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Preface

Metals and their alloys are one of the oldest biomedical materials known to human beings. They

still play an irreplaceable role in modern clinical treatment with excellent mechanical load-bearing

properties, chemical stability, and good biocompatibility. In recent years, the R&D and design of

metal implants and devices, the further exploration of their powerful functions, and the in-depth

exploration of their interaction with the body microenvironment have made great progress. In

particular, the design of biodegradable alloys, the elaboration of their degradation mechanism in

different environments, the research on degradation behavior and degradation products, and the

prospect of their advanced exclusive coating have attracted the attention of scholars.

The aim of this reprint, “Advanced Alloy Degradation and Implants”, is to publish full-length

research articles, short communications, and review articles covering the latest studies, progress, and

challenges on the design, fabrication, degradation, and surface modification of metal alloy implants

for their future biomedical applications.

Jing’an Li

Editor
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Fabrication and Characterization of LaF3-Reinforced Porous
HA/Ti Scaffolds

Xingping Fan * and Hao Zhang

School of Vanadium and Titanium, Panzhihua University, Panzhihua 617000, China; zhanghaozi25@163.com
* Correspondence: fanxingping123@163.com

Abstract: To improve the performance of porous hydroxyapatite/titanium (HA/Ti) composites,
LaF3 reinforced porous HA/Ti scaffolds with a porosity of approximately 60% were prepared via a
powder metallurgical method, using NH4HCO3 as the pore-forming agent. The scaffolds induced
HA formation and showed high bioactivity, and the compressive strength could be regulated by
changing the LaF3 dosage. When the LaF3 dosage was 0.3%, the compressive strength of the porous
scaffold was 65 MPa. Moreover, LaF3 reinforced porous HA/Ti scaffolds can further induce the
deposition of calcium phosphate after immersion in simulated body fluid (SBF) for 7 days, indicating
that the corresponding scaffold is an ideal choice for spongy bone repair.

Keywords: lanthanum fluoride (LaF3); porous; HA/Ti; scaffolds; biological activity in vitro

1. Introduction

Titanium is used as a biomaterial due to its excellent corrosion resistance and signifi-
cant strength [1]. However, the Young’s modulus is much higher than that of natural bone.
The mismatch of the elastic modulus between titanium and the natural bone would lead to
bone resorption and finally, to implant loosening [2]. In addition, due to the fact that the
surface of titanium is usually covered with a dense oxide film, titanium exhibits biological
inertness. When used as a bone repair material, the combination of this material with
bone shows mechanical chimerism. The material is only mechanically integrated, rather
than chemically osseointegrated, with the bone, resulting in poor adhesion between the
implant material and bone tissue, often leading to implant failure [3]. There are various
methods for modifying titanium to endow with biological activity [4–7]. These methods
are all aimed at the surface of the material. This also inevitably leads to issues regarding
the bonding strength between the modified layer and the matrix. Hydroxyapatite has
been widely considered as an implant material because its mineral composition is very
close to that of human bone. Hydroxyapatite offers not only good biocompatibility; it also
exhibits osteoinductive properties. However, its mechanical properties are poor. Therefore,
it can only be used for bone repair in nonbearing locations [8,9], which greatly limits the
application of hydroxyapatite. In order to improve its mechanical properties, using the
titanium and hydroxyapatite composite method has been considered for prepare new
composite materials. However, most of the current reports on titanium/hydroxyapatite
composites are based on hydroxyapatite, and titanium is only sintered as a reinforcing
phase [10,11]. Its use has been limited to the improvement of the mechanical properties
of the composite strength of the materials. In the studies regarding HA/Ti composites,
researchers have extensively explored the preparation methods for hydroxyapatite and
titanium. For example, Thian, ES et al. used Ti-6Al-4V and HA as raw materials and PVA as
a binder to prepare green specimens with a certain shape using injection molding and then
obtained composite materials with high mechanical properties through high-temperature
sintering [12]. The biggest advantage of this method is that it can prepare products with
complex shapes through the use of injection molding, which has great application prospects.

Coatings 2024, 14, 111. https://doi.org/10.3390/coatings14010111 https://www.mdpi.com/journal/coatings1
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Although thermal spraying and injection molding can be used to prepare HA/Ti compos-
ites with mechanical properties close to those of human bone and an elastic modulus of
10–30 GPa [13], its high processing costs, as well as its current product sizes and shapes,
are still worthy of in-depth study. However, the above research mainly involves dense
block-like composite materials, which do not have pore structures that facilitate the growth
of bone tissue for “biological fixation”. The pore structure plays an important role in the
growth of bone tissue for the following reasons. (1) The volume density, strength, and
elastic modulus of porous titanium can be adjusted by changing the porosity to achieve
mechanical properties that match those of the replacement tissue. (2) The porous structure
is conducive to the adhesion, differentiation, and growth of osteoblasts, promoting the
growth of bone tissue into the pores, strengthening the connection between the implant
and bone, achieving biological fixation [14]. Our previous research has shown that through
the introduction of a porous structure, treated porous titanium can be implanted into the
femurs of dogs. After 6 months of implantation, new bone tissue can be found in the
pore, and the bonding strength between the implant and bone tissue is satisfactory [15].
Three-dimensional printing has emerged as a promising technique for fabricating porous
hydroxyapatite scaffolds with controlled architecture and porosity. However, the devel-
opment of biocompatible and bioactive 3D-printed hydroxyapatite scaffolds remains a
challenge. In a recent study, Andrej Thurzo fabricated 3D-printed hydroxyapatite scaffolds
using polyvinyl alcohol (PVA) as a thermoplastic binder. The scaffolds were found to be
biocompatible and supported the adhesion and proliferation of mesenchymal stem cells
(MSCs) [16]. However, the introduction of pores will reduce the mechanical strength of
the composites. Research has shown that rare-earth elements play an important role in
improving material properties. There are two main reasons for this phenomenon. Firstly,
rare-earth elements can act as effective deoxidizers to extract oxygen from alloys; secondly,
rare-earth elements can alleviate the instability of the alloy structure and surface, and im-
prove the thermal stability of the alloy. Research has shown that adding rare-earth elements
to titanium alloy composites can effectively refine the structure, as well as improve the
room temperature performance, oxidation resistance, and thermal stability of the alloy [17].
For hydroxyapatite, the addition of rare-earth elements can alter the crystal structure of
hydroxyapatite and generate new biological effects [18]. Tang et al. investigated the ef-
fect of the lanthanum content in hydroxyapatite coatings on the biological properties of
cells attached on titanium surfaces. They found that hydroxyapatite coatings, with an
appropriate amount of lanthanum added, exhibit good biocompatibility and can promote
the early proliferation and differentiation of bone cells on the material surface. However,
when the content of lanthanum is excessive, it can affect the proliferation of osteoblasts
because the biological effects of rare-earth element ions are very similar to those of calcium
ions, therefore exhibiting antagonistic effects affecting the calcium phosphorus ratio of
hydroxyapatite. Another study has shown that strontium offers good compatibility at a
concentration of 10% [19,20]. Therefore, adding an appropriate amount of rare-earth ele-
ments to Ti/HA composite materials can effectively improve the strength of the matrix and
improve its biological properties. In order to further improve the mechanical properties
of the strength of materials, this study intends to add appropriate rare-earth elements
in Ti/HA composites to effectively improve the strength of the matrix and improve its
biological properties.

2. Materials and Methods

2.1. Fabrication of LaF3 Reinforced Porous HA/Ti Scaffolds

LaF3 reinforced porous HA/Ti scaffolds were prepared using powder metallurgy
through the process shown in Figure 1. Commercial pure titanium powders (purity:
≥99.9%, powder size ≤ 30.0 μm) and hydroxyapatite with a particle size of 1.0–3.0 μm
(provided by Sichuan University) were mixed as raw materials in a mass ratio of 1:20. Am-
monium bicarbonate with a particle size range of 100.0–300.0 μm was chosen as the spacer
material, and the mass fractions of NH4HCO3 were 30.0%. LaF3, with mass fractions of
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0.1%, 0.3%, and 0.5%, respectively, were added. After the ingredients were homogeneously
blended, powders obtained from the mixture were uniaxially pressed at a pressure of
100 MPa into cylindrical green pellets with the size of Φ10 mm × H15 mm. The specimens
were then sintered in the vacuum sintering furnace (model: ZT-40-20Y, Suzhou Huolanxin
Vacuum Technology Co., Ltd., Suzhou, China) in a vacuum. The heat-treatment process
consisted of two steps, i.e., 150 ◦C for 1 h and 1200 ◦C for 3 h. The main purpose of holding
the specimen at 150 ◦C for 1 h is to completely remove the spacer. According to the different
amounts of LaF3 added, the sintered samples are named HA/Ti, HA/Ti + 0.1% LaF3,
HA/Ti + 0.3% LaF3, and HA/Ti + 0.5% LaF3, respectively. The specific process is shown in
Figure 1.

Figure 1. Graph showing the preparation process of the porous scaffold.

2.2. Immersion of Samples in the SBF

The bioactivity of the various samples was evaluated in terms of their apatite-forming
abilities by immersing them in the SBF solution. The scaffold, with a diameter of 10.0 mm
and a thickness of 2.0 mm, was soaked in a bionic mineralization SBF at 37 ◦C for
7 days. Afterwards, the bioactivity was tested. The SBF formulation was the same as
that reported by Kokubo et al. [21]. Briefly, 8.035 g NaCl, 0.355 g NaHCO3, 0.225 g KCl,
0.231 g K2HPO4·3H2O, 0.5 M-HCl, 0.292 g CaCl2, 0.072 g Na2SO4, 6.118 g CNH2(CH2OH)3,
and 1M-HCl were added into 1 L deionized water to reach a pH of 7.4 at 36.5 ◦C.

2.3. Characterization

All the samples were analyzed using a scanning electron microscope (SEM). X-ray
diffraction (XRD) was used to characterize the crystalline phase and chemical compositions,
with the measurement scanning speed of 5◦/min 2θ (10◦–90◦). The phase analysis was
carried out with the Jade 6.5 software package, using the powder diffraction file (PDF) of
the International Center for Diffraction Data. The compressive strength tests were carried
out on an Instron mechanical testing machine (Instron 5567, Norwood, MA, USA) with
a crosshead speed of 0.5 mm/min, employing three groups of sintered samples of each
type, namely HA/Ti, HA/Ti + 0.1%LaF3, HA/Ti + 0.3%LaF3, and HA/Ti + 0.5%LaF3,
with three samples in each group for compressive testing. The porosity of the specimens
was determined by measuring their surface areas and weights according to the following
Equation (1):

P = 1 − ρscaffold/ρmaterial (1)

where P is total porosity, ρscaffold is the apparent density of porous titanium measured
by dividing the weight by the volume of the samples, and ρmaterial is the density of the
material of which the scaffold is fabricated [22].

3. Results and Discussion

Figure 2 shows the morphology of the sintered samples of the porous composite
materials before and after the addition of rare-earth LaF3. Figure 2a,c shows the samples
without the addition of the rare-earth element, and Figure 2b,d shows the samples after the
addition of 0.3% LaF3; the porosity of the porous scaffold is about 60%. From the figure,
it can be seen that the shape of the pores somewhat circular, and the pore size is basically
distributed between 100–300 μm. The shape and size of the pores are comparable to those
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of the added pore forming agent. The method of adding pore forming agents is used to
prepare porous materials, and the formation of pores is significantly related to the shape of
the pore forming agent. It is generally believed that adding pore forming agents to form
pores results in a space left by the decomposition of the pore forming agent when heated.
Most holes are interconnected with each other. In addition, the morphology of porous
materials at high magnification shows the presence of micropores ranging in size from a
few micrometers to several tens of micrometers on their macroscopic pore walls, as shown
in Figure 2c,d. These pores are significantly smaller than those of the pore forming agent, so
their formation mechanism is different from that of large pores. This is because during the
pressing of green specimens, space is formed by the accumulation of raw material particles,
such as titanium powder. After sintering, approximately circular micropores were formed
due to shrinkage. These complex pore structures, interconnected by large and small pores,
are conducive to the transport of nutrient solution and the growth of bone tissue.

Figure 2. SEM photos of LaF3 reinforced porous HA/Ti scaffolds. (a,c) 0.0% LaF3; (b,d) 0.3% LaF3.

Figure 3 shows the surface scan image of the porous material after adding 0.3% LaF3.
From this image, it can be seen that elements such as calcium and phosphorus are uniformly
distributed on the titanium matrix, and the lanthanum element after adding rare-earth
LaF3 is also uniformly distributed on the matrix, which further improves the mechanical
properties of the porous composite material. On the surface, this method can successfully
prepare composite materials with uniform composition.

