation of the cells. The trend shown in the SEM analysis data in Figure 5
is the same as demonstrated in MTT assay (Figure 4). Furthermore, the cells have a more rounded
shape after a 24-h incubation time, whereas those fibroblasts cultured for 72 h or 5 days on the TNT
became increasingly more elongated and showed a number of filopodia.

The antibiofilm activity of Ti6Al4V-TNT system, produced with the use of anodic oxidation in
the range of potentials 3–20 V was studied against S. aureus ATCC 29213 using colony-forming units
(CFU) and LIVE/DEAD stained assays. The contact of the bacteria with the sample surfaces lasted
24 h. Figure 6 shows that inhibitory effect for S. aureus ATCC 29213 biofilm formations noticed in
case of TNT coatings produced at 3–5 and 12 V. LIVE/DEAD-stained BacLight Bacterial Viability Kit
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confirmed clear antibiofilm activity of the TNT5 sample. The lowest values of green fluorescence
units (Figure 7) and red fluorescence units (Figure 8), corresponding to the number of live and dead
microorganisms, respectively, obtained for the coatings produced at 5 V.

 

Figure 5. SEM images showing the cell adhesion (24 h) and proliferation (72 h and 5 days) of L929
murine fibroblasts on the Ti6Al4V alloy and TNT5, TNT10, and TNT15, after 24 h (a,d,g,j), 72 h (b,e,h,k),
and 5 days (c,f,i,l) of incubation time, respectively. The arrows indicate the filopodia spread between
fibroblasts incubated with TNT5 for 24 h, 72 h, and 5 days (m–o, respectively).
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Figure 6. S. aureus ATCC 29213 aggregates/biofilm formation on the surfaces of Ti6Al4V alloy foil
modified by TiO2 nanotubes (TNT) tested by the colony-forming units (CFU) method. The results are
presented as mean percentage ± standard deviation (S.D.) of S. aureus CFU reclaimed after 24 h from
Ti6Al4V alloy biomaterials modified by TiO2 nanotubes with different diameters (TNT), in comparison
to bacterial CFU recovered from control (unmodified) biomaterial (Ti6Al4V) considered as 100%. Two
independent sets of experiments were prepared, each in duplicate.

 

Figure 7. Number of live microorganisms adhered to Ti6Al4V alloy and TNT coatings, obtained in the
anodic oxidation of Ti6Al4V surface.

Figure 8. Number of dead microorganisms adhered to Ti6Al4V alloy and TNT coatings, obtained in
the anodic oxidation of Ti6Al4V surface.
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2.4. Photocatalytic Properties of TNT Coatings Produced on the Surface of Ti6Al4V Foil

The photodegradation of methylene blue (MB) is known in details [41]. This is why the MB
photodegradation process is a good model for nanotubes photoactivity tests. The rate of MB
photodegradation provides information on the photochemical activity of the studied TNT coatings
produced at different anodization conditions. Additionally, it is a simple model system representative
for organic water pollutant degradation. Figure S3 shows the absorbance of MB versus time
dependence for the observed photodegradation process. All recorded kinetic measurements were
similar in shape and could be fitted with one-exponential Equation (1),

At = Ainf − (Ainf − A0) exp(−kobst) (1)

where At, Ainf, and A0 represents absorbance in the real reaction time (t), infinity (inf), and start of the
reaction (t = 0 s).

The observable rate constant is marked as kobs, and values of this parameter, designated for
samples TNT3-TNT20, have been summarized in Table 2. An analysis of these data exhibits that the
values of kobs change in the narrow range from 1.63 up to 1.95 (×10−3 min-1) and they do not seem
to depend strongly on the morphology of the produced coatings and the obtained surface structure.
However, the slightly higher photoactivity of samples TNT5, TNT10, TNT18 should be noted, which
results in higher values of MB photodegradation rate constants (Table 2).

Table 2. The kobs rate constants for methylene blue (MB) photodegradation on the TNT surfaces formed
at different potentials. The results take into account blind tests (no UV and no titania samples).

Rate Constant

Sample

TNT3 TNT4 TNT5 TNT6 TNT8 TNT10 TNT12 TNT15 TNT18 TNT20

103 × kobs (min−1) 1.70 ± 0.14 1.63 ± 0.15 1.91 ± 0.13 1.62 ± 0.14 1.77 ± 0.16 1.89 ± 0.20 1.70 ± 0.16 1.80 ± 0.14 1.90 ± 0.16 1.69 ± 0.15

3. Discussion

The use of Ti6Al4V surface anodization allowed for the controlled formation of titania nanotube
coatings of different tube diameters, i.e., from ca. 15 up to ca. 80 nm (Figure 9). Coatings produced
between 3 V and 12 V consist of densely packed nanotubes, whereas the layers obtained at higher
potentials (15–20 V) are formed by the separated nanotubes, as evident from the cross section images
inserted in Figure 1. Nonlinear dependency between the used potential and the nanotubes diameter can
be explained by the presence of the tubes separation processes, which proceed during the nanotubes
growth process (Figure 9). An analysis of the SEM images revealed that the beginning of the nanotubes
separation was observed for coatings obtained above 4 V, and the finish of the separation process was
observed for samples produced at potentials higher than 12 V.

As the photo- and bioactivity of titania coatings is strongly dependent on their surface structure,
it was decided to focus on the characterization of the amorphous surface structures in further details.
According to McCafferty and Wightman, the metal-oxide system on the metal surface consists of three
regions: (a) metal-oxide part, (b) hydroxylated part, and (c) chemisorbed water. This three-piece oxide
layer is usually covered with adsorbed carbon oxides, organic contaminants from the air, as well as the
physically adsorbed water [37]. The results of the XPS studies revealed that the percentage of adsorbed
H2O molecules and OH−-groups on the surface of produced TNT coatings, changes depending on the
condition of the anodic oxidation processes. TNT5 and TNT6, which consisted of the densely packed
nanotubes of diameters of ca. 21–25 nm, are characterized by the low percentage of adsorbed H2O
molecules and the high concentration of OH−-groups (Table 1). For the layer composed of nanotubes
where the diameter was smaller than ca. 20 nm, (TNT4), the XPS studies confirmed the presence
of chemisorbed, as well as physically adsorbed, water molecules and the low concentration of the
hydroxyl groups. In turn, for nanotubes with diameters above ca. 25 nm, but still possessing the
common walls, the amount of H2O molecules and –OH groups increases. The effect of the nanotubes’
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final separation, which was noticed for TNT15, influences probably the insignificant amount of water
molecules and hydroxyl groups on the surface of nanotubes.
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Figure 9. The diameter of titania nanotubes as a function of used potential.

According to earlier reports, titanium and its alloys revealed a more hydrophobic character.
However, their anodic oxidation leads to the formation of more hydrophilic systems [42–46]. In the
case of coatings composed of titania nanotubes, their hydrophilicity significantly depends on the
nanotubes’ diameter, e.g., coatings composed of large diameter nanotubes are more hydrophilic. It can
be explained by the fact that capillary forces of the liquid are able to facilitate water penetration
into the tube interior. The TNT coatings produced at 5 V and 6 V are composed of densely packed
nanotubes of diameters ca. 21–25 nm. According to the XPS data, the surface of these materials
characterizes relatively low adsorption of water molecules (Table 1), which is in accord with the contact
angle findings. In the comparison to TNT5 and TNT6, an increase in the hydrophilicity has been
observed for both TNT surfaces having nanotubes of smaller diameters (below ca. 21 nm), as well
as for TNT surfaces having larger nanotube diameters (above ca. 25 nm). The further increase in
the hydrophilicity of the produced coatings is associated with the increase of the nanotube diameter,
according to the trend seen by other authors in the literature [47]. The rapid increase in the TNT
coatings hydrophilicity for materials produced between 12 and 20 V is associated with the separation
process of nanotubes, which proceeds on the substrate surface (Figures 1 and 9). Considering the
obtained results, it should be noted that the nanotube diameters and their separation are the main
factors influencing the wettability properties of the studied TNT coatings.

We have previously shown that the adhesion and the proliferation of fibroblasts on the surface
of Ti-TNT system were significantly higher than on the surface of pure non-oxidized titanium [32].
According to literature reports, the use of Ti6Al4V alloy as a substrate offers much better physical
and mechanical properties than pure titanium, as well as excellent biocompatibility [48]. The results
of the studies of Ti6Al4V-TNT system, produced by the use of various potentials (3–20 V), revealed
that the adhesion and the proliferation of L929 cells were greater as compared to the nonoxidized
reference sample (pure Ti6Al4V) (Figure 4). The smaller differences in the cell proliferation after 5 days
(P < 0.01 for 72 h versus P < 0.05 for 5 days) may be due to the fact that the fibroblasts were crowded
and formed network due to overgrowth of cells. Furthermore, the cells overgrowing the entire surface
of the plates did not have enough free space for further subdivisions. This assumption was confirmed
by the results of the SEM analysis (Figure 5).
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In general, the results of the MTT assay confirmed the promising biocompatible properties of all
produced TNT coatings. They give hope for the use of studied coatings as biomaterials in implantology,
since favorable cellular interaction with their surface is crucial to the long-term success of implants [49].
Analysis of data presented in Figure 4 revealed the lack of significant differences in terms of the
adhesion and the proliferation of cells on the surface of TNT3-TNT5 and also TNT12-TNT20 samples.
The biointegration was most noticeable in the TNT6-TNT10 samples. The mentioned greater fibroblast
cells adhesion and proliferation may be associated with the high roughness values of TNT6-TNT10
(Figures 3 and 4).

The inhibitory effect for S. aureus ATCC 29213 biofilm formations was noticed in the TNT coatings
produced at 3–5 and 12 V. It was intensified with the increase of the surface hydrophobicity and it
was the strongest for TNT5. This effect was observed to be weaker for TNT12-TNT20 samples, what
could be associated with the increase of the hydrophilicity for these coatings consequentially with
the increase of the nanotubular diameter and their separation (Figures 2 and 9). The stimulation
effect of the biofilm formation, which was noted for TNT6-TNT10 samples is incomprehensible and
requires further explanation. The enhanced adhesion of bacteria to the nanotubular and nanotextured
surfaces, is speculated by Puckett as being a result of their amorphousness and the greater nanometer
surface roughness [50]. Our studies have shown that all the produced TNT coatings were amorphous,
which together with the high surface roughness of TNT6-TNT10 may lead to a significant increase in
their vulnerability on bacterial attachment in comparison to the conventional Ti6Al4V non-anodized
surfaces. Puckett et al. also pointed out the ambiguous role of fluoride ions, which are present on
the nanotubular titanium surfaces [50]. According to them, the fluorine present on the TNT coating
surface may increase the adhesion of bacteria. On the other hand, the earlier studies confirmed the
antibacterial effect caused by the presence of fluorine [51–53]. Results of our XPS studies confirmed that
TNT coatings formed during the anodization processes contain fluorine ions, and furthermore, that the
fluorine content is different for TNT samples obtained at different potentials (Table 3). An analysis of
the XPS data indicated that the highest fluorine concentration is observed on the TNT5 surface, which
might be linked with the good antimicrobial properties observed for this coating.

Table 3. Fluorine ions’ presence on the surface of TNT coatings based of XPS studies.

Sample TNT4 TNT5 TNT6 TNT8 TNT10 TNT15 TNT18

F % 4.2 6.3 4.5 1.5 2.9 2.4 1.3

The LIVE/DEAD assay also confirmed clear antibiofilm activity of TNT5, as the lowest number
of live and dead bacteria (Figures 7 and 8) was noticed for this coating. This indicates that TNT5 is
the most active surface preventing bacterial adhesion and biofilm formation. Moreover, based on
the suggestions of Puckett et al., and Palma et al. it could be suspected that the growing number
of dead bacteria on the selected titanium surfaces (TNT6-TNT15), which can release an intercellular
protein upon death, might become the nutrient for others and enhance further adhesion to other
microorganisms [50,54]. In accordance with this, the number of live staphylococci on those surfaces is
also observed to increase.

Making the discussion about the photocatalytic activity of obtained nanotube coatings we can
state that, generally, the values of kobs for TNT coatings produced on the surface of Ti6Al4V are lower
in comparison to previously noticed data for TNT on Ti substrates [33]. The observed difference
can be explained by the amorphousness of the present TNT as well as the presence of smaller
diameters of nanotubes on alloy surfaces, in comparison to TNT layers formed on titanium substrates.
Nonetheless, although TNT formed on the titanium alloy reacts slower, the difference which is not
distinctly significant (the same order of magnitude) and popularity of this alloy in many applications
(e.g., medical) makes TNT formed on Ti6Al4V a very interesting material, which can compete with
TNT formed on the pure titanium foil, if photochemical properties are taken into account.
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Among the studied Ti6Al4V-TNT systems, obtained with the use of low-potential anodic oxidation
of titanium alloy, only the TNT5 surface appears to maintain an appropriate balance between the tissue
biocompatibility allowing for the colonization of the host eukaryotic cells and the ability to prevent the
bacterial adhesion and biofilm formation. Therefore, we can conclude that TNT5 coating is superior for
biomedical applications as implants surface coating. Moreover, TNT5 is the most photoactive among
the studied materials, in the degradation of MB solution, so it can be used simultaneously as active
coating in the process of implant surface sterilization induced by UV light.

Biological properties of TNT6, TNT8, and TNT10, which are characterized by the highest
roughness compared to other produced TNT coatings, are noteworthy. These materials revealed
the best properties for the adhesion and proliferation of fibroblasts. However, at the same time they
are also characterized by a surprisingly high adhesion of microorganisms and tendency to biofilm
formation, which excludes their use as biomedical coatings.

It should be pointed out that the obtained results have a limitation—they are adequate for Ti6Al4V
alloy, which is commonly used in maxillofacial and dental implantology. In the case of the other
titanium alloy use (for example Ti6Al7Nb and Ti13Nb13Zr used in orthopaedics), the optimization
process of TNT production is necessary.

4. Materials and Methods

4.1. Synthesis of TiO2 Nanotubes Coatings (TNT)

TiO2 nanotubes (TNT) were produced on the surface of Ti6Al4V alloy samples (5 mm × 70 mm,
Grade 5, BIBUS METALS) using the anodic oxidation method. Before the process of anodization,
the substrate samples were ultrasonically cleaned sequentially in acetone (15 min), 80% ethanol (5 min),
and deionised water (15 min). The substrates were dried in an Argon stream at room temperature.
The surface of the substrates were chemically etched in a 1:4:5 mixture of HF:HNO3:H2O for 30 s,
cleaned with deionised water, and dried in an argon (Ar) stream. The anodization was carried out
at room temperature using prepared substrate as anode, platinum wire as cathode, and 0.3 wt. %
aqueous HF solution as electrolyte, according to earlier reports [32]. The applied potential was varied
from 3 V up to 20 V and the anodization time t = 20 min. In order to purify the produced coatings, they
were washed with distilled water with the addition of Al2O3 powder (averaged particle size = 50 nm)
in an ultrasonic bath for 1 min, and then dried in Ar stream. Samples obtained at mentioned conditions
were denoted as: TNT3-TNT20.

4.2. Morphological and Structural Characterization of TNT Coatings

The morphology of the produced coatings was studied using Quanta field-emission gun Scanning
Electron Microscope (SEM; Quanta 3D FEG; Carl Zeiss, Göttingen, Germany; 30.0 kV accelerating
voltage was chosen for SEM analysis and the micrographs were recorded under high vacuum using
secondary electron detector (SE)). The surface roughness of the produced coatings was established
based on atomic force microscopy studies (AFM; NanoScope MultiMode SPM System, Bruker,
Billerica, MA, USA, with scanning probe Veeco Digital Instrument, measurement in the tapping mode
(noncontact mode), scan area: 5 × 5 μm). The structure of the produced TiO2 nanotube layers (TNT)
was analyzed using X-ray diffraction (PANalytical X’Pert Pro MPD X-ray diffractometer, PANalytical
B.V., Almelo, The Netherlands, using Cu-Kα radiation; the incidence angle was equal to 1 deg) and
Raman spectroscopy (RamanMicro 200, Perkin Elmer, Waltham, MA, USA, Exposure time 2 s; Number
of exposure 20; Spectral range 200–3200 cm−1; number of scanned points on the sample surface −10).
XPS spectra of investigated samples were obtained with monochromatized Al Kα-radiation (1486.6 eV)
at room temperature using a PHI 5700/660 ESCA spectrometer (Physical Electronics, Lake Drive East
Chanhassen, MN, USA). Studies on BET-specific surface area were done using the Accelerated Surface
Area and Porosimetry System ASAP 2010 (Micromeritics, Norcross, GA, USA). The samples were
heated (desorbed) before measurement at 70 ◦C to achieve a final pressure of 0.001 mbar, over 8 h.
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After the desorption process, the samples were weighed and placed in a measuring station in the
temperature of liquid nitrogen, in which the nitrogen adsorption isotherms were determined).