Figure 3. SEM photos of porous HA/Ti composites prepared with 0.3% Lanthanum trifluoride.
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Figure 4 shows the XRD patterns of different porous HA/Ti scaffolds. The main phases
of the composite are Ti, Ti2O, Ti3P, CaO, and CaTiO3. During sintering, the formation of
the Ti2O phase is mainly due to the sintering process. Oxygen elements in the surrounding
HA phase and the glass phase diffuse into Ti. When the concentration of the oxygen atoms
in the interstitial gap of the Ti lattice reaches a certain level, titanium oxides will form.
The type of oxide formed is closely related to the concentration of the oxygen atoms in
the sintering atmosphere. This study used a vacuum sintering furnace for the sintering
process. The oxygen concentration is very low; therefore, only Ti2O can be generated, rather
than oxides with a high oxygen content, such as TiO2. The volume fraction of titanium
in the composite materials is relatively high The main crystal phase is Ti. However, due
to the diffusion of elements with smaller atomic radii, such as oxygen and phosphorus,
into the Ti lattice, the formation of compounds such as Ti3P, CaO, and CaTiO3 occurs. The
results are similar to those of Ning CQ et al. [23]. Research has shown that Ti3P, CaO, and
CaTiO3 contributes to the formation of HA and improves the biological activity of materials.
The increase in the concentration of Ca2+ in SBF leads to the supersaturation of Ca2+ on
the surface of the composite, which reduces the minimum free energy required to cause
apatite nucleation and growth [24]. There are two stable phases of calcium phosphate in
an aqueous solution at room temperature. When the pH was lower than 4.2, the stable
phase was CaHPO4·2H2O, and when the pH was higher than 4.2, the stable phase was
Ca10(PO4)6(OH)2(HA) [25]. In this experiment, the pH of SBF is 7.4, so HA is easily
formed on the surface. However the dissolution of the CaO phase forms micropores on the
surface, which also contributes to the nucleation of HA. Ti2O-containing compounds can be
prepared by sintering, and the results show that the presence of titanium oxides contributed
to the formation of HA [10]. However, in this study, the content of LaF3 is relatively small,
so the presence of LaF3 or La2O3 is not detected by XRD. From Figure 4, it can be seen that
there is no diffraction peak of NH4HNO3. This indicates that the added pore forming agent
(ammonium bicarbonate) has been completely removed after low temperature heating and
high temperature sintering, and the sintered sample is not polluted, which ensures the
biological safety of porous titanium implanted in the body.

Figure 4. X-ray diffractogram of porous HA/Ti scaffolds before and after adding LaF3. (a) 0.0% LaF3;
(b) 0.3% LaF3.

Figure 5 shows the effect of LaF3 addition on the compressive strength of the HA/Ti
porous scaffolds. With the increase in rare-earth content, the compressive strength of the
porous scaffolds increases first and then decreases. When LaF3 is 0.3%wt, the compressive
strength of the porous scaffolds is the largest, reaching 65 MPa. The addition of rare-earth
elements can significantly improve the compressive strength of the HA/Ti composites,
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mainly because the rare-earth element as an effective deoxidizer can absorb the oxygen in
the composite, purify the interface of the original particles, reduce the oxygen content of
the matrix, and improve the sintering density of the sintered body [19]; the refinement of
the structure by LaF3 can also improve the compressive strength of the porous scaffolds.
Figure 4 shows that when adding rare-earth LaF3 to 0.3%, the diffraction peak correspond-
ing to CaTiO3 widens significantly, and the diffraction intensity decreases. This indicates
that the entropy value of the system is large; that is, the lattice distortion of CaTiO3 is severe,
resulting in an increase in the compressive strength of the composite material, which is
consistent with the XRD results shown in Figure 4. When adding rare-earth LaF3 to 0.3%,
the compressive strength is the highest. On the other hand, research has shown that one of
the biggest obstacles in regards to the sintering density of titanium powder is the presence
of an oxide film on the surface of the powder particles [26]. The affinity between rare-earth
element La and oxygen is much greater than that between Ti and oxygen. Therefore, adding
LaF3 to the alloy can effectively activate the titanium powder. Adding a small amount of
LaF3 has a significant promoting effect on the sintering densification of the HA/Ti powder
metallurgy. The La element carries oxygen on the surface of the Ti powder and diffuses into
the matrix to form a Ti (La, O) solid solution, promoting the diffusion of elements between
the titanium particles. As the amount of LaF3 added increases, the surface of the activated
Ti particles increases, and the densification effect is improved. However, due to the fact that
the sintering process mainly occurs in the solid phase, excessive secondary particles will
hinder the plastic and viscous flow of the sintering process, thereby reducing the sintering
density. Therefore, when the amount of LaF3 added is 0.5%, the relative density of the
material decreases, and its compressive strength also decreases [18].

Figure 5. The effect of LaF3 addition on the compressive strength of the porous HA/Ti scaffolds.

Figure 6 shows the surface morphology of the porous scaffolds after soaking in SBF
for 7 days. It can be seen from the figure that the materials with 0.3% LaF3 added exhibit
more spherical coverings over the surface of the porous materials after soaking in SBF
solution. The energy spectrum analysis results show that the coverage is mainly composed
of calcium, phosphorus, and oxygen, and its composition ratio is similar to that of HA,
which indicates that the addition of LaF3 can further improve the biological activity of
the composite.

Due to limited experimental conditions, this study demonstrates certain limitations.
For example, if the sample size is small and only in vitro testing methods are used to
evaluate biological activity, subsequent studies will be required to conduct cell culture
experiments and related animal experiments using the material in order to exhaustively
evaluate its comprehensive performance.
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Figure 6. SEM morphology of different porous HA/Ti scaffolds after immersion in SBF for 7 days.
(a,c) 0.0% LaF3; (b,d) 0.3% LaF3.

4. Conclusions

A porous HA/Ti scaffold with high porosity (60%) was prepared by adding pore form-
ing agents. The pore structure of the scaffold is three-dimensional, with pore sizes mainly
distributed between 100–300 μm, and there are micrometer sized micropores distributed on
the pore walls, which are conducive to the growth of bone tissue and the achievement of bi-
ological fixation. The addition of LaF3 can improve the biomechanical properties of porous
HA/Ti scaffolds, and the HA/Ti scaffold exhibits the optimal mechanical performance
when the amount of the addition is 0.3%. The compressive strength is 65 MPa, exhibiting
mechanical properties similar to those of human bone, which is beneficial for reducing the
stress shielding problem caused by the mismatch between the biomechanical properties of
the implant and human bone. The rare-earth LaF3 enhanced porous HA/Ti scaffold offers
good pore structure and biomechanical compatibility, and it is expected to be employed as
an ideal material for bone replacement and repair.
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Abstract: Glycine (Gly), as one of the fundamental components of biomolecules, plays a crucial role
in functional biomolecular coatings. The presence of structural defects and hydroxyl-containing
functional groups in magnesium (Mg) materials, which are commonly used as biomedical materials,
significantly affects their biocompatibility and corrosion resistance performance. This study com-
putationally investigates the influence of vacancy defects and hydroxyl groups on the adsorption
behavior of Gly on Mg(0001) surfaces. All potential adsorption configurations are considered through
first-principles calculations. The findings indicate that stronger chemisorption occurs when Gly is
positioned at the edge of the groove, where the surface has a vacancy defect concentration of 1/3.
Among the four adsorption locations, the fcc-hollow site is determined to be the most favorable
adsorption site for hydroxyl. The adsorption energy of Gly on the Mg(0001) surface containing the
hydroxyl (−1.11 eV) is 0.05 eV more than that of on the Mg(0001) surface (−1.16 eV). The adsorption
energies, electronic properties, charge transfer, and stable configurations are calculated to evaluate
the interaction mechanism between Gly and defective surfaces. Calculated results provide a compre-
hensive understanding of the interaction mechanism of biomolecules on defective Mg surfaces and
also indicate the directions for future experimental research.

Keywords: glycine; Mg; defect; first-principles calculation; adsorption

1. Introduction

The initial reactions of biological magnesium (Mg) alloy materials in the physiological
environment of the human body depend on their surface properties [1–5]. Surface mod-
ification is one of the most commonly used methods to regulate the interaction between
biomaterials and internal tissues, improving the biocompatibility and corrosion resistance
of Mg alloys [6–12]. The optimal treatment and disease diagnosis are achieved through
this method to better adapt to physiological environments and provide required clinical
performance requirements.

Investigating the interaction between material surfaces with different microstructures
and biomolecules has important clinical applications. It is difficult to obtain the perfect
crystal surface with atoms arranged regularly and completely due to the influence of atoms
(or ions and molecules), the formation conditions of crystals, cold or hot processing, and
some crystal defects [13–15]. Crystal defects are mainly divided into vacancy defects,
line defects, and surface defects according to the geometric characteristics, and common
vacancy defects mainly include vacancy, interstitial particles, and foreign particles. Han
et al. used the first-principles calculation method based on density functional theory and
found that the presence of vacancy defects enhances the reaction activity of the Mg(0001)
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surface and reduces the diffusion barrier of hydrogen on the surface [16]. The calculated
results by Zhou et al. through the first-principles calculation indicate that the addition
of transition metals on the Mg surface makes a strong interaction between the transition
metals and Mg atoms, and the diffusion process of the transition metal atoms is difficult to
produce due to the higher potential barrier [17].

For the study of the adsorption of hydroxyl on the surface of Mg, the results of
Williams et al. reported that the adsorption of hydroxyl on the surface of Mg is relatively
stable in a neutral environment with a pH value of 7. The stable adsorption of hydroxyl
reduced the work function of the Mg surface, which will be beneficial for the hydrogen
release process [18]. Yuwono et al. found that the stability of the Mg surface is related to
the concentration of hydroxyl adsorbed. A certain concentration of hydroxyl adsorbed on
the Mg surface decreases the surface work function, which is conducive to the progress
of chemical reactions [19]. Zhou et al. calculated the different bromine coverage on the
Mg(0001) surface and found that the adsorption is most stable at the fcc-hollow site with
the bromine coverage being 0.25–1.00 ML, and the adsorption energy decreases, and the
work function increases with the increase of the coverage [20]. Li et al. modified the metal
surface state by doping, introducing defects, or adsorbing other radicals to prompt the
hydride formation and revealed the nature of this phenomenon in the Mg corrosion via the
first-principles calculation [21].

Amino acids, as the fundamental units of proteins, are interesting adsorbents for
studying the interaction between biomolecules and solid surfaces [22]. These organic
molecules exhibit various charges, polarities, water interactions, and proton exchanges. A
common feature is that they are composed of an amino group and a carboxyl group, but
there is a unique functional group in the side chain. They are the fundamental units of
complex biological molecules containing peptides and proteins. Gly is one of the basic
components of biological molecules and a nonessential amino acid that exists in neutral
and zwitterionic forms. A single carbon molecule is linked to an amino and a carboxyl
group, making it the simplest amino acid among all amino acids [23,24]. The investigation
of the surface structure and properties of Gly and biomaterials is not only a significant
subject in the fields of life sciences and medicine but also a crucial scientific matter in the
domains of chemistry, materials science, and the pharmaceutical industry [25–30]. Kumar
et al. optimized the adsorption geometries of Gly and suggested covalent bonding between
N and O atoms of the molecules and the surface Cu-atoms [24]. Madden et al. [31] carried
out both experimental and computational investigations to shed light on the adsorption
behavior of glycine on this specific Cu(311) surface and found that Gly adsorbs onto Cu(311)
with the nitrogen atom and one or two oxygen atoms of the carboxylic acid group bonding
to copper atoms in an adjacent row. These simulations helped explain the specific bonding
arrangements observed in the experimental results.

The adsorption and reactivity of Gly on Mg and Mg-based alloy surfaces, as well as the
interaction mechanism between biomolecules and different Mg surfaces, were investigated
in our previous work [32–35]. In the present work, the influence of surface vacancy defects
concentration (1/36, 1/6, 1/3, and 1/2) and hydroxyl on the adsorption characteristics
of Gly on the Mg(0001) surface was systematically investigated and discussed based on
the density functional theory (DFT). Our theoretical studies help us propose scenarios for
the adsorption mechanism of Gly/Mg(0001) and elucidate their dependence on different
surface vacancy concentrations. The anticipated computational results will provide a
better understanding of the reactivity of Mg-defected crystal surfaces and hydroxyl groups
during the adsorption process of glycine. This understanding will facilitate the design of
Mg surfaces with enhanced performance.

2. Computational Methods

All DFT calculations were performed using the Vienna Ab initio Simulation Package
(VASP) with the projector-augmented wave (PAW) method to characterize the interaction
between ions and valence electrons [36–38]. The exchange-correlation function was dealing

10



Coatings 2023, 13, 1684

with GGA-PBE [39]. Dion et al. [40] and Klimeŝ et al. [41–43] have proposed the local van
der Waals density functional scheme for the van der Waals contributions. Calculations of
the present work were performed by the optB86b-vdW method [44]. The plane wave cut-off
energy was set to 400 eV to describe the valance electrons. Six atomic layer thicknesses with
four vacancy defect concentrations of 1/36, 1/6, 1/3, and 1/2 were chosen as the surface
model, and the bottom two layers of Mg atoms were fixed throughout the optimization.
The concentration of four vacancy defects is primarily distributed in the topmost atomic
layer of the surface model. The bottom two layers of Mg atoms were fixed throughout the
optimization with the vacuum of 20 Å, and the optimized glycine molecule was placed
above the Mg(0001) surface. The ground state convergence criterion was set to 10−5 eV,
and all atoms were allowed to fully relax until the Hellmann-Feynman forces were smaller
than 0.02 eV/Å during the geometry optimization process.

The calculation of the adsorption energy (Eads) of Gly on different substrates is as
follows:

Eads = Emol + Esub − Emol+sub (1)

where Emol, Esub, and Emol+sub represent the total energy of the optimized Gly, the energy of
different substrates, and the energy of the stable adsorption systems, respectively.

3. Results and Discussion

Gly is primarily composed of an amino group and a carboxyl group, making it the
simplest structure in the amino acid sequence. The interaction between amino acids and the
surface mainly includes van der Waals and electrostatic interactions, and surface charges
significantly affect the adsorption of amino acids [7]. The optimized structure of Gly is
shown in Figure 1a, and the bond lengths of C1-N1, C2-O1, and C2-O2 are 1.45 Å, 1.21 Å,
and 1.36 Å, respectively. The hexagonal close-packed crystal structure of Mg is depicted in
Figure 1b, and the optimized lattice parameters of the bulk hcp Mg are a = b = 3.188 Å and
c = 5.193 Å, which are in good agreement with the experimental results (a = b = 3.210 Å,
c = 5.213 Å) [45] as well as the previously calculated results (a = b = 3.193 Å, c = 5.185 Å) [46].
For the adsorption of the isolated hydroxyl, four adsorption sites (bridge, top, fcc-hollow,
and hcp-hollow sites) on the Mg(0001) surface are shown in Figure 1c.

Figure 1. (a) Optimized structure of Gly. (b) The crystal structure of Mg. (c) Four adsorption sites
(bridge, top, fcc-hollow, and hcp-hollow sites) on the surface of Mg(0001).

3.1. Adsorption of Gly on the Mg(0001) Surfaces with Different Defect Concentrations

The isolated adsorption behavior of Gly on the Mg(0001) surface was reported earlier,
and the strongest interaction occurs when the amino and carboxyl groups in glycine
adsorbed on the Mg(0001) surface simultaneously, according to the calculated results [32].
The electronic structural properties of the Mg surface are altered by the presence of a
vacancy defect in the optimized defect-free cleaved Mg(0001) surface. In this study, the
adsorption behavior of Gly on the Mg(0001) surface with four different surface vacancy
defect concentrations (1/36, 1/6, 1/3, and 1/2) was investigated to establish a correlation
between the electronic properties of Gly and the surfaces. The optimized surfaces of four
energetically significant configurations with varying vacancy defect concentrations (1/36,
1/6, 1/3, and 1/2) are illustrated in Figure 2.
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Figure 2. (a–d) provide side views, and (e–h) show top views of four different Mg(0001) surfaces with
varying vacancy defect concentrations of (a) 1/36, (b) 1/6, (c) 1/3, and (d) 1/2. The Mg-S notation
indicates the Mg atoms in the second layer.

As reported in Ref. [32] regarding the adsorption of Gly on the Mg(0001) surface, it is
important to note that the N atom in the amino group and the O atom in the carboxyl group
primarily interact with the surface Mg atoms. The coordination covalent bonds formed
between N-Mg and O-Mg contribute to stronger interactions. To investigate the adsorption
behavior of Gly on surfaces with vacancy defects, the adsorption energies of Gly on the
Mg surface were calculated at the four different vacancy defect concentrations mentioned
above. The adsorption energies of Gly on the Mg surface after reaching a stable adsorption
state are listed in Table 1, and the adsorption configurations of Gly on the Mg(0001) surface
are depicted in Figure 3.

Table 1. Adsorption energies of Gly on different vacancy defect concentrations of Mg(0001) surfaces.

Adsorption Energy
Vacancy Defect Concentrations

1/36 1/6 1/3 1/2

Eads (eV) −1.17 −1.26 −1.27; −1.40 −1.25; −1.15

Figure 3. (a–f) are stable adsorption configurations of Gly on the Mg(0001) surfaces with the defect
concentration of 1/36, 1/6, 1/3, 1/3, 1/2, and 1/2, respectively. Mg-F and Mg-S represent Mg atoms
in the first and second layers, respectively.

The presence of defects has an impact on the electronic structure properties of the
surface, which in turn affects the adsorption process of Gly. According to the calculated
adsorption energy using Equation (1) in Table 1, it is observed that the presence of a single
atomic vacancy defect on the Mg(0001) surface, as indicated by the arrow in Figure 3a,
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results in an adsorption energy of −1.17 eV for Gly on this surface. In comparison to the
adsorption energy of Gly on the defect-free Mg(0001) surface (−1.16 eV), the presence of a
vacancy defect with a concentration of 1/36 slightly influences the adsorption energy of Gly,
resulting in an adsorption energy of −1.17 eV. Figure 3b illustrates the optimized adsorption
configuration of Gly on the Mg(0001) surface with a vacancy defect concentration of 1/6. In
this configuration, the adsorption energy is −1.26 eV, indicating a higher stability compared
to the adsorption on the Mg(0001) surface with a vacancy defect concentration of 1/36.

For the adsorption of Gly on the Mg(0001) surface with a defect concentration of 1/3,
the optimized adsorption configurations are shown in Figure 3c,d. Considering the ad-
sorption near and at the edge of the groove, the calculated Eads are −1.27 eV and −1.40 eV,
respectively. In comparison to the other cases shown in Figure 3, the configurations pre-
sented in Figure 3c,d exhibit higher Eads. Among the six different adsorption configurations,
the most stable configuration is observed when Gly is adsorbed at the edge of the groove.
Considering defect surfaces with a vacancy defect concentration of 1/2, the adsorption of
Gly near the edge and at the bottom of grooves was investigated. The optimized results
for these adsorption configurations are depicted in Figure 3e,f, and the calculated Eads are
−1.25 and −1.15 eV, respectively. When Gly was adsorbed at the bottom of the vacancy
defect groove, its adsorption energy was nearly equivalent to that on the surface of a
defect-free Mg(0001) surface.

From the calculated results, the adsorption configuration of Gly at the edge of the
grooved Mg(0001) surface with the vacancy defect is the most stable adsorption structure.
The sharing of electrons from the adsorbent to the surface of Mg(0001) leads to a decrease
in the length of the interaction bond to its optimal distance, resulting in an increase in the
adsorption interaction energy. The optimized bond lengths of N1-Mg, O1-Mg, and O2-Mg
in the adsorption systems shown in Figure 3 are approximately 2.19–2.23 Å, 1.94–1.95 Å,
and 2.04–2.07 Å, respectively. These optimized bond lengths in Figure 3 are in close
agreement with the sum of the covalent radii (2.11 and 2.09 Å) of nitrogen (0.75 Å) and
oxygen (0.73 Å) atoms with the Mg (1.36 Å) atom, as reported in Ref. [47]. This agreement
between the calculated bond lengths and the expected values is consistent with the results
presented in Ref. [48].

3.2. Effect of Hydroxyl on the Adsorption of Gly on the Mg(0001) Surfaces

Under physiological conditions, the surfaces of Mg and Mg alloys are susceptible to
hydroxylation, resulting in the formation of hydroxyl (hydroxide anion) on their surfaces.
This hydroxyl presence has an impact on the binding properties of biomolecular coatings
to these surfaces. To investigate the adsorption behavior of Gly on the Mg(0001) surface
with hydroxyl, it is essential to determine the most stable position of the hydroxyl on the
Mg(0001) surface. The optimized adsorption configurations of the hydroxyl at the four
adsorption sites’ (bridge, top, fcc-hollow, and hcp-hollow sites, as shown in Figure 1c) on
the Mg(0001) surfaces are displayed in Figure 4. The calculated Eads of the four adsorption
cases by Equation (1) are depicted in Table 2.

Table 2. Adsorption energies of hydroxyl on the Mg(0001) surfaces.

Adsorption Energy
Adsorption Site of Hydroxyl

Bridge Top Fcc-Hollow Hcp-Hollow

Eads (eV) −5.4581 −5.4569 −5.5010 −5.5004
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Figure 4. (a–d) correspond to the structures of hydroxyl adsorbed on the top, bridge, fcc, and hcp
sites of Mg(0001) surface, respectively. The Mg-F and Mg-S labels indicate the Mg atoms in the first
and second layers, respectively.

According to the optimized adsorption configurations of hydroxyl on the Mg(0001)
surface in Figure 4 and the calculated Eads by Equation (1) in Table 2, it can be seen
that the Eads of hydroxyl on the Mg(0001) surface for the four adsorption sites (bridge,
top, fcc-hollow, and hcp-hollow sites) are −5.4581, −5.4569, −5.5010, and −5.5004 eV,
respectively. The fcc-hollow site is the most favorable adsorption site among the four
adsorption locations. Therefore, a Mg surface model with the hydroxyl adsorbed on the fcc-
hollow site was selected as the surface for the adsorption of Gly. A hydroxylated Mg(0001)
surface differs from the defect-free surface by the presence of a hydroxyl group (OH) that
obtains some electrons from the surface. The optimized stable adsorption structure of Gly
on the hydroxylated Mg(0001) surface, along with the selected bond lengths, is shown
in Figure 5. The calculated Eads of Gly on the Mg(0001) surface containing the hydroxyl
is −1.11 eV, which is 0.05 eV more than the adsorption energy of Gly on the defect-free
Mg(0001) surface (−1.16 eV) [32]. The presence of an additional OH group on the Mg(0001)
surface leads to a slight decrease in the adsorption energy of Gly adsorption configurations.
The sharing of electrons from the hydroxyl group to the Mg surface affects the overall
binding energy between Gly and the Mg(0001) surface. This electron sharing leads to a
decrease in the adsorption energy of Gly adsorption configurations.

 
Figure 5. The optimized adsorption configuration of Gly on the hydroxylated Mg(0001) surface. The
bond lengths (in Å) are also listed, and Mg-F and Mg-S represent Mg atoms in the first and second
layers, respectively.

Based on the calculated results, it is observed that the adsorption of Gly on the
hydroxylated Mg(0001) surface is accompanied by the release of a considerable amount of
charge and energy. In the process of hydroxyl adsorption, some electrons are obtained from
Mg atoms on the surface, resulting in corresponding changes in the electronic structure
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properties of the surface. After stable adsorption, the interaction between the Mg(0001)
surface containing hydroxyl and Gly is weakened. The bond lengths of O1-Mg, O2-Mg,
and N-Mg are 1.95, 2.05, and 2.23 Å, respectively, which are close to the theoretical bond
lengths for forming covalent bonds [47], and this result is also in good agreement with the
results in Ref. [48].

3.3. Electronic Properties of Gly on Different Mg(0001) Surfaces

In this section, the interaction mechanism between orbitals during the formation of Gly
and the defected/hydroxylated Mg(0001) surfaces was explored. As the results of previous
sections suggest, the favorable adsorption structure of Gly at the edge of the groove in the
defected adsorption system was focused. To analyze the electronic properties, the projected
density of states (PDOS) of the Gly adsorption configurations on the mentioned substrates
was examined. Specifically, the orbitals of the covalently bonded atoms before and after the
adsorption were analyzed, as depicted in Figure 6.

Figure 6. (a–d) are the PDOS of binding Mg atoms of the Mg(0001) surface, N1, O1, and O2 atoms
of Gly before the adsorption; (e–h) are the PDOS of the corresponding atoms after adsorption,
respectively. The Fermi level is set at 0 eV.

The calculated results in Figure 6 reveal that the electron localization of the binding
atoms in isolated Gly decreases, and new peaks of the binding Mg atoms emerge after
adsorption, in contrast to the results obtained before adsorption. A new peak overlap was
observed between the N and Mg atoms at −4.30 eV in Figure 6e,f, which suggests the
formation of a covalent bond between these atoms. This is evident from the shaded areas
in the figure, where the PDOS curves of N and Mg atoms overlap, indicating the sharing
of electrons and the formation of a chemical bond. The O1 atom that binds to the Mg
atom on the surface exhibits overlapping peaks at −5.20 eV and −8.22 eV in Figure 6e,g.
This indicates the formation of new covalent bonds between O1 and Mg. The shaded
regions in the figure demonstrate this overlap, suggesting the sharing of electrons and the
formation of chemical bonds between the O1 and Mg atoms. Indeed, it can be observed
that the p-state electron localization of O1 is weakened after the surface adsorption of Gly,
as compared to the results of Gly on the vacancy defect surface before adsorption. This
can be seen in the PDOS curves of O1 in Figure 6g,h, where the peaks corresponding to
the p-states of O1 become less pronounced after the adsorption of Gly on the Mg(0001)
surface. This suggests a redistribution of electron density and a weakening of the electron
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localization of O1 upon adsorption. Overlapping peaks of O2 and Mg atoms appear at the
positions of −3.00 and −5.00 eV, indicating that O2 forms a new bond with surface Mg
atoms, as depicted in the shaded areas in Figure 6e,h. According to the bond length values
of each stable adsorption configuration in Figure 3, the bond lengths of N-Mg and O-Mg
are close to the theoretical bond length of the covalent bond formed by them. The binding
reason is mainly that the N in the amino group and the O in the carboxyl group share the
lone pair electrons with the surface Mg atoms. Therefore, a coordination covalent bond is
also formed between them when the defective Mg surface adsorbs Gly.

Further, the PDOS of Gly on the Mg(0001) surface with the hydroxyl adsorbed is
plotted, as shown in Figure 4. This is an important process as hydroxylated Mg surfaces
are very common on biomimetic coating surfaces.

One significant observation is the distinct downward displacement of the sp states
of N and O in Figure 7. This indicates that the adsorption of Gly onto the hydroxylated
Mg(0001) surface leads to a substantial reduction in electron localization within Gly. This
considerable weakening of electron localization arises from the strong interaction that
occurs between the N and O atoms of Gly and the surface. New peaks of N1-Mg atoms
appear at the positions of −4.02, −6.21, and −8.10 eV in Figure 7e,f. At the same time, the
O1 and Mg atoms exhibit new overlapping peaks at the positions of −3.80 and −4.10 eV,
and the broadening range of O1 increases. This is mainly caused by the strong interaction
between the p-orbital electrons of O1 and the s- and p-orbital electrons of the Mg surface
atoms, as shown in the shaded regions in Figure 7e,g. The overlapping peaks of O2-Mg in
Figure 7e,h appear at −3.80 and −4.20 eV, respectively.