4.3. Wettability Measurements

The wettability of TNT coatings was investigated using a Drop Shape Analyzer—DSA100S (Krüss,
Hamburg, Germany) for the contact angle measurement. Ten μL of distilled water were slowly
deposited on the surface of analyzed TNT coatings using a calibrated screw-syringe. The images were
recorded and the contact angles were estimated by numerically fitting of the droplet images. The value
of the contact angle for each biomaterial is the average value of five measurements.

4.4. Cell Adhesion and Proliferation Assay on TNT Coatings

Murine fibroblasts cell line L929 (American Type Culture Collection) culture conditions
were the same as described previously [32]. The effect of TNT on the cells adhesion (after
24 h) and proliferation (after 72 h and 5 days, respectively) were studied by the MTT (3-(4,5-
dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide; Sigma Aldrich, Darmstadt, Germany) assay
using the same method as it was reported in [32]. The morphology changes of L929 cells grown on the
surface of TiO2 nanotubes coatings were analyzed using Scanning Electron Microscopy (SEM, Quanta
3D FEG; Carl Zeiss, Göttingen, Germany).

4.5. Microbial Aggregates/Biofilm Formation on TNT Coatings

TNT coatings on the surface of Ti6Al4V alloy substrates, prepared in the accordance with the
procedure previously used [32], have been exposed to Staphylococcus aureus ATCC 29213 reference
strain. The samples (size ~5 mm × 5 mm) of studied TNT layers and unmodified Ti6Al4V alloy
(control sample) were placed into S. aureus suspension (OD = 0.9) for 24 h and incubated in stable
conditions at 37 ◦C to check the formation of microbial aggregates/biofilm on the surface of TNT
coatings [32]. To evaluate aggregates/biofilm formation, a CFU method was used after mechanical
recovery of microbial cells from the tested surfaces, as well as LIVE/DEAD-stained BacLight Bacterial
Viability kit (L/D; Invitrogen, Thermo Fisher Scientific, Eugene, OA, USA).

4.6. Photocatalytic Degradation of Methylene Blue (MB)

Studies on the photocatalytic degradation of methylene blue (MB) were performed using MB
aqueous solution of initial concentration c0 = 1.0 × 10−5 M, according to the procedure written in earlier
reports [33]. The kinetic calculations are based on the methodology of chemical kinetics assuming a
Langmuir–Hinshelwood reaction mechanism. Taking into account a low concentration of MB, it can be
assumed that a photodegradation process occurs according to the pseudo-first-order kinetics, and the
kinetic equation describing changes in the MB concentration during its degradation can be expressed
as below (Equation (2)):

ct = c0 exp(−kobst), (2)

where ct is MB concentration after time t, c0 is its starting concentration, and kobs is the observable rate
constant. In the calculations, blind tests (degradation of MB with no UV and no titania samples) were
taken into account.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/7/8/197/s1,
Figure S1: Results of XRD studies of TNT coatings produced at 5, 8, 12, and 18V, respectively (a) and Raman
spectra of these materials (b); Figure S2: XPS spectra of selected TNT samples, O1s peaks after deconvolution
process.; Figure S3: Changes of MB absorbance as a function of time with UV light illumination in the presence
of TNT3-TNT20.
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32. Lewandowska, Ż.; Piszczek, P.; Radtke, A.; Jędrzejewski, T.; Kozak, W.; Sadowska, B. The evaluation of the
impact of titania nanotube covers morphology and crystal phase on their biological properties. J. Mater. Sci.
Mater. Med. 2015, 26, 163. [CrossRef] [PubMed]

33. Radtke, A.; Piszczek, P.; Topolski, A.; Hald Andersen, I.; Pleth Nielsen, L.; Heikkilä, M.; Leskelä, M. The
evaluation of the impact of titania nanotube covers morphology and crystal chase on their biological
properties. Appl. Surf. Sci. 2016, 368, 165–172. [CrossRef]

34. Lai, Y.; Sun, L.; Chen, Y.; Zhuang, H.; Lin, C.; Chin, J.W. Effects of the structure of TiO2 nanotube array on Ti
substrate on its photocatalytic activity. J. Electrochem. Soc. 2006, 153, 123–127. [CrossRef]

35. Akhavan, O.; Ghaderi, E. Capping antibacterial Ag nanorods aligned on Ti interlayer by mesoporous TiO2

layer. Surf. Interface Anal. 2009, 203, 3123–3128. [CrossRef]
36. Akhavan, O.; Ghaderi, E. Self-accumulated Ag nanoparticles on mesoporous TiO2 thin film with high

bactericidal activities. Surf. Coat. Technol. 2010, 204, 3676–3683. [CrossRef]
37. McCafferty, E.; Wightman, J.P. Determination of the concentration of surface hydroxyl groups on metal oxide

films by a quantitative XPS method. Surf. Interface Anal. 1998, 26, 549–564. [CrossRef]
38. Tan, X.; Fan, Q.; Wang, X.; Grambow, B. Eu(III) sorption to TiO2 (anatase and rutile): Batch, XPS, and EXAFS

studies. Environ. Sci. Technol. 2009, 43, 3115–3121. [CrossRef] [PubMed]
39. Haija, M.A.; Guimond, S.; Uhl, A.; Kuhlenbeck, H.; Freund, H.-J. Adsorption of water on thin V2O3(0001)

films. Surf. Sci. 2006, 600, 1040–1047. [CrossRef]
40. Henderson, M.A. Water adsorption on TiO2 surfaces probed by soft X-ray spectroscopies: Bulk materials vs.

isolated nanoparticles. Surf. Sci. Rep. 2002, 46, 15088.
41. Houas, A.; Lachheb, H.; Ksibi, M.; Elaloui, E.; Guillard, C.; Herrmann, J.-M. Photochemical Characterization

and Photocatalytic Properties of a Nanostructure Composite TiO2 Film. Appl. Catal. B Environ. 2001, 31,
145–157. [CrossRef]

42. Ninham, B.W.; Kurihara, K.; Vinogradova, O. Hydrophobicity, specific ion adsorption and reactivity. Colloid
Surf. A 1997, 123–124, 7–12. [CrossRef]

43. Park, J.; Bauer, S.; Schleger, K.A.; Neukam, F.W.; Von Mark, K.D.; Schmuki, P. TiO2 nanotube surfaces:
15 nm–an optimal length scale of surface topography for cell adhesion and differentiation. Small 2009, 5,
666–671. [CrossRef] [PubMed]

98



Nanomaterials 2018, 7, 197

44. Brammer, K.S.; Oh, S.; Gallagher, J.O.; Jin, S. Enhanced cellular mobility guided by TiO2 nanotube surfaces.
Nano Lett. 2008, 8, 786–793. [CrossRef] [PubMed]

45. Sun, T.; Wang, M. A comparative study on titania layers formed on Ti, Ti-6Al-4V and NiTi shape memory
alloy through a low temperature oxidation process. Surf. Coat. Technol. 2010, 205, 92–101. [CrossRef]

46. Clem, W.C.; Konovalov, V.; Chowdhury, S.; Vohra, Y.K.; Catledge, S.A.; Bellis, S.L. Mesenchymal stem cell
adhesion and spreading on microwave plasma-nitrided titanium alloy. J. Biomed. Mater. Res. A 2006, 76,
279–287. [CrossRef] [PubMed]

47. Shin, D.H.; Shokuhfar, T.; Choi, C.K.; Lee, S.-H.; Friedrich, C. Wettability changes of TiO2 nanotube surfaces.
Nanotechnology 2011, 22, 315704. [CrossRef] [PubMed]