Figure 7. The PDOS of Gly on the hydroxylated Mg(0001) surface. (a–d) are the PDOS of Mg, N1, O1,
and O2 atoms before adsorption, respectively; (e–h) are the PDOS of the corresponding atoms after
adsorption, respectively.

The presence of overlapping peaks in the observed regions implies the formation of
a novel chemical bond between Gly and the Mg surface atoms. The bonding process is
mainly caused by the sharing of electrons between N and O atoms and Mg surface atoms.
The bond lengths of N1-Mg, O1-Mg, and O2-Mg are close to the theoretical bond lengths for
N/O and Mg to form a covalent bond. Therefore, Gly binds to the Mg surface containing
defect/hydroxyl through coordinating covalent bonds.
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4. Conclusions

In conclusion, the DFT calculations with the optb86b-vdw dispersion correction were
utilized to investigate the impact of surface vacancy defects and hydroxyl on the adsorption
characteristics of Gly on the Mg(0001) surface. All the possible adsorption configurations
have been taken into account, and the interaction mechanism of Gly on different surface
vacancy defect concentrations was also analyzed. Based on our analysis, the conclusions
can be drawn as follows:

1. In the case of vacancy defects with varying concentrations, the most favorable ad-
sorption mode of Gly on the Mg(0001) surface was found to involve the formation
of coordination covalent bonds between the amino and carboxyl groups of Gly and
the surface Mg atoms. Computational analysis revealed that the presence of defects
facilitated a stronger adhesion of Gly to the surface compared to the defect-free surface.
Specifically, the most stable configuration was observed when Gly was adsorbed at
the edge of the grooved vacancy defect surface, with a defect concentration of 1/3.

2. Among the four adsorption sites, the fcc site is the most favorable adsorption site
for the hydroxyl group. The adsorption of the hydroxyl group alters the electronic
structure properties of the Mg(0001) surface, causing some electrons to transfer from
the Mg(001) surface to the hydroxyl group, resulting in a slight decrease in the
adsorption energy of Gly.

3. Different concentrations of vacancy defects can improve the adsorption of glycine
on the Mg(0001) surface. The presence of the hydroxyl functional group weakens
the adsorption of glycine on the Mg(0001) surface. These findings offer a theoretical
foundation for the development of amino acid-based bio-coatings on material surfaces.
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Abstract: In this study, inspired by the adhesion protein of mussels, a Zn2+-loaded polydopamine
(PDA/Zn2+) coating was prepared on an alkali–heat-treated magnesium alloy surface, through the
chelating effect of PDA with metal ions, to improve anticorrosion and biocompatibility. The results of
water contact angles show that the PDA/Zn2+ coatings with different Zn2+ contents had excellent
wettability, which contributed to the selective promotion of the albumin adsorption. The corrosion
degradation behaviors of the modified magnesium alloys were characterized using potentiodynamic
scanning polarization curves, electrochemical impedance spectroscopy (EIS), and an immersion
test, the results indicate that anticorrosion was significantly improved with the increase of Zn2+

content in the coating. Meanwhile, the PDA/Zn2+ coatings with different Zn2+ concentrations
demonstrated improved hemocompatibility, confirmed by assays of the hemolysis rate and platelet
adhesion behaviors. In addition, the results regarding the growth behaviors of endothelial cells
(ECs) suggest that, due to the sustained release of Zn2+ from the coatings, the modified magnesium
alloys could enhance the adhesion, proliferation, and upregulated expression of vascular endothelial
growth factor (VEGF) and nitric oxide (NO) in endothelial cells, and that better cytocompatibility
to ECs could be achieved as the Zn2+ concentration increased. Therefore, the PDA/Zn2+ coatings
developed in this study could be utilized to modify magnesium alloy surfaces, to simultaneously
impart better anticorrosion, hemocompatibility, and endothelialization.

Keywords: magnesium alloy; zinc ions; corrosion resistance; endothelialization; biocompatibility

1. Introduction

Percutaneous coronary intervention (PCI) with stent implantation is an extensive and
effective method for treating stenotic cardiovascular disease; however, the biocompatibility
of traditional metal stents within current clinical practice is limited. The drugs released
from the drug-eluting stents (DESs) can prevent excessive neointimal hyperplasia, to reduce
the in-stent restenosis; however, it can also inhibit endothelial repair and regeneration,
leading to clinical complications such as chronic inflammation, late thrombosis, and late
in-stent restenosis [1,2]. The drawbacks of current vascular stents have pushed researchers
to explore novel stents made from biodegradable materials. Magnesium (Mg) is the fourth
trace element in the human body, and plays important roles in impeding abnormal nerve
excitation, participating in protein synthesis, abating hypertension, treating acute MI
(myocardial infarction), and preventing atherosclerosis [3]. Cardiovascular stents made
from a magnesium alloy have better biodegradation and mechanical properties. These
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offer potential advantages in overcoming clinic complications caused by non-degradable
metal stents, such as chronic inflammatory responses, late thrombosis, and long-term use
of anticoagulants. In the past several years, many types of magnesium alloy with excellent
mechanical properties have been developed. For example, Zhang et al. developed a Mg
alloy with ultrahigh ductility (nearly 50%) by combining Er micro-alloying (0.3 at% Er) with
the appropriate grain refinement (~8 μm) [4]. Zhao et al. [5] utilized super-defined wave-
welding technology to achieve high-strength connections between two heterogeneous light
alloys (magnesium alloy and copper alloy). However, most of these were quickly corroded
in the complicated in vivo physiological environment, easily leading to the premature
loss of mechanical support after implantation. Moreover, the limited bioactivities on the
magnesium-based biomaterials’ surfaces could not effectively regulate the physiological
reactions of the ambient microenvironment after implantation, which may result in late
endothelial healing and thrombosis. Therefore, when exploring new ways of maintaining
good biocompatibility, concurrently controlling the degradation speed of magnesium-based
alloys remains the primary focus, and represents the sticking-point in clinical practice
regarding vascular stents made from magnesium and its alloys.

Given that corrosion resistance and biocompatibility are closely related to surface char-
acteristics, surface modification is one of the operationally easy and effective approaches
toward overcoming the clinical complications of magnesium alloys in cardiovascular stents.
Currently, various methods have been explored to improve the anticorrosion and biocom-
patibility of magnesium alloys, including chemical and electrochemical treatments, the
preparation of inorganic coatings (sol–gel coating, inorganic non-metallic coating, layered
double hydroxide coating, etc.), the in-situ introduction of bioactive factors onto the surface,
the construction of polymer coatings with or without biomolecules, etc. [6–12]. Although
these methods can obviously reduce the biodegradation speed of magnesium and its alloys,
and introduce chemical groups or bioactive factors onto the surface, as well as reducing
the side effects after implantation to some degree, there are still shortcomings, including
the complex preparation steps, the long time-consuming procedures, the short duration of
action, the difficult performance control, and other issues.

It is well known that zinc is the second trace element in the human body, and has a
significant impact on the biological behaviors of cells and tissues [13,14]. Zinc ions play a
crucial role in preventing and treating various physiological diseases, such as preventing
local ischemia and vascular infarction. Zinc ions have a cytoprotective effect that can acceler-
ate the integrity of endothelial cells, thereby preventing atherosclerosis, and facilitating the
regeneration of the damaged vascular endothelium [15], which plays an important role in
maintaining the normal physiological function of the human vascular endothelium. In this
study, polydopamine coatings containing different Zn2+ concentrations (PDA/Zn2+) were
prepared by a one-step process on the alkali–heat-treated magnesium alloy surface, and
electrochemical degradation behaviors, blood compatibility, and endothelial cell growth
behaviors were investigated in detail. The results indicate that the introduction of Zn2+ onto
the magnesium alloy’s surface can effectively enhance anticorrosion and anticoagulation,
and promote endothelial cell growth for endothelialization.

2. Materials and Methods

2.1. Construction of PDA/Zn2+ Coatings

AZ31B magnesium alloy plates (12 mm diameter, 4 mm thickness) were polished to
the point of displaying no scratches. The polished plates were ultrasonically cleaned for
10 min by acetone and ethanol, respectively. The cleaned Mg plates were immersed in
a 3 M NaOH solution to be treated for 24 h at 75 ◦C. After being washed and dried, the
alkali–heat-treated samples (Mg-OH) were dipped into the mixed solutions of 2 mg/mL
dopamine and 1 mg/mL, 2 mg/mL, and 3 mg/mL ZnSO4.7H2O (Tris-HCl buffer, pH 8.5,
volume ratio 1:1), respectively, for 4 h at room temperature. The as-prepared samples were
named as Mg-PDA/1Zn, Mg-PDA/2Zn, and Mg-PDA/3Zn, respectively.

21



Coatings 2023, 13, 1079

2.2. Surface Characterization

The surface chemical structures of the different samples were characterized by at-
tenuated total reflection–Fourier-transform infrared spectroscopy (ATR-FTIR, TENSOR27,
Bruker of Germany, Mannheim, Germany) and X-ray photoelectron spectroscopy (XPS,
Quantum 2000; PHI Co., Chanhassen, MN, USA). The surface morphologies were exam-
ined using scanning electron microscopy (SEM, FEI, Quata 250, Portland, OR, USA). The
surface wettability was characterized by the water contact angles of three parallel samples;
the average value for each sample was calculated and expressed as mean ± standard
derivation (SD).

2.3. In Vitro Electrochemical Corrosion Degradation Behavior
2.3.1. Potentiodynamic Scanning Polarization Curves and EIS

The three-electrode system (with the sample as the working electrode, platinum
wire as the auxiliary electrode, and Ag/AgCl as the reference electrode) was utilized to
measure the potentiodynamic scanning polarization curves and electrochemical impedance
spectra (EIS) of the different modified samples. The test was carried out using a CHi660D
electrochemical workstation (CHI Instruments, Inc., Shanghai, China). The test solution
was Hank’s simulated body fluid (SBF). Before the test, the sample was immersed into SBF
to obtain the stable open circuit potential, and then the scanning polarization was carried
out, at a scan speed of 1 mV/s, to obtain the potentiodynamic scan polarization curves.
The corrosion current density and potential were obtained using the Tafel method, and the
corrosion depth per year was determined using the Equation (1) [16]:

d = 3.28 × 10−3 (M/nρ)Icorr (1)

where d represents the corrosion depth per year (mm/y); M and ρ are equal to the gram
atomic weight (24 g/mol) and the density (1.74 g/cm3) of Mg; n represents the number of
electrons lost by Mg (n = 2); and Icorr is the corrosion current density (μA/cm2).

A sinusoidal alternating current with an amplitude of 10 mV was used to carry out the
EIS measurement from high frequency to low frequency (105–0.1 Hz), and the impedance
parameters of the equivalent circuit were fitted using the Zview software. The polarization
resistance (Rp) was obtained from the EIS.

2.3.2. Immersion Experiment and pH Changes

The sealed sample with a 1 cm2 exposed area was placed into 20 mL SBF solution
(pH 7.4) for 1, 3, 7, and 14 days, respectively. The SBF solution was renewed every two
days. The samples were rinsed using deionized water, and dried using compressed air flow.
The corrosion morphologies and elemental compositions of the surface were examined by
SEM and EDS (energy dispersive spectrometer), respectively. Meanwhile, the pH value for
each sample solution was determined by a pH meter at predetermined times; three parallel
specimens were measured, and the values were averaged.

2.4. Protein Adsorption

The bovine serum albumin (BSA) and fibrinogen (FIB) adsorption were evaluated
using a BCA assay. The sealed magnesium alloy was first sterilized for 12 h under ultraviolet
light, and then incubated for 2.5 h with 2 mL BSA and FIB solutions (1 mg/mL) at 37 ◦C,
respectively. The sample was rinsed using phosphate buffer solution (PBS), followed by
ultrasonically desorbing the adsorbed proteins for 30 min with 2 mL sodium dodecyl
sulfate solution (1 wt% SDS). For each sample, 200 μL eluent was mixed with 100 μL BCA
working solution (reagent A: reagent B = 50:1) in a 96-well plate, and absorbance at 562 nm
was measured. The protein adsorption amount was deduced based on the standard curve.
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2.5. Blood Compatibility
2.5.1. Hemolysis

Healthy human blood was centrifuged for 10 min at 1500 rpm to obtain red blood
cells (RBCs). The 2% RBC suspension was prepared using physiological saline, and the
2 mL suspension was incubated for 3 h with the sample at 37 ◦C. For the negative control
and the positive control, respectively, 2% RBCs suspensions diluted with normal saline,
and distilled water, were used. A 1 mL amount of the culture solution was centrifuged
for 5 min at 3000 rpm, and 200 μL supernatant was used to detect absorbance at 545 nm
using a microplate reader (Bio-Tek Eons). Equation (2) was utilized to determine the
hemolysis rate:

Hemolysis (%) = (A − A2)/(A1 − A2) ×100% (2)

where A, A1, and A2 represent the absorbance of the sample, the positive control, and the
negative control, respectively.

2.5.2. Platelet Adhesion

The anticoagulated human blood was centrifuged for 10 min at 1500 rpm/min to
obtain platelet-rich plasma (PRP). A 200 μL amount of PRP was incubated for 2.5 h with
the specimen at 37 ◦C. The specimens were washed thrice using PBS to remove the non-
attached platelets, then the attached platelets were fixed for 3 h using 2.5% glutaraldehyde
at 4 ◦C. The attached platelets on the surface were successively treated using 50%, 70%,
90%, and 100% ethanol solutions, for 15 min each. After being dried at room temperature,
the sample surface was sprayed with a gold layer, and the platelets were observed using
SEM. Five different SEM pictures (×3000) were randomly selected, and their total adhered
platelets counted. This was expressed as the number of adhered platelets per unit area.

2.6. Growth Behaviors of Endothelial Cells
2.6.1. Cell Adhesion and Proliferation

The specimens were first placed into a 24-well culture plate and sterilized for 12 h
using ultraviolet light. Into each well, 0.5 mL endothelial cell suspension (5 × 104 cells/mL,
ECV304, Cobioer, Nanjing, China), and 1.5 mL culture medium were added, to incubate
with the sample for 6 h and 24 h at 37 ◦C with 5% CO2, respectively. After being rinsed
using the normal saline solution, the adhered cells were fixed using 2.5% glutaraldehyde at
4 ◦C for 3 h. The attached cells were treated using 100 μL rhodamine (10 μg/mL) for 20 min
and 100 μL 4,6-diamidino-2-phenylindole (DAPI, 500 ng/mL) for 10 min, respectively. The
cell images were recorded using a fluorescent microscope (Carl Zeiss A2 inverted).

The CCK-8 method was used to characterize cell proliferation. The cells were incubated
with the different specimens as described above for 6 h and 24 h, respectively. Subsequently,
the specimens were transferred to a new plate, and 0.5 mL of CCK-8 solution (10% in cell
culture solution with 10% fetal bovine serum) was added into each well, to incubate for
3.5 h. Finally, 200 μL culture solution was used for measuring the absorbance at 450 nm,
three parallel specimens were measured, and the values were averaged.

2.6.2. Endothelial Growth Factor (VEGF) Expression

Endothelial cells (ECs) were incubated with the specimen as described above. An
enzyme-linked immunosorbent assay was carried out to evaluate the VEGF concentration
expressed by ECs on the surface. After the cell culture, for each sample, 40 μL diluent and
10 μL cell culture medium were mixed in a 96-well plate. The culture plate was sealed
and incubated for 1 h at 37 ◦C. After rinsing five times, 50 μL enzyme-labeled reagent
was added, to incubate for another 15 min, followed by the successive adding of 50 μL
chromogenic reagent A, and 50 μL chromogenic reagent B, into each well, to incubate for
15 min in the dark at 37 ◦C. Finally, 50 μL stop solution was added, and absorbance at
450 nm was measured. The VEGF concentration was determined based on the standard
curve. The values of the three parallel specimens were averaged.
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2.6.3. Endothelial Nitric Oxide (NO) Expression

The NO expressed by the ECs was determined by the nitrate reductase method. Firstly,
endothelial cells were inoculated on each surface to culture for 6 h and 24 h as described
above, respectively, and then 50 μL supernatant was moved into the 96-well plate, followed
by the successive adding of 50 μL Grignard reagent I and 50 μL Grignard reagent II. The
absorbance value at 540 nm was determined, and the NO concentration was deduced based
on the standard curve.

3. Results and Discussion

3.1. Surface Chemical Structure and Morphologies

Figure 1A shows the ATR-FTIR spectra of the different specimens. Obviously, no
obvious infrared absorption peaks on the Mg surface can be detected. A strong absorption
peak at 3700 cm−1 can be observed on Mg-OH, which belonged to the adsorption peak of
-OH, indicating that NaOH treatment can produce a Mg(OH)2 coating on the surface. The
existence of the oxide layer can enhance anticorrosion to some degree. After constructing
the PDA/Zn2+ coatings, the absorption peaks at 1530 cm−1 and 3200 cm−1, belonging to the
adsorption of the -NH and -NH2 groups, respectively, can be detected, suggesting that the
amino groups were introduced onto the surface. The adsorption peaks at 1450–1625 cm−1

for the C=C and N-H peak of the benzene ring [17], and the peak at 2980 cm−1 for the -CH2
group, are clearly observed, demonstrating that the polydopamine coating was successfully
constructed on the surface.

Figure 1B,C are the XPS survey spectra and high-resolution spectra, respectively, of
the different specimens. Table 1 shows the surface atomic compositions of the different
magnesium alloys. Since the unmodified magnesium alloys could be oxidized in the natu-
ral environment, and had some carbon contaminants [16], the peaks of Mg1s (1305.91 eV),
Mg2p (346.59 eV), C1s (284.72 eV), and O1s (532.75 eV) could be detected on the Mg sur-
face. For Mg-OH, the Mg1s peak was weakened, and its content dropped from 47.3% to
9.6%; the O1s and C1s peaks were enhanced and their contents increased to 58.56% and
31.77%, respectively. According to the high resolution spectra of Mg1s, the fitting peaks at
1304.65 eV and 1307.44 eV can be attributed to MgCO3 and Mg(OH)2, respectively, indi-
cating that alkali–heat treatment can produce a Mg(OH)2 passivation layer on the surface.
The formation of MgCO3 may be due to the fact that a small amount of CO2 in the air
diffused into the inner layer, and reacted with the magnesium substrate. For the PDA/Zn2+

modified sample, the occurrence of Zn2p (1022 eV) and N1s suggested that the Zn2+-loaded
polydopamine coating was successfully prepared on the surface. As the concentration of
zinc ions in the solution increased, the Zn concentration in the coating augmented, while
the Mg content decreased, which was beneficial to improving corrosion resistance. As
dopamine concentration was constant (2 mg/mL) in the process of preparing the coat-
ings, there was no significant change in N1s content. The C1S high-resolution spectrum of
Mg-PDA/Zn2+ can be fitted into two peaks; i.e., C-O at 285.14 eV, and C-C at 284.75 eV.
The two peaks of O1S at 530.28 eV and 531.78 eV were mainly due to C=O and Zn·· O=C;
the N1S high-resolution spectrum shows that the absorption peaks of C-NH2 and NH3
appeared at 400.41 eV and 398.75 eV, respectively [18]; these results indicated that the
Zn2+-loaded polydopamine coating had been successfully constructed on the surface.

The surface morphologies of the different specimens characterized by SEM are exhib-
ited in Figure 2. The surfaces of the Mg and Mg-OH (data not shown for Mg-OH) were
relatively smooth. For Mg-PDA/Zn, white particles can be seen on the surface, and the
surface became a little rough; this is because the self-polymerization of dopamine under an
alkaline environment can cause PDA aggregates to precipitate on the surface, resulting in
an increased surface roughness [19]. Therefore, it can be seen from Figure 2 that particle
agglomeration appeared on all the Mg-PDA/Zn surfaces. The dopamine concentration was
constant; more dopamine would be used for chelating Zn2+ with the increase in Zn2+ in the
solution, leading to the decreased white particles, which contributed to the production of a
denser coating to enhance anticorrosion.
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Figure 1. (A) ATR-FTIR, (B) XPS survey spectra, and (C) high-resolution XPS spectra of the different
specimens.

Table 1. Atomic compositions of the different sample surfaces.

Samples Mg C O Zn N

Mg 47.3 6.5 46.2 - -
Mg-OH 9.6 31.8 58.6 - -

Mg-PDA/1Zn 9.1 49.1 31.9 3.3 6.6
Mg-PDA/2Zn 7.3 53.3 28.5 5.2 5.7
Mg-PDA/3Zn 4.5 61.2 20.9 7.8 5.6

Figure 2. The representative SEM pictures of the different modified magnesium alloys.
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3.2. Electrochemical Corrosion Degradation Behaviors

Potentiodynamic scanning polarization curves and EIS were used to investigate
the electrochemical behaviors of the magnesium alloys, and the results are displayed
in Figure 3A,B. The corresponding corrosion parameters of the different specimens, includ-
ing the corrosion potential (Ecorr), corrosion current density (Icorr), and annual corrosion
depth of the different samples, are displayed in Table 2. In order to quantitatively describe
the EIS graph response, equivalent circuit diagrams of the response were constructed,
as shown in Figure 3B(b1,b2), respectively. Table 3 shows the EIS fitting parameters of
the different magnesium alloys. Generally speaking, under the same corrosive environ-
ment, a larger Ecorr represents more thermodynamic stability, and a smaller Icorr means a
slower corrosion degradation rate [20]. The results shown in Figure 3A and Table 2 clearly
indicate that the pristine magnesium alloy showed the largest corrosion current density
(1.42 × 10−5 A·cm−2) and corrosion depth per year (2.80 × 10−1 mm/y), as well as the
lowest corrosion potential (−1.55V). Moreover, Figure 3B and Table 3 show that the Mg
specimen had the smallest capacitive ring, and the lowest impedance value (5900 Ω·cm2),
suggesting that the blank Mg alloy had the worst anticorrosion properties. After alkali–heat
treatment, the Ecorr was elevated to −1.50 V, and the Icorr and annual corrosion depth were
reduced to 1.47 × 10−6 A·cm−2, and 7.95 × 10−2 mm/y, respectively, suggesting that alkali
heat treatment could enhance anticorrosion properties to some degree. After the PDA/Zn2+

coating was constructed, the Ecorr continued to shift positively, and the Icorr decreased by
an order of magnitude compared with Mg-OH, indicating that the PDA/Zn coating can
further improve anticorrosion properties. It can be concluded that a dense and compact
coating on the surface can effectively prevent the penetration of corrosive ions, providing a
better corrosion resistance. The polarization resistances of Mg-PDA/1Zn, Mg-PDA/2Zn,
and Mg-PDA/3Zn were 16,161 Ω·cm2, 18,095 Ω·cm2, and 57,422 Ω·cm2, respectively, in-
dicating that the increase in zinc ions in the coating was helpful for improving corrosion
resistance. On the one hand, the zinc-loaded polydopamine coating could completely cover
the magnesium alloy surface; on the other hand, the higher content of Zn2+ could react with
OH− to form a stable and dense Zn(OH)2 protective layer, to further enhance anticorrosion
properties [21].

Figure 3. (A) Potentiodynamic scanning polarization curves and (B) Nyquist plots of the different
specimens. For Nyquist plots, the scatter is the original values; the line is the calculative values;
(b1) is equivalent circuits of Mg, Mg-OH, Mg-PDA/1Zn, and Mg-PDA/3Zn; and (b2) is equivalent
circuits of Mg-PDA/2Zn. (C) pH changes in the different specimens immersed in SBF for 7 days.

According to the corrosion mechanism of the Mg alloy, plenty of OH− may be gener-
ated after corrosion, resulting in the pH value increasing, which can reflect the degradation
behavior of the magnesium alloy. Figure 3C shows the pH values of the different Mg alloys
immersed in SBF solution for 7 days. Obviously, the pH values of all specimens increased
during this period. The pH value of the unmodified magnesium alloy sample was always
the highest. In contrast, the trend of rising pH in the modified samples was relatively
slow, indicating that this modification (alkali–heat treatment and PDA/Zn coating) can
effectively reduce the release of OH− to a certain extent. Compared with PDA/Zn2+-coated
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modified magnesium alloys, the pH of Mg-OH was relatively high, because the Cl− in SBF
can turn Mg(OH)2 into soluble MgCl2 after prolonged immersion, leading to the relatively
fast degradation of the magnesium alloys. Notably, the pH value of Mg-PDA/3Zn was
always the smallest during the 7 d immersion, demonstrating that it had the best anticorro-
sion properties and the slowest degradation rate, which can be attributed to the fact that
the formation of Zn(OH)2, and the robust PDA coating [22] were helpful for inhibiting the
generation of OH−, and reducing the pH value changes.

Table 2. Corrosion potential, corrosion current density, and annual corrosion depth of the different
samples.

Samples Ecorr/(V) icorr/(A·cm−2) d/(mm/y)

Mg −1.55 1.42 × 10−5 2.8 × 10−1

Mg-OH −1.50 1.47 × 10−6 7.95 × 10−2

Mg-PDA/1Zn −1.45 9.23 × 10−7 4.63 × 10−2

Mg-PDA/2Zn −1.47 7.79 × 10−7 4.30 × 10−2

Mg-PDA/3Zn −1.41 4.41 × 10−7 2.32 × 10−2

Table 3. EIS fitting values of the different magnesium alloys.

Samples Rs/(Ω·cm2) CPE1/(μF·cm−2) Rct/(Ω·cm2) CPE2/(μF·cm−2) Rc/(Ω·cm2) Rp/(Ω·cm2)

Mg 70.9 5.47 × 10−5 1608 2.17 × 10−4 4292 5900
Mg-OH 89.3 4.90 × 10−5 2568 3.14 × 10−4 4153 6721

Mg-PDA/1Zn 55.3 1.61 × 10−5 7362 1.06 × 10−4 8799 16,161
Mg-PDA/2Zn 83.6 2.36 × 10−5 18,095 - - 18,095
Mg-PDA/3Zn 91.5 5.94 × 10−7 20,374 3.14 × 10−5 37,048 57,422

Rs is solution resistance; CPE1, CPE2 are constant phase elements; Rct is coating resistance; Rc is charge transfer
resistance.