48. Giordano, C.; Saino, E.; Rimondini, L.; Pedeferri, M.P.; Visai, L.; Cigada, A.; Chiesa, R. Electrochemically
induced anatase inhibits bacterial colonization on Titanium Grade 2 and Ti6Al4V alloy for dental and
orthopedic devices. Colloids Surf. B Biointerfaces 2011, 88, 648–655. [CrossRef] [PubMed]

49. Cevc, G.; Vierl, U. Nanotechnology and the transdermal route: A state of the art review and critical appraisal.
J. Control. Release 2010, 141, 277–299. [CrossRef] [PubMed]

50. Puckett, S.D.; Taylor, E.; Raimondo, T.; Webster, T.J. The relationship between the nanostructure of titanium
surfaces and bacterial attachment. Biomaterials 2010, 31, 706–713. [CrossRef] [PubMed]

51. Yoshinari, M.; Oda, Y.; Kato, T.; Okuda, K. Influence of surface modifications to titanium on antibacterial
activity in vitro. Biomaterials 2001, 22, 2043–2048. [CrossRef]

52. Raulio, M.; Jarn, M.; Ahola, J.; Peltonen, J.; Rosenholm, J.B.; Tervakangas, S. Microbe repelling coated
stainless steel analysed by field emission scanning electron microscopy and physicochemical methods. J. Ind.
Microbiol. Biotechnol. 2008, 35, 751–760. [CrossRef] [PubMed]

53. Hyde, F.W.; Alberg, M.; Smith, K. Comparison of fluorinated polymers against stainless steel, glass and
polypropylene in microbial biofilm adherence and removal. J. Ind. Microbiol. Biotechnol. 1997, 19, 142–149.
[CrossRef] [PubMed]

54. Palma, M.; Haggar, A.; Flock, J.I. Adherence of Staphylococcus aureus is enhanced by an endogenous secreted
protein with broad binding activity. J. Bacteriol. 1999, 181, 2840–2845. [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

99



nanomaterials

Article

Gadolinium Tagged Osteoprotegerin-Mimicking
Peptide: A Novel Magnetic Resonance Imaging
Biospecific Contrast Agent for the Inhibition of
Osteoclastogenesis and Osteoclast Activity

Lubinda Mbundi 1,2 ID , Steve T. Meikle 2, Rosa Busquets 3, Nicholas G. Dowell 4,

Mara Cercignani 4 and Matteo Santin 2,* ID

1 Department of Surgical Research, Northwick Park Institute for Medical Research, University College
London (UCL), Northwick Park & St Marks Hospitals, Watford Road, Harrow, Middlesex HA1 3UJ, UK;
l.mbundi@ucl.ac.uk

2 Centre for Regenerative Medicine and Devices, School of Pharmacy and Biomolecular Sciences,
University of Brighton, Huxley Building, Lewes Road, Brighton BN2 4GJ, UK;
stevenmeikle@googlemail.com

3 Faculty of Science, Engineering and Computing, Penrhyn Road, Kingston University,
Kingston Upon Thames KT1 2EE, UK; r.busquets@kingston.ac.uk

4 Clinical Imaging and Science Centre (CISC), Centre for Regenerative Medicine and Devices,
Brighton and Sussex Medical School, Lewes Road, Brighton BN1 9RR, UK;
N.G.Dowell@bsms.ac.uk (N.G.D.); M.Cercignani@bsms.ac.uk (M.C.)

* Correspondence: m.santin@brighton.ac.uk; Tel.: +44-(0)-1273-642083

Received: 17 April 2018; Accepted: 28 May 2018; Published: 2 June 2018
��������	
�������

Abstract: The control of osteoblast/osteoclast cross-talk is crucial in the bone remodelling process
and provides a target mechanism in the development of drugs for bone metabolic diseases.
Osteoprotegerin is a key molecule in this biosignalling pathway as it inhibits osteoclastogenesis
and osteoclast activation to prevent run-away bone resorption. This work reports the synthesis of a
known osteoprotegerin peptide analogue, YCEIEFCYLIR (OP3-4), and its tagging with a gadolinium
chelate, a standard contrast agent for magnetic resonance imaging. The resulting contrast agent
allows the simultaneous imaging and treatment of metabolic bone diseases. The gadolinium-tagged
peptide was successfully synthesised, showing unaltered magnetic resonance imaging contrast
agent properties, a lack of cytotoxicity, and dose-dependent inhibition of osteoclastogenesis in vitro.
These findings pave the way toward the development of biospecific and bioactive contrast agents
for the early diagnosis, treatment, and follow up of metabolic bone diseases such as osteoporosis
and osteosarcoma.

Keywords: osteoclastogenesis; RANK-RANKL-OPG; mimetic peptide; Gadolinium chelate; MRI

1. Introduction

The physiological remodelling of bone tissue is controlled by a delicate balance between the
activity of the cells producing its mineralised extracellular matrix, the osteoblasts, and that of the
osteoclasts, the cells responsible for its resorption [1,2]. This process of tissue turnover is regulated
through the interaction of the receptor activator of nuclear factor kappa-B (RANK), expressed by
osteoclast progenitors, with its cognate ligand (RANKL), which is expressed by the osteoblasts either
as a membrane-bound form or as a free-soluble form. The soluble form activates both osteoclast
differentiation and activation, thus initiating bone resorption [2]. A fine regulation of the cross-talk
between these two cells is provided by the synthesis of another protein, osteoprotegerin (OPG), a soluble
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receptor for RANKL that is secreted by osteoblasts and bone marrow stromal cells to decoy the
recognition of RANK by RANKL [3]. By binding RANKL, OPG prevents the ligand recognition of RANK,
thus inhibiting osteoclast differentiation and activity and allowing new bone tissue deposition [4].

Indeed, the balanced sequence of interactions of the RANK/RANKL/OPG triad represents a
tightly controlled system at the centre of the osteoclast-osteoblast functional unit that determines
skeletal mass at any time in an organism’s life. It is well established that the dysregulation of the
RANK/RANKL/OPG triad significantly affects osteoclast maturation, survival, and activity, resulting
in disorders of the bone remodelling cycle such as osteoporosis, Paget’s disease, rheumatoid arthritis,
and bone metastases [5,6]. Current pharmacological interventions are designed to either reduce bone
resorption or stimulate bone formation. Drugs used to reduce bone resorption include hormone
replacement therapy (HRT) and selective oestrogen receptor modulators (SERM), bisphosphonates and
those used to increase bone formation include teriparatide (PTH 1-34), and strontium renalate [7,8].
However, these drugs have associated side effects such as hot flashes, osteonecrosis, and poor fracture
healing and osteointegration [8]. Moreover, as RANKL plays other physiological roles including
immune function, lymph node formation, and mammalian development [9], the development of
therapeutic drugs that can replace its use with no side effects is desirable. One of the notable
developments in this regard is the recently approved drug, Denosumab, a fully human monoclonal
anti-RANK antibody that mimics the activities of OPG, which is used as a bone anti-resorptive
agent [10,11]. However, this drug is expensive to produce and store, carries the risk of viral and
prion contamination, and its effect on immune function is unclear [11]. For these reasons, the use of
small molecules which are able to target remodeling pathways has been advocated [12]. To this end,
peptides such as the gap-junction protein (connexin 43) mimetic (GAP27) [13], the RANK-mimetic
peptide [14], the OPG-mimetic peptides [15], the TNF-[alpha] and the RANKL antagonist peptide [16],
and a TNF receptor loop peptide mimic [17] have been identified as able to reduce bone resorption
and/or promote bone formation.

This work reports the synthesis of a known bone specific cyclic OPG-mimetic peptide (OP3-4)
sequence YCEIEFCYLIR, which is based on residues 113–122 of the human OPG sequence [15,18,19],
and its complexation with a contrast agent for magnetic resonance imaging (MRI), gadolinium, through
a chelating moiety, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) [20]. The novel
peptide formed, DOTA-Gd-OP3-4, was tested for MRI traceability and its direct inhibitory effect
on osteoclastogenesis in vitro to offer a novel theranostics agent with the potential to enable the
simultaneous diagnosis (or follow up) and treatments of bone affected by metabolic diseases.