The corrosion morphologies of the different magnesium alloys soaked in SBF for
1 d, 3 d, 7 d, and 14 d, respectively, are exhibited in Figure 4, and the surface elemental
compositions after 14 d immersion determined by EDS are displayed in Table 4. After
1 d, cracks occurred on the Mg surface because of its poor anticorrosion properties; in
contrast, no obvious cracks occurred on the other samples, indicating that the anticorrosion
properties of the modified samples were improved to varying degrees. After 3 d, corrosion
products could be observed on the Mg-OH surface, which could be due to the Mg(OH)2
coating having been damaged to form the secondary corrosion products. For the PDA/Zn2+-
coated modified samples, the corrosion morphologies after 3 d immersion did not change
obviously, compared to immersion of 1 d. It can be concluded that the zinc with positive
potential was less likely to lose electrons in aqueous solution than Mg, which could provide
better thermodynamic stability for the PDA/Zn2+ coatings. The zinc-loaded polydopamine
coating could inhibit the corrosive chloride ions from reaching the magnesium substrate,
and thus enhanced anticorrosion [23]. After 7 d, the corrosion of Mg and Mg-OH samples
were further intensified; microcracks could be found on the surfaces of Mg-PDA/1Zn and
Mg-PDA/2Zn. It was considered that the existence of microdefects might provide the
way in which the corrosive medium could contact the surface to cause corrosion. After
14 d, significant corrosion occurred on all surfaces, with the emergence of white particles
and accumulation of corrosion products on the Mg and Mg-OH surfaces. Conversely, the
Mg-PDA/3Zn surface exhibited minimal white particles, thereby signifying its superior
corrosion resistance. The EDS results shown in Table 4 indicate that P and Ca occurred on all
surfaces. The severity of corrosion observed on the Mg surface was significant, presenting
as a discernible reduction in the Mg content, and an increase in the contents of C, O, and
P, suggesting that the main component of the corrosion products could be a mixture of
carbides and phosphides. The appearance of phosphorus on the Mg-OH surface indicated
that the Mg(OH)2 layer was damaged, potentially resulting in the creation of the Ca-P
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compound. A small amount of Ca was found on the surfaces of the PDA/Zn2+ coatings,
which was due to the slight dissolution of the zinc-loaded polydopamine coating on the
local area of the sample surface. The combination of Zn2+ and HPO4

2− in the physiological
environment could form Zn-based phosphates and oxides, which could reduce the chance
of the magnesium substrate being directly exposed to aggressive solutions, and provide
better corrosion protection for the magnesium substrate [22]. As displayed in Figure 4,
as the concentration of zinc ions increased, the white particles on the surface decreased,
and the Mg-PDA/3Zn surface was intact, with only a small amount of corrosion products.
Taking all results into consideration, it can be concluded that Mg-PDA/3Zn had the highest
coating integrity, and the best corrosion resistance.

Figure 4. Representative SEM pictures of the different specimens incubated in SBF for 1 d, 3 d, 7 d,
and 14 d, respectively.

Table 4. Surface element composition of the different specimens after 14 d immersion.

Samples Mg C O P Ca

Mg 2.1 10.1 56.1 5.2 26.5
Mg-OH 1.5 26.8 39.2 15.0 17.5

Mg-PDA/Zn 3.3 27.7 53.6 6.8 8.6
Mg-PDA/2Zn 1.5 46.8 42.8 3.7 5.2
Mg-PDA/3Zn 1.1 37.1 44.5 7.6 9.7

3.3. Surface Wettability and Protein Adsorption Behaviors

Surface wettability has a key influence on protein adsorption and interactions be-
tween biomaterials and cells/blood. Protein adsorption is normally the first event for

28



Coatings 2023, 13, 1079

blood-contact biomaterials after implantation, which participates in mediating biological
responses, such as blood compatibility and cell behaviors. Albumin and fibrinogen, as
two important proteins in human plasma, play an important role in hemocompatibility.
Generally, albumin adsorption can inhibit platelet adhesion and activation, leading to
enhanced blood compatibility. However, fibrinogen adsorption and denaturation can cause
platelet activation and aggregation, to form a thrombus [24]. Figure 5 shows the results for
the water contact angle and protein adsorption of the different samples. The water contact
angle of the blank Mg alloy was 49◦, and it decreased to 25◦ after alkali–heat treatment,
resulting in better wettability. It was considered that plenty of the hydrophilic -OH could
be introduced onto the surface using the NaOH treatment, leading to improvements in the
surface wettability and antifouling performance [25]. After the fabrication of the PDA/Zn2+

coatings, the water contact angle decreased significantly; this is because polydopamine
with a large number of oxygen-containing groups can combine with hydrogen atoms in
water to form a dense hydration layer, to achieve a better hydrophilic surface [26]. At the
same time, zinc ions can also increase the hydrophilicity [27]. The hydrophilic surface
exhibits a high capacity for water molecule absorption, which can minimize non-specific
protein adsorption, and reduce platelet adhesion, which can contribute to improvement in
the surface anticoagulant performance [28].

Figure 5. Water contact angle (A), albumin (B), and fibrinogen (C) adsorption amount of the different
sample surfaces.

Compared with the unmodified magnesium alloys, the Mg-OH demonstrated ex-
cellent hydrophilicity, which contributed to BSA adsorption on the surface. In addition,
fibrinogen has a strong affinity for hydrophobic surfaces [29], so the amount of fibrinogen
adsorption on the Mg-OH surface decreased. Studies have indicated that polydopamine
coating can significantly enhance protein adsorption, and Zn2+ can also selectively promote
albumin adsorption and improve hemocompatibility [27]. Compared with the Mg-OH, the
fibrinogen adsorption on the PDA/Zn2+ coating was higher. On the one hand, the hydroxyl
groups on the surface could promote positively-charged fibrinogen adsorption [30]; on
the other hand, the fibrinogen adsorption was more influenced by the surface roughness
than the albumin adsorption was [31]. The surface became rougher after Zn2+ loading,
leading to the increase in fibrinogen adsorption. The imine and quinine groups of the
PDA coating would rapidly adsorb proteins [32], which may be the reason for the higher
adsorption capacity of Mg-PDA/1Zn than of Mg-PDA/2Zn and Mg-PDA/3Zn. Although
the PDA coating could simultaneously enhance albumin and fibrinogen adsorption, the
increase in albumin adsorption was more obvious, which could inhibit the fibrinogen
adsorption to some degree, thereby reducing the chance of platelet adhesion and thrombus
formation [33].

3.4. Blood Compatibility

Platelet adhesion behaviors on the surfaces of biomaterials can lead to coagulation,
and even thrombosis and atherosclerosis [34]. Therefore, platelet adhesion assays are
usually utilized to examine the hemocompatibility of biomaterials. Figure 6A shows the
adhesion and quantity of the platelets adhered to the different surfaces. Obviously, many
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platelets adhered to the Mg surface, accompanied by platelet aggregation and activation,
suggesting that the hemocompatibility of the pristine Mg alloy was limited. This was
related to its higher water contact angle, poor corrosion resistance, and a large amount
of fibrinogen adsorption. The quantity of platelets on the Mg-OH surface decreased be-
cause the improved wettability was conducive to inhibiting the adsorption of plasma
proteins and platelets; however, the quantity of platelets on the Mg-OH surface was still
about 17,320/mm2, suggesting that its anticoagulation properties needed to be further
enhanced. For PDA/Zn2+-coated modified magnesium alloy, due to its excellent hy-
drophilicity and characteristic of selectively promoting albumin adsorption, the quantity
of attached platelets was further reduced, which contributed to a reduction in thrombus
formation. The quantity of attached platelets on the Mg-PDA/3Zn surface was higher than
that on the Mg-PDA/2Zn surface, which may be due to the high level of FIB adsorption on
the Mg-PDA/3Zn surface (Figure 5C).

Figure 6. (A) Representative SEM pictures, and (B) quantity of platelets attached to the different
specimens. (C) Hemolysis rates of the different specimens.

Figure 6C shows the hemolysis rates of the different Mg alloys. According to the stan-
dard of ISO 10,994.4: 2002, a hemolysis rate below 5% can be accepted in blood-contacting
biomaterials. The released OH− caused by the corrosion of the pristine Mg alloy increased
the pH value of the RBC suspension, thereby promoting the combination of hemoglobin
and the cell membrane, which contributed to red blood cell rupture, with a hemolysis rate
of 40%. This degree of hemolysis could potentially lead to severe complications. For Mg-
OH, the hemolysis rate displayed a considerable reduction, due to the enhanced corrosion
resistance; however, the value still exceeded 5%. After the preparation of the PDA/Zn2+

coatings, the further improvement in corrosion resistance could significantly reduce the
release of OH− and Mg2+; at the same time, zinc ions have a certain protective effect on
red blood cells, which can reduce the fragility of red blood cells, and maintain enzyme
activity [35]. As a result, the hemolysis rate of Zn2+-loaded polydopamine coating was
significantly reduced. The hemolysis rate of Mg-PDA/3Zn was only 4.9%, which met the
requirement for blood-contacting biomaterials (<5%).

3.5. Endothelial Cell Growth Behaviors

The interaction of cells with their surrounding environment plays a major role in the
performance of the implant. Cell adhesion represents the first cellular event when cells
make contact with the implant; it is a key factor that determines the performance of an
implant in a clinical application [36]. Figures 7 and 8A are the fluorescent images and the
CCK-8 values, respectively, of attached cells on the different surfaces. It can be clearly seen
that whether cultured for 6 h or 24 h, the number of cell adhesions, and the CCK-8 value on
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the Mg surface were the lowest, implying that the cells on the pristine Mg surface failed to
differentiate and proliferate. On the one hand, the limited anticorrosion of the unmodified
Mg alloys could lead to the formation of H2 bubbles, and a rising pH environment, which
are not helpful for cell adhesion and growth; on the other hand, the pristine Mg alloy
surface had no bioactivities, and lacked cell adhesion sites to induce EC adhesion and
spreading. The number of cells and the CCK-8 value for the Mg-OH increased slightly, and
there was a greater increase at 24 h than at 6 h, which can be attributed to the enhanced
anticorrosion properties and better hydrophilicity of the Mg-OH. After the preparation
of the PDA/Zn2+ coatings on the surface, whether the culture time was 6 h or 24 h, the
quantity of adhered cells and the CCK-8 value on the surfaces had increased compared
with Mg and Mg-OH, indicating that cytocompatibility had been significantly improved.
With the increase in Zn2+ concentration, the number of cell adhesions, and the CCK-8 value
on the PDA/Zn2+ modified surfaces also increased. However, due to the lower content
of zinc ions on Mg-PDA/1Zn, the CCK-8 values of 6 h and 24 h were always slightly
lower than those of Mg-PDA/2Zn and Mg-PDA/3Zn, implying that the zinc ions released
from the PDA/Zn2+ coatings could promote endothelial cell proliferation. There was no
significant difference for the CCK-8 values between Mg-PDA/2Zn and Mg-PDA/3Zn,
indicating that high concentrations of Zn2+ did not consistently promote endothelial cell
proliferation [37]. Studies have shown that the polydopamine coating can introduce a large
quantity of functional groups (amine and catechol) to combine with many biomolecules,
thereby enhancing cell adhesion and proliferation [38]. Ku et al. [39] confirmed that the
polydopamine layer can minimize the deformation of serum proteins by regulating the
surface energy to promote cell adhesion and proliferation. In addition, zinc ions are
important trace elements to maintain cell redox balance. When the concentration is lower
than 80 μM, it can enhance EC growth [40]. It is worth noting that the concentration of Zn2+

in this study (3.4~10.4 μM, 1~3 mg/mL ZnSO4·7H2O) was in this range. Therefore, better
growth behavior of endothelial cells on the PDA/3Zn coating could be achieved.

Figure 7. The fluorescence pictures of cells attached to the different surfaces for 6 h and 24 h,
respectively.

Figure 8. (A) CCK-8 values, (B) VEGF, and (C) NO expression of ECs cultured on the different
specimens for 6 h and 24 h, respectively.
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VEGF and NO are two key regulatory signaling molecules in the cardiovascular
system, which can improve EC growth and proliferation, inhibit the migration and pro-
liferation of smooth muscle cells, and prevent the adhesion and activation of platelets,
reduce the formation of intravascular restenosis and intimal hyperplasia [41]. Endothelial
cells in the human body can secrete VEGF and NO. The former can stimulate new angio-
genesis, increase vascular permeability, and further enhance EC migration, proliferation,
and differentiation; the latter can inhibit platelet aggregation, adhesion, and activation,
regulate leukocyte adhesion and migration, and inhibit thrombosis and neointimal hy-
perplasia [42]. Figure 8B,C are the VEGF and NO expression of the ECs cultured on the
different surfaces for 6 h and 24 h, respectively. It can be seen that the expression concentra-
tions of VEGF (37 ng/L) and NO (2.5 μM/L) on the Mg surface were the lowest among all
samples, indicating its poor endothelial growth performance. After alkali–heat treatment,
the hydrophilicity and corrosion resistance were improved, which was beneficial to the
adsorption and activity maintenance of proteins in plasma, leading to better endothelial
cell adhesion. However, the VEGF and NO concentrations of Mg-OH were only increased
to 46 ng/L and 3.9 μM/L, respectively. After constructing the PDA/Zn2+ coatings, the
expression concentrations of VEGF and NO were significantly increased. With the prolon-
gation of the culture time, the ECs can express more NO and VEGF, thereby promoting
EC growth. On the one hand, a small amount of fibrinogen adsorbed on the PDA/Zn2+

coatings helped ECs to express more VEGF, and promoted endothelial cell proliferation [43];
on the other hand, the incorporation of Zn2+ improved the activity of NO enzymes inside
cells, which contributed to the upregulated NO expression [44]. With the increase in zinc
ion concentration, the increase in VEGF and NO expression had a significant effect on
maintaining cell function and promoting endothelial cell differentiation, which was of
great significance in improving the cytocompatibility of the Mg alloys. It is worth noting
that from the perspective of NO expression (Figure 8C), Mg-PDA/1Zn was slightly lower
than Mg-PDA/2Zn and Mg-PDA/3Zn, and there was no significant difference between
Mg-PDA/2Zn and Mg-PDA/3Zn, suggesting that the continuous release of Zn2+ in the
coating, to further improve EC differentiation, was difficult. Therefore, taking the results of
cell behaviors into consideration, Mg-PDA/3Zn was the best at promoting EC adhesion,
proliferation, and function expression.

4. Conclusions

In this paper, PDA/Zn2+ coatings containing different Zn2+ concentrations were suc-
cessfully prepared on alkali–heat-treated magnesium alloys through the self-polymerization
of dopamine, and its chelation to zinc ions. The properties and functions of the materials
before and after the modification were studied, and the conclusions are as follows:

(1) The Zn2+-loaded PDA coatings displayed superior characteristics with respect to
corrosion. With the increase in Zn2+ in the coating, the anticorrosion properties of the
Mg alloy were enhanced, and the Mg-PDA/3Zn had the best anticorrosion properties.

(2) The PDA/Zn2+ coatings not only displayed excellent hydrophilic properties and
corrosion resistance, but could also release zinc ions, which could provide a favorable
surface for selectively promoting albumin adsorption and significantly improving
hemocompatibility.

(3) Due to the sustained release of Zn2+ from the PDA/Zn2+ coatings, the endothelial cell
adhesion and proliferation, as well as the VEGF and NO expression, were enhanced.

(4) Due to the PDA coating’s capability to further react with bioactive molecules with
different functions, its use is expected in further enhancing the corrosion resistance and
biocompatibility of the Mg alloys, by immobilizing bioactive molecules on the surface.
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Highlights:

• The adsorption models of RGD on different surfaces of Mg and Mg alloys were set up.
• Alloying elements promoted the adsorption of RGD on different Mg surfaces.
• The ligand covalent bond between RGD and substrate was formed.
• The pronounced localization of electrons of Mg(1120) and Mg(1011) surfaces improved

the adsorption.

Abstract: Functional Arg-Gly-Asp (RGD) tripeptide has a tremendous potential in clinical appli-
cations to accelerate the endothelialization of Magnesium (Mg) alloy vascular stent surface. The
interaction mechanism of RGD on different surfaces of Mg and Mg alloy is important for promoting
the development of Mg alloy vascular stent, yet still unclear. In the present work, first-principles
calculation within density functional theory (DFT) was performed to investigate the interaction mech-
anism. The electron redistribution, effect of alloying elements and changes in the density of states of
the adsorption systems were studied. The results revealed that RGD interacted with different surfaces
of Mg (0001), Mg(1120) and Mg(1011) through ligand covalent bond; the pronounced localization of
electrons of Mg(1120) and Mg(1011) surfaces promoted the adsorption of RGD tripeptide compared
with that on the Mg(0001) surface; Zn/Y/Nd alloying elements improved the adsorption of RGD.
Calculated results could provide insight for the interaction mechanism of biomolecule on the Mg and
Mg-based alloy surfaces, and point out some directions for the future experimental efforts.

Keywords: RGD; Mg alloy; different surfaces; first-principles calculation; interaction mechanism

1. Introduction

Magnesium (Mg) alloys with good biodegradability, biocompatibility and mechanical
compatibility have become a research hotspot in biodegradable vascular stent materials in
recent years [1–3]. In the physiological environment, the slow endothelialization process
of the endothelial cell on Mg alloys surfaces could lead to inflammation, thrombosis and
vascular restenosis, which limits the clinical application of Mg alloys vascular stent [4–6].
In the past decades, the construction of functional biomolecular coatings, such as Arg-
Gly-Asp (RGD), Arg-Glu-Asp-Val (REDV) and Tyr–Ile–Gly–Ser–Arg (YIGSR), on the Mg
alloys surfaces were considered as an effective strategy to improve the endothelialization
process [7–9]. RGD tripeptide sequence was existing in a variety of extracellular matrices
and containing specific binding sites with integrin receptors on the surface of endothelial
cells (ECs). It had been extensively used for surface modification to promote the adhesion
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of ECs and inhibit the blood coagulation [10,11]. Kou et al. [12] pointed out that covalent
bonding between carboxyl group and amine group was a preferable method in immobi-
lizing bioactive molecules on the materials’ surfaces and developed the PDA/CA-RGD
multilayers on Mg-Zn-Y-Nd alloy surface. The in vitro cytocompatibility experiments
indicated that the PDA/(CA-RGD)2 coating not only displayed excellent performance in
promoting surface endothelialization, but also provided sustained inhibition effects on
SMCs adhesion and proliferation. Schieber et al. [13] concluded that RGD-coated CoCr
surfaces induced a significant increase in ECs’ adhesion without significantly enhancing
SMCs’ adhesion. Wang et al. [14] reported that various density combinations of RGD
tripeptide and YIGSR in a quantitative and high-throughput manner to obtain surfaces on
which ECs exhibited preponderant adhesion over SMCs.

The functional RGD tripeptide coating could significantly improve the endothelializa-
tion process, while the interaction mechanism of RGD tripeptide on the different Mg alloys
surfaces was still unclear. With the help of the computational simulation, some detailed
information about the interaction process of RGD tripeptide on the other material (rather
than Mg alloys) surfaces at the atomic scale was obtained. Deguchi et al. [15] noted that
RGD tripeptide was the most stable state when two oxygen atoms of carboxyl group in
Asp were located very close to the atop sites of Au surface. Höffling et al. [16] reported that
the two-coordinate covalent bond between the dipeptide Arg–Cys and Au(111) surface led
to a strong interaction via the first-principles study. The amino acids and short peptides
preferred to lie flat on the surface with the N and O anions in their functional groups
(carboxyl, amine and guanidyl) binding to the Mg atoms [17,18]. Structural and electronic
characteristics of RGD tripeptide and cyclophosphamide anticancer drugs were reported
and the results indicated the effect of strong hydrogen bond interactions by using density
functional theory (DFT) calculations and molecular dynamics (MD) simulations [19].

Another important factor affecting RGD tripeptide adsorption was the properties of
different material surfaces, as different processes and surface treatment methods made the
material have a polycrystalline surface distribution. The calculated results showed that
RGD tripeptide had a higher binding energy on anatase (001) and rutile (010) than the
other corresponding surfaces through MD simulations [20]. Zhang et al. [21] concluded
that the interaction of RGD tripeptide on the anatase (101) surfaces was stronger than that
on the rutile (110) surfaces through the energy analysis. In terms of different Mg surfaces,
most studies focused on hydrogen storage properties and mechanical properties of the Mg
basal, prismatic and pyramidal surfaces [22–25]. However, the research on the interaction
mechanism of RGD tripeptide with different surfaces of Mg and Mg alloys has not been
reported in the previous literature.

Based on the above background and the authors’ previous studies about the interaction
between biomolecules and Mg(0001) surface [17,18,26], the interaction mechanism of RGD
with different surfaces of Mg and Mg alloys by the first-principles calculation was proposed
in this study. Firstly, the properties of different surfaces (basal (0001), prismatic (1010),
(1120), (2130) and pyramidal (1011) surfaces) of pure Mg were investigated. Secondly, the
adsorption of RGD tripeptide on the pure Mg(0001), Mg(1120) and (1011) surfaces were
calculated, and the effect of alloying elements on the adsorption of RGD tripeptide on
different surfaces were analyzed. Finally, the interaction mechanism of RGD tripeptide
on different surfaces of Mg and Mg alloys were proposed after studying the electronic
properties. The calculated results could provide theoretical support for the selection of
surface texture processing methods of biomedical Mg alloys.

2. Computational Methods

The DFT calculations were carried out using the Vienna Ab initio Simulation Pack-
age (VASP) with the projected augmented wave (PAW) method [27–29]. The exchange-
correlation energy was dealing with the Perdew–Burke–Ernzerhof (PBE) functional with
the framework of the generalized gradient approximation (GGA) [30]. The optB86b method
proposed by Klimesis was adopted for van der Waals (vdW) correction [31,32]. The sur-
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face energy (Esurf) and work functions of basal (0001), prismatic (1010), (1120), (2130) and
pyramidal (1011) surfaces of Mg were obtained using periodic boundary conditions with
the energy cutoff of 400 eV. A 1 × 1 supercell with a certain atomic layer thickness in the
z-direction was chosen as the surface model, and the thickness of the vacuum layer was
40 Å to ensure the same symmetry between the upper and lower surfaces. The k-point in
the Brillouin zone in the direction of the vacuum layer was chosen as 1 and the k-point of
atomic layer direction was taken as at least 25. The convergence accuracy of the total energy
of the system was 10−8 eV, and the convergence criterion of the force was 10−4 eV/Å.
When calculating the interaction of RGD tripeptide on the Mg surfaces, six atomic layer
thickness with the vacuum of 20 Å were chosen as the surface model. The convergence
criterion of the force and the electron relaxation energy for the adsorption system were set
at 0.02 eV/Å and 10−5 eV, respectively. The bottom two layers of Mg atoms were fixed and
the remaining Mg atoms and RGD were fully relaxed to the convergence criterion during
the optimization of the adsorption systems. The Esurf for different number of layers were
obtained by using the following equation.

Esur f =
1

2A
(Eslab − NslabEbulk) (1)

where A is the area of the surface; Eslab is the energy of the optimized surface; Nslab is
the number of atoms in the selected surface model; and Ebulk is the energy of per atom in
the bulk.

The adsorption energy (Eads) of molecules on the substrates were expressed as follows.

Eads = Emol+sub − (Emol + Esub) (2)

where Emol, Esub and Emol+sub represent the total energy of the optimized RGD, the energy
of the substrates and the energy of the stable adsorption systems, respectively.

3. Results and Discussion

3.1. Properties of Different Surfaces of Pure Mg

The surface energy is an important parameter to determine the surface stability of the
materials. The thickness of the constructed surface model, which was at least 10 Å, was ob-
tained by adjusting the number of selected Mg atomic layer. The topmost and bottommost
surfaces were the same. Configurations of the basal (0001), prismatic (1010), (1120), (2130)
and pyramidal (1011) surfaces of pure Mg were fully relaxed at the convergence criterion
set, as shown in Figure 1.

Figure 1. Configurations of different Mg surfaces: (a) basal (0001); (b–d) prismatic (1120), (213 0),
(101 0); and (e) pyramidal (101 1).
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The surfaces with different Miller indices presented different properties due to the
orientation of the atomic arrangement. For the configurations of Mg surfaces, six models
with gradually increasing thicknesses were selected for each surface, and the Esurf of Mg
surfaces at different layer thicknesses were calculated according to equation (1), as shown
in Figure 2.

Figure 2. Surface energies of Mg basal (0001), prismatic (1010), (112 0), (213 0) and pyramidal
(101 1) surfaces.

As seen in Figure 2, the fluctuations in surface energy are small as the thickness
gradually increases, which shows a good convergence. Mg(0001) and Mg(1120) surfaces
had the lowest and the highest Esurf, respectively. The order of Esurf for the above different
surfaces was (1120) > (2130) > (1011) > (1010) > (0001). Work function was the required
energy to move an electron from the Fermi energy level to vacuum at 0 K, and it was also
investigated by Equation (3). The calculated work function of different Mg surfaces was
depicted in Table 1.

Φ = Vvacuum − Ef ermi (3)

where Vvacuum is the vacuum electrostatic potential; and Efermi is the Fermi energy level.

Table 1. Surface energy and work function of different surfaces of Mg.

Surface
Surface Energy(meV/Å2) Work Function (eV)

This Work Other Works This Work Other Works

0001 34.30 34.37 [33], 34.61 [34] 3.69 3.70 [34], 3.80 [35]
1010 38.81 39.90 [34] 3.61 3.60 [34], 3.64 [36]
1011 39.87 40.90 [34] 3.69 3.80 [34], 3.70 [34]
1120 45.94 45.70 [34] 3.66 4.00 [34]
2130 44.61 46.62 [36] 3.49 3.49 [36]

As seen in Table 1, the Esurf and Φ of Mg(0001) surface were 34.30 meV/Å2 and 3.69 eV,
respectively, which were in good agreement with the Refs. [33,34]. Compared with other
Mg surfaces (1010), (1120), (2130) and (1011), Mg(0001) surface had the smallest Esurf and
the largest work function, which means this surface was the most stable one. With the
larger surface energy and lower work function, the prismatic (1010), (1120), (2130) and
pyramidal (1011) surfaces were more electronically active and were prone to chemical
reactions once stimulated by external conditions.
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3.2. Adsorption of RGD on Different Surfaces of Pure Mg and Mg Alloy
3.2.1. Adsorption of RGD on Different Surfaces of Pure Mg

From the optimized stable adsorption structures of biomolecules in Refs. [17,18], it
was clear that the strongest interaction occurred when the biomolecules were adsorbed in a
flat lying manner on the Mg(0001) surfaces of Mg and Mg alloys. RGD had three potential
metal-binding groups: guanidyl (–CN3H4), amino (–NH2), and carboxyl (–COOH). These
functional groups could be used as monodentate or bidentate ligands to make RGD more
easily adsorbed on the surfaces. Many adsorption configurations of RGD on the (0001),
(1120) and (1011) surfaces were optimized. The adsorption regularity showed that the
most stable configurations occurred when functional groups bounded to the surface as
much as possible. In addition, the stabilities of the most stable configurations at room
temperature were checked by using ab initio molecular dynamics simulations [18], and the
results showed that they were stable. The most stable adsorption configurations of RGD on
the Mg(0001), Mg(1120) and Mg(1011) surfaces were shown in Figure 3.