2. Materials and Methods

2.1. Materials

Amino acids protected by 9-fluorenylmethyloxy carbonyl (Fmoc) where purchased from
NovaBiochem, Watford, UK. Tenta Gel S NH2 resin and Rink amide linker were purchased
from Iris Biotech, Marktredwitz, Germany. Dimethylformamide (DMF), dichloromethane, diethyl
ether, and methanol were of analytical grade (≥99.5%) and obtained from Fisher Scientific,
Loughborough, UK. Triisopropylsilane (TIPS, ≥98.0% GC), phenol (≥99%), trifluoroacetic acid
(TFA, ≥99%), and N,N-diisopropylethylamine (DIPEA, ≥99%) were obtained from Iris Biotech GmbH.
2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU, ≥97%) was
purchased from NovaBiochem, UK. Tri-tert-butyl 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate
(DOTA-tri-t-Bu-ester) was purchased from Sigma Aldrich, Dorset, UK. All other reagents were of
analytical grade.

2.2. Synthesis of Peptides

The peptides OP3-4 and DOTA tethered OP3-4 (DOTA-OP3-4) were synthesised by solid-phase
peptide synthesis (SPPS) using the conventional Fmoc protection/deprotection strategy on Tenta Gel
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S NH2 resin (0.1 mmol equivalent) with DMF as the reaction solvent. The resin was pre-swollen in
7 mL DMF in a 10 mL reaction vessel and the peptides synthesised by first attaching an acid-liable
Fmoc-Rink Amide linker to the resin followed by sequential amino acid coupling and deprotection
steps as per peptide sequence. HBTU and DIPEA were used for the coupling reaction (×2, 30 min,
room temperature) at one and two times the concentration of the amino acids and 20% (v/v) piperidine
in DMF was used for deprotection (2 min, ×3). In all preparations, the resin, linker, and amino acids
were added in the molar ratio of 1:4:4, respectively. Each coupling or deprotection step was followed
by washing steps (×3 with DMF). After the final deprotection step, the resin was washed with 10 mL
DMF (×3), dichloromethane (×4), methanol (×4), and diethylether (×4). The peptides were then dried
in a vacuum oven at room temperature until reaching a constant weight (~2 h) and stored at 4 ◦C for
further studies.

In the synthesis of DOTA-OP3-4 (Figure 1), Fmoc-Lys (Mtt)-OH was first coupled to the Rink-amide
linker. The Mtt (4-methyltrityl) protecting group was then removed by a series of washes (1 min, ×9)
with 1% TFA (v/v) in DMF until clear; Mtt appears yellow in DMF solution. DOTA-tri-t-Bu-ester
was then coupled to lysine, followed by the deprotection of the Fmoc protected terminal on lysine.
Two glycine amino acids were then sequentially coupled as spacers, followed by the subsequent
addition of amino acids as per the OP3-4 sequence (Figure 1).

HN

(2)

N
N

N
N

O

OO

O
O

O
O

H
N – Rink Amide – Lys – Gly – Gly – Leu – Ile – Arg – Tyr – Cys – Phe – Glu

Tyr – Cys – Leu – Glu

(3)

(1) (4)

(5)

Ile
–Resin

Figure 1. Schematic representation of the assembly of DOTA-OP3-4 by SPPS. Numbered sections
indicate the order of assembly. The numbers used refer to: (1) the attachment of the rink amide linker;
(2) the coupling of Fmoc lys (Mtt)–OH; (3) the removal of Mtt groups followed by the coupling of
DOTA-Tri-t-Bu-ester; (4) the coupling of two glycines to provide a spacer; and (5) the coupling of the
amino acids as per the OP3-4 peptide sequence and subsequent Cys-Cys disulphide bond cyclisation.

The peptides were freed from the resin by incubation in a cleavage solution (88% TFA, 5% H2O,
5% phenol and 2% TIPS) for 3 h at room temperature. The cleaved peptides were filtered through
glass wool, precipitated, and isolated by a series of washing and centrifugation steps in cold
diethylether (≤4 ◦C). The samples were then dried over a stream of nitrogen gas and stored at
−20 ◦C. Crude peptides were dissolved in 0.1% formic acid in methanol at 2 mg/L and characterised
on an ion trap mass spectrometer (ITMS) model HTC Plus and a Time-of-Flight mass spectrometer
(TOF-MS) model MicrOTOF, both from Bruker Daltonics (Billerica, MA, USA). The systems were
optimised for the detection of the peptide m/z in every instance and once the peptide was characterised,
the systems were re-optimised for the isolation and collection of the purified peptide. Data acquisition
was carried out by Compass 1.1, Esquire 5.3, and Hystar 3.1 software (Bruker Daltonics, Billerica,
MA, USA).

2.3. Cyclisation of OPG Mimetic Peptides

OP3-4 and DOTA-OP3-4 were cyclised by dimethyl sulfoxide (DMSO) oxidation to form
cysteine-cysteine disulfide bonds as described in the literature [21], with slight modification. Briefly,
peptides (1 mg) were dissolved in 60 mL of oxidising buffer (100 mM NaH2PO4 and 2 mM Gdn·HCl,
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5% DMSO, pH 7.0) and shaken for 12 h. The solution was then acidified with 1 M HCOOH (250 μL)
and the peptides purified and analysed by hydrophilic interaction liquid chromatography (HILIC)
coupled to ITMS (LC-MS). Cyclisation (disulfide bridge formation) was confirmed by the quantitation
of free thiol groups using Ellman’s reagent following kit instructions (Invitrogen Molecular Probes
T6060 Thiol and Sulfide Quantitation Kit, from ThermoFisher Scientific, Loughborough, UK) [22].

2.4. Gadolinium Chelation into DOTA-OP3-4

Cyclised DOTA-OP3-4 (1 mmoles, in 2 mL ethanol) was mixed with GdCl3·6H2O (1 mmol) in
5 mL water and the pH adjusted to 6.5 with Na2CO3 (0.1 mL) and stirred for 15 h at 60 ◦C. The peptides
were then purified by high pressure liquid chromatography (HPLC) using a Solvent A (methanol,
0.1% TFA) and Solvent B (water, 0.1% TFA) gradient from 5% to 60% solvent. The system was coupled
to the non-destructive soft-ionisation electrospray ITMS.

2.5. Chromatographic Separation of the Peptides by LC-MS

The peptide synthesis products were separated by HILIC on an HP 1200 HPLC (Agilent
Technologies, Santa Clara, CA, USA) equipped with a TSK-Gel Amide 80 HILIC column (250 mm
(length) × 4.6 mm internal diameter and 5 μm particle size) from TOSOH Bioscience (Tokyo, Japan).
The system used a binary mobile phase of solvent A (acetonitrile, 0.1% (v/v) formic acid) and solvent
B (water, 0.1% (v/v) formic acid) at a flow rate of 300 μL/min. The gradient elution program was:
0–50% solvent B for 0–20 min for OP3-4 and 5–90% solvent B for 0–45 min for both DOTA-OP3-4
and DOTA-Gd-OP3-4. The peptides were dissolved in 0.1% (v/v) formic acid in methanol at 20 μg/g
and the injection volume was 100 μL. The tube from the column was divided into two channels
of equal length and diameter, with one leading to the detector (ITMS) while the other led to the
sample-collecting vessel where purified peptides were collected at the point of detection. The purified
peptides were lyophilized and stored at −20 ◦C.

2.6. Tandem MS

ITMS was first optimised to detect the putative ions from the SPPS products in the full scan mode,
followed by their isolation in the single ion monitoring mode (SIM). Energy was then applied to the
system to fragment the isolated putative ion (MS/MS or MS2) and the resulting fragmentation products
were scanned in product ion mode. Depending on the intensity and amount of the fragmentation
products from MS/MS, the most intense fragment (base peak) was isolated and fragmented further
(MS3), which made further confirmation of the identity of the peptide possible. The process was
repeated with subsequent base peaks until the obtained peaks were within the noise signal.

2.7. MRI Analysis

The peptides (DOTA-OP3-4 and DOTA-Gd-OP3-4) were first dissolved in a minimum volume
of DMSO and then diluted to a desired peptide concentration (0–10 μg/mL and 0.5% by volume
DMSO) in phosphate-buffered saline (PBS) and the pH adjusted to 7.2 using 0.1 M HCl. DOTA-Gd
and DOTA-OP3-4 were used at 10 μg/mL as the positive and negative controls, respectively.
The DOTA-Gd-OP3-4 sample was then double diluted ten times from 10 μg/mL to 0.005 μg/mL
and each sample (1 mL) was placed into different wells of a 24-well tissue culture plate for MRI
analysis. The analysis was performed in T1 weighted scan mode using the Siemens AVANTO 1.5T
MRI scanner with parameters set as: echo time (TE) 13, repetition time (TR) 200, and SL 1 mm.
The analysis was conducted at the Clinical Imaging Science Centre, Brighton and Sussex Medical
School, Brighton, UK.
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2.8. Cell Viability Studies

Osteoblastic cells, the SaOS-2 cell line (ATCC, Manassas, VA, USA), were cultured to 85% confluence
in McCoy’s 5A culture medium (without L-glutamine) supplemented with 10% foetal bovine serum
(PAA Laboratories GmbH, Cölbe, Germany). The cells were then trypsinised (5 mL trypsin, 37 ◦C for
6 min), washed, and seeded into 96-well plates at a 104 cells/well seeding density. The cells were then
treated with different peptide concentrations (0–200 μM) and incubated (37 ◦C, 5% CO2) for 24 h,
after which the cell viability and cytotoxicity were evaluated.

Cell viability was studied by assessing the ability of the cells to metabolically reduce a tetrazolium
salt 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
to a soluble formazan derivative following kit instructions (CellTiter 96® AQueous One Solution Cell
Proliferation Assay from Promega, Southampton, UK), with slight modification. Briefly, cells in a
96 well plate were washed three times with PBS and re-supplemented with 100 μL of culture medium
per well. MTS/PMS (20 μL) solution (1:20 v/v) was then added to each well and the cells incubated
for 2 h. Control cells were not exposed to peptides. The amount of formazan produced (purple colour)
was measured at an absorbance wavelength of 490 nm using the Biochrom Asys UVM 340 plate reader
equipped with Micro Win 2000 software (Biochrom Ltd., Cambridge, UK).

Cytotoxicity of the peptides was studied by assessing the amount of lactate dehydrogenase (LDH)
released from cells as a measure of the number of lysed cells following kit instructions (CytoTox
96® Non-Radioactive Cytotoxicity Assay, Promega, UK). Briefly, after peptide treatment, cell culture
medium isolated from every well was centrifuged (2000 rpm, 5 min) and the debris-free supernatant
transferred to a clean 90 well plate. CytoTox 96® Reagent (100 μL) was added to each well and incubated
for 30 min. The kit stop solution was added and absorbance measured at 490 nm. Positive control cells
were completely lysed with Triton-X before centrifugation to estimate the maximum toxicity value
in the same culture conditions measured as total LDH into the tissue culture supernatant. Negative
control cells were not lysed. All control cells were not exposed to peptides.

Epi-fluorescence microscopy analysis for viable cells in cultures treated with 100 μM of each
peptide was performed after Hoechst 33,258/Propidium iodide (H/PI, from Invitrogen, Carlsbad, CA,
USA) nuclear staining (50 ng/mL) at an H:PI ratio of 1:1 per well in a 24 well culture plate. Diffusely
H positive nuclei (blue and live) and diffusely PI positive nuclei (pink and dead) were counted and
the number of live cells was presented as a percentage of the total number of cells per field. At least
200 cells from different randomly picked areas were counted per well.

2.9. Monocyte Isolation and Osteoclastogenesis Studies

Ethical approval for human blood studies was acquired from the University of Brighton Faculty
Research Ethics and Governance Committee, Brighton, UK. Human whole blood (6 mL) from healthy
consented volunteers was layered on Histopaque (3 mL, density: 1.077 g/mL, from Sigma Aldrich,
UK) in heparinised tubes (9 mL Vacuette NH Sodium Heparin, Greiner Bio-One International GmbH)
and centrifuged (450× g, 30 min). The monocyte-rich buffy coat layer was isolated by gentle pipette
aspiration and washed in 8 mL PBS (×3) by centrifugation (250× g, 15 min) to remove the platelet-rich
plasma fraction. The cells were then resuspended in 1 mL αMEM (PAA Laboratories GmbH, Germany)
medium and seeded into 24 well plates at a 5 × 105 cells/well seeding density. After a 3-h incubation
(37 ◦C, 5% CO2), non-adherent cells were rinsed with PBS (×3) and the adherent cells cultured for 24 h
in αMEM medium supplemented with 10% (v/v) FBS and Penicillin/Streptomycin (1×).

Monocyte differentiation into osteoclasts was induced by spiking the cells with human
recombinant RANKL (rh RANKL) and Macrophage Colony Stimulating Factor (rh M-CSF), both
purchased from Invitrogen, UK. Firstly, monocytes were treated with different concentrations of
rh RANKL (0, 10, 50, and 100 ng/mL) in the presence of 25 ng/mL rh M-CSF and over different
time periods (two, four, and six days). Osteoclastogenesis inhibition was then studied by culturing
monocytes in αMEM medium supplemented with 10% (v/v) FBS, Penicillin/Streptomycin (1×),
50 ng/mL rh RANKL, and 25 ng/mL rh M-CSF for four days in the presence or absence of 50 μM
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peptides (OP3-4, DOTA-OP3-4 and DOTA-Gd-OP3-4). The positive control was treated with rh
OPG (50 ng/mL) and the negative control had no treatment. The degree of osteoclastogenesis was
assessed by tartrate-resistant acid phosphatase (TRAP) staining using a commercial kit (387A for
cytochemical staining from Sigma Aldrich, UK) according to the manufacturer’s instructions. TRAP
positive multinucleated cells were counted using a Nikon Eclipse Ti-U microscope equipped with a
Nikon DIGITAL SIGHT DS-Fi1 camera (Nikon Corporation., Tokyo, Japan) and NIS-Elements BR 3.2
software (Nikon Corporation., Tokyo, Japan) was used to count the cells in six different randomly
selected areas in each well.

3. Statistical Analysis

All statistical analyses were performed by using analysis of variance (ANOVA) (software: Minitab
Version 15, Minitab Inc, State College, PA, USA). Whenever ANOVA indicated the groups were
significantly different, a t-test for independent samples was performed. Samples were considered
significantly different at p ≤ 0.05.

4. Results and Discussion

4.1. Peptide Synthesis and Characterisation

Due to the lack of peptide standards for comparative verification of the successful synthesis of
the putative peptides, two mass spectrometry analysis approaches were used: (1) TOF-MS, to benefit
from its high mass resolution and accuracy (up to five decimal places), high linearity, and wide scan
range (50 to 3000 m/z); and (2) ITMS, to benefit from its high sensitivity and capacity to sequentially
trap and fragment desired ions so as to identify the building units of a molecule that would confirm
successful synthesis.

The MS acquisition for the putative peptides was first performed in full scan mode using TOF-MS,
providing an overview of the products. The theoretical m/z of the peptides and their respective
fragment ions were generated using the MS-product tool of the online program ProteinProspector
V5.10.0. [23]. Successful cyclisation through the cysteine-cysteine disulfide bridge formation was
confirmed by the absence (95% reduction) of free thiol groups in both OP3-4 and OP3-4-DOTA after
the oxidation reaction (data not shown).

The molecular structure and mass spectra of the OP3-4 peptide (m/z 1450.7) synthesis products
acquired by TOF-MS are shown in Figure 2A, where the putative ions [M + 2H]2+ (m/z 725.87, base peak)
and [M + H]+ (m/z 1450.68) are annotated. Although incomplete fragments were seen in the spectra
of OP3-4, the fragments were not sufficiently abundant to allow their conclusive identification from
the background noise. The analysis of the synthesis products of the novel DOTA-OP3-4 peptide by
TOF-MS showed numerous undesired product ions. As a result, ITMS, with its ability to trap specific
desired ions using the single ion mode (ITMS-SIM), was used to confirm the presence of the putative
ion. The full scan MS spectrum of the synthesis products of the novel DOTA-OP3-4 peptide (m/z 2080.2)
showed ions with m/z 694.1 (base ion) and m/z 1040.5, which correspond to the putative peptide ions
[M + 3H]3+ and [M + 2H]2+, respectively (Figure 2B). The introduction of a lysine-glycine-glycine
spacer between the OP3-4 sequence and the DOTA moiety in DOTA-OP3-4 was essential to avoiding
potential steric hindrance during the synthesis and to maximise the exposure of the peptide to the
relative cell receptor. The numerous product ions observed in the MS spectra of DOTA-OP3-4 may be
the effect of using 0.1% (v/v) TFA in the presence of the cysteine-rich peptide during the additional
step to remove lysine protecting groups (Mtt) and the subsequent coupling of DOTA. The interaction
of both the terminal carboxyl groups on the growing peptides and of the DOTA moiety with the side
chain groups on the peptide during the synthesis and the cleavage steps may also have led to intra-
and intermolecular interactions, resulting in numerous incomplete and undesired peptidic chains.

The analysis of the OP3-4 peptide by LC-MS showed the peptide to account for 80% of the crude
synthesis products and a purity of >98% could be achieved after LC-MS purification with ITMS as
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the detector (Figure 3A). Despite the presence of numerous intense peaks corresponding to undesired
ions, the ion corresponding to DOTA-OP3-4 was found to account for 60% of the crude synthesis
products by LC-MS. This disparity in the intensity of the synthesis products by TOF-MS and LC-MS
coupled to ITMS could be due to differences in the volatility of the ions in the MS [24] as smaller
molecules are more volatile than larger ones in MS. Although TOF-MS gives highly accurate m/z for
the ions, the system is not as sensitive as the ITMS. Since ITMS allows for optimisation of the detection
of the desired ions within a specified m/z range, and LC-MS separates molecules according to their
polarity, a more accurate result of the purity and/or yield of the synthesis could be obtained. Indeed,
after isolation of the putative ion, DOTA-OP3-4 was found to account for >95% of the isolated product
(Figure 3B).

Figure 2. TOF-MS spectra and Structure of the peptides: (A) OP3-4 and (B) DOTA-OP3-4.
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Figure 3. LC-MS chromatographic separation profile of the putative peptides (top) (A) OP3-4
(m/z 1450.9) and (B) DOTA-OP3-4, (m/z 2081.4) with their respective ITMS ion mass spectra (bottom)
eluted as peaks at 11.2–11.5 and at 25.3 min. The purity of the putative peptides, estimated by
integration of the peak areas, was >95% (OP3-4) and 90% (DOTA-OP3-4).
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Successful chelation of the gadolinium ion (Gd3+) onto purified DOTA-OP3-4 to produce
DOTA-Gd-OP3-4 (Figure 4A) was confirmed by LC-MS, where the peak with m/z 694.1 for DOTA-OP3-4
peptide shown in Figure 3B was replaced by a base peak with m/z 714.8, corresponding to the ion
[M + 3H]3+ of DOTA-Gd-OP3-4 after the chelation of Gd3+ (Figure 4B). LC-MS allowed the isolation
of the peptide from salts, non-chelated Gd3+, and other synthesis products, and the analysis of the
purified DOTA-Gd-OP3-4 sample showed no evidence of residual free Gd3+ ions.

Gadolinium is a lanthanide metal commonly used in clinics as an MRI contrast agent. Gadolinium
is used in its ionic form chelated by large, non-toxic linear or macrocyclic organic molecules that
form stable and biochemically inert gadolinium contrast agents (GCA). This sequestration of Gd3+

with organic chelates circumvents the known toxicity of free Gd3+ in humans and ensures their
excretions from the body through kidney clearance. However, these GCA, in particular those of linear
chelates such as Omniscan (gadodiamide), Magnevist (gadopentetate dimeglumine), and Optimark
(gadoversetamide), are associated with slow excretion rates due to accumulation within the body
(i.e., in the liver) and toxicity from free Gd3+ ion release due to transmetallisation with Zn2+, Cu2+,
and Ca2+ in vivo [25,26]. Macrocyclic GCAs such as dotarem (Guerbet) and gadovist (Bayer Schering
Pharma AG) are less toxic as they bind Gd3+ more tightly and are more stable with low dissociation
rates than linear chelates. However, these GCAs, like linear ones, are associated with short circulation
in the body and inefficient discrimination between diseased and normal tissue seen in use of low
molecular diethylenetriaminepentaacetic (DTPAs) [25,26].

Figure 4. (A) Schematic representation of DOTA-OP3-4 with Gd3+ conjugate (DOTA-Gd-OP3-4);
(B) Chromatographic separation profile of the purified DOTA-Gd-OP3-4. The ITMS spectra of the
ions eluted in peak 1 (putative peptide) and peak 2 (contaminating fraction) are also shown (bottom).
The purity of the peptide, estimated by integration of the peak areas, was >90%.

Through this work, tissue-specific imaging may be improved by the incorporation of a peptide
sequence specific for the cross talk of bone cells, the RANK-RANKL pathway, and the potential
toxicity of Gd3+ is circumvented by the use of DOTA, a macrocyclic chelate for Gd3+ [27]. Indeed,
some DOTA-based Gd contrast agents are FDA approved and are among the most widely used contrast
agents in clinical imaging with well-established safety and MRI efficacy [27,28].

In the chelation of Gd3+ into DOTA-OP3-4, the DOTA moiety acts as a polydentate ligand
and envelops the metal cations, in this case complexing Gd3+, to give an MRI visible peptide.
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The coordination of the DOTA ligands and metal ion in the complex depends on the conformation
of the ligand and geometric tendencies of the metal cation [29,30]. On its own, DOTA acts as an
octadentate ligand, binding the metal through four amino and four carboxylate groups. In this study,
the DOTA molecule acts as a septadentate since one of the carboxylate groups is used in the formation
of a covalent bond with the peptide. However, a carboxylate group from the amino acid linking DOTA
and the peptide provides the eighth ligand and restores the octadentate state, forming a highly stable
coordination complex [30].

Analysis of the result obtained from a T1 weighted MRI scan confirmed the successful chelation
of Gd3+, with DOTA-Gd-OP3-4 producing a brighter signal than DOTA-OP3-4, which had a signal
similar to the sample with PBS solutions only (Figure 5). Moreover, the intensity of the T1 signal from
DOTA-Gd-OP3-4 samples was directly proportional to the concentration of the peptide.

 

Figure 5. T1 weighted MRI scan of DOTA-Gd-OP3-4 showing a concentration-dependent signal
intensity. The peptides, pre-dissolved in DMSO, were diluted to the desired concentration in PBS
buffer (1 mL) and the MRI signal acquired at the same time using the parameters: SL5, TE 8.7, and
TR550. DOTA-Gd (MW 557.64 g/mol) and DOTA-Gd-OP3-4 (MW 2141.4 g/mol) were prepared at a
concentration of 1 μg/ml, corresponding to 1.79 μM and 0.47 μM Gd, respectively.

The coordination of the DOTA ligands and metal ion in the complex depends on the conformation
of the ligand and geometric tendencies of the metal cation [29,30]. On its own, DOTA acts as an
octadentate ligand, binding the metal through four amino and four carboxylate groups. In this study,
the DOTA molecule acts as a septadentate since one of the carboxylate groups is used in the formation
of a covalent bond with the peptide. However, a carboxylate group from the amino acid linking DOTA
and the peptide provides the eighth ligand and restores the octadentate state, forming a highly stable
coordination complex [30].

Although the potential theranostic benefits of the developed peptide are clear, the minimum
peptide concentration that would be required for a visible change in the MRI signal intensity in vivo
remains to be determined through future relaxivity studies [31,32]. Indeed, relaxivity calculation
requires the different concentrations of the peptide to be analysed separately in T1 and T2 modes and
using the respective r1 and r2 to determine relaxivity [31–33]. Although the in vivo relaxivity and safety
of the DOTA-Gd moiety are well-established, [28,32,34], the new peptide complex presents a different
immediate molecular environment that can affect the MRI profile of Gd3+ [35,36]. The importance of
relaxivity studies in vivo is supported by the effect that the molecular environment has on the MRI
profile, leading investigators to question the clinical efficacy of T1 relaxivity measurements performed
in vitro in simple media and temperatures different from those of living tissue [32–34,36].

In addition, although TOF-MS and LC-MS demonstrated the successful synthesis of peptides,
it was necessary to perform tandem MS for additional confirmation of the results due to the lack of
standards. The ions to be fragmented were acquired in product ion scan mode, isolated, and further
fragmented to produce smaller units that allowed peptide identification and the confirmation of
successful synthesis. In all cases, the voltages for the optimal transfer of the ions from the LC into
the ion trap, their stabilisation in the trap, and fragmentation were optimised. A list of the peptides,
isolated ions thereof (SIM), and fragmentation products are given in Table 1.
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Table 1. Tandem MS of OP3-4 and DOTA-OP3-4 peptides using ITMS.

TOF-MS (Full Scan MS) ITMS MS-MS Product Ions (Ion Trap)

Peptide (m/z)
Tentative

Assignment
SIM (m/z)

MS/MS Product
Ion (m/z)

Tentative
Assignment

MS/MS Scan
Range

OP3-4

1451.6960 [M + H]+ 500–1500
726.377808 [M + 2H]2+ 726 886 b7-2H 300–1200

733 b6-H2O
715 b6-2H2O
564 y4

DOTA-OP3-4

1040.52070 [M + 2H]2+

694.01938 [M + 3H]3+ 694 987 300–1200
691 b11-2H2O-NH3

2+

596
514 y7

2+

458 y6
2+

401 y5
2+

4.2. The Effect of the Peptides on Cell Viability and Osteoclastogenesis

The effects that the peptides have on cells was first studied by spiking SAOS-2 cells with different
concentrations of OP3-4. MTS and LDH assay results showed cell viability within a wide range of
peptide concentrations (Figure 6A). The H/PI study of the effect of OP3-4-DOTA and OP3-4-DOTA-Gd
on the SAOS-2 cells relative to OP3-4 at a fixed concentration (100 μM) showed no significant effect on
cell viability (Figure 6B). Although there appears to be a decrease in cell viability from the control to
OP-3-4 to DOTA-OP3-4 and DOTA-Gd-OP3-4, the differences were not significant to the control and
across the different treatment groups (p > 0.05).

 

Figure 6. OP3-4, DOTA-OP3-4, and DOTA-Gd-OP3-4 have no significant effect on the viability of
SAOS-2 cells. (A) The cells were cultured with different concentrations of OP3-4 peptide for 24 h
and the percentage of dead and live cells determined by assaying for LDH in supernatant and MTS
assay, respectively. Absorbance was measured at 490 nm. (B) The effect of derivatised OP3-4 peptides
(at 100 μM) on cell viability was determined by fluorescence microscopy after H/PI live and dead cell
staining (B). Data is mean ± SE, n = 6.

4.3. Osteoclastogenesis Inhibition Studies

The studies conducted to assess the effect of cytokine (rh RANKL and rh M-CSF) concentration
over two, four, and six days in culture showed that the amount of TRAP-positive giant multinucleated
cells (MNC) per well increased with the increase of both cytokine (rh RANKL) concentration and
culturing time (Figure 7A). The number of TRAP-positive MNCs increased significantly after four
days in cultures treated with 50 ng/mL and 100 ng/mL rh RANKL. However, osteoclastogenesis in
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cultures treated with 50 ng/mL rh RANKL was not significantly different from 100 ng/mL at day 4
and 6 (p > 0.05). As such, the rh RANKL concentration of 50 ng/mL and a culture time-period of four
days were adopted for studies on osteoclastogenesis inhibition by the peptides.

Representative images of the cells after four days of culture in the presence or absence of the
cytokines and in the presence or absence of the peptides are given in Figure 7B. The cells that did
not receive cytokines and those treated with rh RANKL only were TRAP negative, morphologically
small, and round, with a tendency to form clusters (Figure 7B(i and ii)). However, the fact that
this clustering phenomenon was observed in cells that did not receive either cytokine suggests
that it could be due to other factors apart from rh M-CSF and/or RANKL and more studies are
necessary to clarify that. On the other hand, the cells treated with only rh M-CSF were TRAP negative
and morphologically narrow and stretched (Figure 7B(iii)), while those treated with both cytokines
differentiated into cells that were much larger (>×10), multinucleated, morphologically irregular, and
TRAP positive (Figure 7B(iv)). This is consistent with the established knowledge that M-CSF and
RANKL induce the migration of monocytes towards each other, resulting in cell fusion to produce
a giant osteoclast like TRAP-positive MNC [37–39]. The size and amount of TRAP-positive MNCs
was seen to reduce in cultures treated with the peptides (Figure 7B(v–vii)) and in the positive control
(rh OPG) (Figure 7B(viii)). This result was also quantitatively confirmed by counting the number of
TRAP-positive cells with each respective treatment (Figure 7C). The observed potency of OP3-4 in
osteoclastogenesis inhibition is consistent with previous findings [17,18] and was significantly higher
than that observed for DOTA-OP3-4 and DOTA-Gd-OP3-4. However, all the peptides significantly
reduced the RANKL/M-CSF-induced osteoclastogenesis.

 

Figure 7. (A) Graphical representation of the effect of rh RANKL concentration and time in culture
on osteoclastogenesis. (B) The effect of peptides on osteoclastogenesis after a four-day culture with
(i) no cytokines or peptides, (ii) rh RANKL only, (iii) rh M-CSF only, (iv) rh RANKL and rh M-CSF,
(v) OP3-4, (vi) DOTA-OP3-4, (vii) DOTA-Gd-OP3-4, and (viii) rh OPG (positive control): iv–ix had rh
RANKL (50 ng/mL) and rh M-CSF (25 ng/mL). (C) Graphical representation of osteoclastogenesis
inhibition by OPG mimetic peptides.
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Indeed, the presentation and binding of the developed OPG mimetic peptides to RANK may have
been specific and sufficient to inhibit RANK-RANKL interaction. It is well established that although
the molecules of the TNF superfamily (TNFSF), to which RANK and RANKL belong, are similar in
structure, several members of this cytokine family show significant sequence diversity [40]. Consistent
with this observation, studies on the 3D structures and mechanism of members of the TNFSF such as
TNFα [41], TNF-β [42], RANKL/RANK [43,44], sTNF-R1[45], CD40L [46], TRAIL-DR5 [47], and many
more, have revealed that these cytokines recognise their ligands or receptor with specificity and in
most cases, exclusively [40,44]. In the present study, the potency of the rh OPG was significantly higher
than that of the peptides although this could be, in part, due to the fact that OPG interacts with RANKL
through multiple active sights and domains when compared to the peptides. However, the observed
potency of the OPG mimetic peptides, which are smaller molecules compared to the OPG ligand, may
indicate a higher degree of specificity that is enough for a desired effect of reducing osteoclastogenesis.
It is also worth noting that the dosage used for peptides and OPG was not equimolar. Therefore,
the data were not directly comparable due to the differences in the number of active domains and
molecular weight of the natural protein and of the synthetic peptides. As such, the cultures treated
with OPG should only be considered as a positive control.

The peptide is an OPG mimic designed to bind to RANKL and attenuate osteoclastogenesis.
This in vitro cell work demonstrated the theranostics potential of the peptide, DOTA-Gd-OP3-4,
in future clinical applications. However, in vivo evaluations of the peptide biodistribution, tissue
retention time, and bone targeting properties are necessary to inform on the safety and potential
clinical efficacy of the developed theranostics.

5. Conclusions

OPG mimetic peptide (OP3-4) and its novel derivatives DOTA-OP3-4 and MRI detectable DOTA
-Gd-OP3-4 were successfully synthesised with DOTA-Gd-OP3-4, showing a concentration-dependent
MRI T1 signal. The OP3-4 was found to be noncytotoxic on osteoblasts at the concentrations examined
and its derivatisation into DOTA-OP3-4 and DOTA-Gd-OP3-4 did not reduce cell viability. Moreover,
their potency in the inhibition of RANKL/M-CSF-induced osteoclastogenesis in monocytes was clearly
proven. Therefore, this work provides evidence in support of a novel theranostics tool for a more
efficient and specific treatment of metabolic bone diseases, such as osteoporosis and metastases.
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