 

Figure 3. Stable adsorption configurations of RGD on the surfaces: (a) Mg(0001), (b) Mg(1120) and
(c) Mg(101 1).

According to equation (2), the Eads of RGD on the Mg(0001), Mg(1120) and Mg(1011)
surfaces were −3.24 eV,−4.44 eV and−3.32 eV, respectively. As shown in Figure 3, RGD
was anchored to the Mg(0001), Mg(1120) and Mg(1011) surfaces via amino, carboxyl
and guanidinium functional groups. The calculated Eads of RGD on the Mg(1120) and
Mg(1011) surfaces were 1.20 eV and 0.08 eV higher than that of on the Mg(0001) surface
(−3.24 eV) [25], respectively. It was much easier for RGD to be adsorbed on the Mg(1120)
and Mg(1011) surfaces compared with that on the Mg(0001) surface. For the stable adsorp-
tion configurations, the O-Mg and N-Mg bond lengths ranges of RGD on the pure Mg
surfaces were 1.93~2.16 Å and 2.11~2.33 Å, respectively. The optimized O-Mg and N-Mg
bond lengths were very close to the theoretical bond lengths of the formation of covalent
bonds of N-Mg and O-Mg (2.11 Å and 2.09 Å) [37], indicating a ligand covalent bond of
RGD on the pure Mg surfaces.

3.2.2. Effect of Zn, Y and Nd Alloying Elements on the Adsorption of RGD on Different Mg
Alloys Surfaces

To analyze the effects of Zn, Y and Nd alloying elements, the adsorption of RGD on
the (0001), (1120) and (1011) surfaces of Mg alloys were further calculated. Mg-Zn (1%, 2%
and 3%), Mg-Y (1%) and Mg-Nd (1%) were considered in the present calculations. Note
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that the alloy concentrations should be connected with the number of Zn, Y and Nd in the
respective supercells as well as on the symmetry of the primitive cells [38]. The substitution
alloying elements were located at the first-topmost layer of Mg alloys surfaces to make the
influence of alloying elements more evident. The initial configurations of RGD on the Mg
alloys surfaces were the same as that of RGD on the pure Mg(0001), Mg(1120) and (1011)
surfaces, as shown in Figure 3. The stable adsorption configurations of RGD on different
surfaces of Mg alloys were fully optimized to the convergence criterion set. From the
optimized structures, the surface charge redistribution was influenced by the addition of
alloying elements which affected the following adsorption process. It was noticed that RGD
tripeptide was attracted toward Y/Nd but repelled by Zn element as the electronegativity
of Y (1.22) is smaller than that of Mg (1.31) while the electronegativity of Zn (1.65) was
greater than that of Mg [17,39]. Figure 4 shows the optimized adsorption configurations of
RGD on the Zn-, Y- and Nd-doped surfaces.

Figure 4. Optimized adsorption configurations of RGD on the Zn-, Y- and Nd-doped surfaces:
(a–e) Mg(0001) surfaces, (f–j) Mg(1120) surfaces and (k–o) Mg(101 1) surfaces. The bond lengths (in
Å) are also listed.

For the Zn-doped surfaces, RGD preferred to be adsorbed on the Mg atom around
the Zn atom; while for Y- and Nd-doped cases, RGD preferred to be adsorbed on the Y
or Nd atom, as shown in Figure 4. It was easier for RGD tripeptide to be adsorbed on the
neighbor site of the Zn-doped position, and on the top site of Y-/Nd-doped atom rather
than the neighbor site of Y/Nd atom. The corresponding bond lengths on the Zn-doped Mg
alloys surfaces were about 0.01~0.03 Å lower than that on the pure Mg surfaces. For Y- and
Nd-doped Mg alloy surfaces, the range of bond lengths were 2.34~2.40 Å and 2.39~2.42 Å,
respectively, which were very close to the sum of the theoretical covalent radii bond lengths
of 2.40 Å and 2.43 Å [37].
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Table 2 shows the Eads of RGD on the (0001), (1120) and (1011) surfaces of Mg al-
loys. Compared with the calculated results of RGD on the clean Mg(0001), Mg(1120) and
Mg(1011) surfaces, the addition of the alloying elements enhanced the adsorption process.
The Eads of RGD on the 1%, 2% and 3% Zn-doped Mg alloys surfaces increased about
0.29~0.49 eV, 0.03~0.11 eV and 0.19~0.22 eV, respectively. The promoting effect of Zn alloy-
ing element was enhanced with the increase of Zn content. For Y-/Nd-doped Mg alloys
surfaces, The Eads of RGD on different surfaces of Mg alloys were significantly increased
due to the more active extranuclear electrons. The rank of the Eads for different surfaces
was (1120) > (1011) > (0001). With the addition of Zn/Y/Nd alloying elements, new ligand
covalent bonds between RGD tripeptide and Mg alloys’ surfaces were formed, and alloying
elements improved the adsorption process.

Table 2. Eads of RGD on the Mg and Mg alloys surfaces (eV).

Mg Surfaces Pure 1%Y 1%Nd 1%Zn 2%Zn 3%Zn

Mg(0001) −3.24 −3.89 −4.03 −3.53 −3.64 −3.73
Mg(1120) −4.44 −5.09 −4.91 −4.47 −4.49 −4.55
Mg(1011) −3.32 −3.56 −3.47 −3.51 −3.52 −3.54

3.3. Electronic Properties of RGD on Mg and Mg-Based Alloy Surfaces

To further understand the interaction properties of the RGD tripeptide on different
surfaces of Mg and Mg alloys surfaces, the electronic structure properties of different Mg
surfaces were firstly investigated. The projected density of states (PDOS) of the most
superficial atoms in the different Mg surfaces, as well as the individual Mg atoms in the
bulk structure, are shown in Figure 5.

Figure 5. PDOS of a single Mg atom in the (a) Mg bulk structure, (b) the topmost layer of Mg(0001)
surface, (c) the topmost layer of Mg(1120) surface, and (d) the topmost layer of Mg(1011 ) surface.
The Fermi level is set at 0 eV.

Figure 5a shows that the PDOS of the bulk Mg atom is mainly distributed in the
range −4.90~15.90 eV. The PDOS of the most superficial Mg atoms were mainly distributed
in the range of −7.10~4.40 eV for the (0001), (1120) and (1011) surfaces, as depicted in
Figure 5b–d. The variation of the electronic density of states of the most superficial Mg
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atoms in the (0001), (1120) and (1011) surfaces was essentially the same compared with
the bulk structure. The most noticeable difference between the bulk and surfaces were
the downward shift of the sp states to the lower energies due to the redistribution of the
electrons during surface optimization. Figure 6 shows the charge density distributions of
different Mg surfaces. It could be observed that the surface charge density distribution was
relatively uniform for the Mg(0001) surface, while the surface charge density distribution
of Mg(1120) and Mg(1011) surfaces were more localized. Mg(1120) surface had the most
pronounced localization of electrons, and it was relatively active to adsorb RGD. This was
one of the reasons that for its larger surface energy and larger Eads of RGD.

Figure 6. Surface charge density distribution of Mg(0001), Mg(1011) and Mg(112 0).

To analyze the interaction mechanism of RGD on the Mg(1120) and Mg(1011) sur-
faces, the changes of electronic structures (see Figures 7 and 8) were investigated through
PDOS, and the charge density difference (Δρ) was calculated by Equation (4). It should be
pointed out that the interaction mechanism of RGD on the Mg(0001) was proposed by our
previous paper [17].

Δρ = ρmol+sur f −
(

ρmol + ρsur f

)
(4)

where ρmol+surf is the total charge density of the optimized adsorbate–substrate systems,
ρmol is the charge density of RGD without surface, and ρsurf is the charge density of different
Mg and Mg alloy surfaces, respectively.

As displayed in Figure 7, the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) were attributed to the p orbitals of the N
and O atoms in the functional groups of RGD, which were the active sites for adsorption.
The most noticeable difference between the before (Figure 7a–c) and after adsorptions
(Figure 7d–f) was the downward shift of the sp states of the O and N atoms. After adsorp-
tions, the intensity of O and N states became weaker, as shown in Figure 7d,e, respectively.
For the Mg atoms bound with O atoms, the Mg(s) states simultaneously showed a new
peak at the −4.60 eV position, indicating the formation of a new chemical bond between
RGD and the Mg surface, as shown in Figure 7e,f. For the Mg atoms bound with N atoms,
the Mg(s) states appeared at the energy about −4.60 and −6.10 eV, indicating the lone pair
electrons of N(p) donating to the Mg, as shown in Figure 7e,f.

Significant changes were investigated for the PDOS of RGD tripeptide on the Mg (1011)
surface, comparing the before adsorption in Figure 8a–c with the corresponding adsorption
state in Figure 8d–f. A new peak appeared at the −5.20 eV position for the chemical bond
formation of O-Mg atoms. The new peak appeared at −4.30 eV position for the binding
process of N-Mg atoms, and electrons in py and pz orbits had also been redistributed to
obtain a more stable state. Interactions of N-Mg atoms was slightly weakened compared
with the results of RGD tripeptide on the Mg(1120) surface.
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Figure 7. PDOS of the binding atoms on the Mg (1120) surface: (a) three O atoms, (b) two N atoms,
and (c) five Mg atoms before adsorption; (d–f) are the PDOS of the corresponding atoms after
adsorption. The energy zero is set to the Fermi level.

Figure 8. PDOS of the binding atoms on the Mg (1011) surface: (a) two O atoms, (b) two N atoms, and
(c) four Mg atoms before adsorption; (d–f) are the PDOS of the corresponding atoms after adsorption.
The energy zero is set to the Fermi level.

For a clear description of the charge redistribution after the adsorption, the charge
density differences for the adsorptions of RGD on the Mg(0001), Mg(1120) and Mg(1011)
surface were calculated to investigate the interactions, as depicted in Figure 9. The yellow
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and light cyan regions indicated the interactions between RGD and different surfaces due
to the rearrangement of electrons. A significant accumulation of charge density occurred
between RGD and different Mg surfaces, as shown in the yellow regions of O-Mg and
N-Mg binding atoms in Figure 9. The new chemical bonds were described from the 2D and
3D coordinates according to the PDOS analysis and charge density differences.

 

Figure 9. Charge density difference of RGD on the (a) Mg(0001), (b) Mg (1120) and (c) Mg (101 1)
surfaces. The values of the isosurfaces are ±0.03 e/Å3, and the yellow and light cyan isosurfaces
indicate the accumulation and depletion of charge density.

The PDOS and charge density differences of RGD tripeptide on different surfaces of
Mg alloys showed a similar regularity. The intensity of the binding peak was influenced
by the addition of the Zn/Y/Nd alloying elements, while the bonding nature was still the
ligand covalent bond. Electron redistribution was the driving force behind the changes
observed in the structure of RGD tripeptide on different surfaces of Mg and Mg alloys.
The calculated results concluded that this driving force made it easy for the lone pair of
electrons of N/O to share bonding with the Mg atom to form the ligand covalent bond.

4. Conclusions

In this study, the influences of different surfaces and different alloying elements were
investigated, and the interaction mechanism of RGD tripeptide on different surfaces of Mg
and Mg alloys surfaces were analyzed. The conclusions can be drawn as follows.

(1) The order of Esurf for the above different surfaces was (1120) > (2130) > (1011) > (1010)
> (0001). The higher surface energy made it much easier to interact with RGD, and
the order of Eads was ΔE(1120) > ΔE(1011) > ΔE(0001).

(2) For Mg alloys surfaces, the addition of Zn/Y/Nd alloying elements improved the
association of RGD tripeptide with the different Mg alloys surfaces. The Eads also
gradually increased with the increase of alloying element Zn content.

(3) RGD tripeptide was bonded to the (0001), (1120) and (1011) surfaces of Mg through
the ligand covalent bond. The pronounced localization of electrons of Mg(1120) and
Mg(1011) surfaces promoted the adsorption of RGD tripeptide compared with that
on the Mg(0001) surface. The calculated results provide insight for the interaction
mechanism of RGD tripeptide on the Mg and Mg-based alloy surfaces, and also point
out some directions for the design of functional biomolecular coatings.
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Abstract: Increasing evidence shows that the physical properties of biomaterials play an important
role in regulating cell behavior and function, especially the mechanical properties of biomaterials.
Macrophages can also be multidirectionally regulated by mechanical factors in the microenvironment,
which simultaneously mediate biomaterials response that triggered by foreign body reactions (FBR).
However, how the stiffness of biomaterials regulates macrophages and the underlying mechanisms
are still not well understood. Our study demonstrates that chitosan freeze-dried scaffolds with
different elastic modulus can modulate the proliferative capacity, growth morphology and polar-
ization behavior of macrophages. The compression tests and morphology observation confirmed
that the prepared lyophilized chitosan scaffolds possessed varied stiffness. The fluorescence staining
experiments showed that the RAW macrophage cell lines exhibited differences in proliferation and
morphology on the freeze-dried scaffolds with different stiffness. Macrophages in the 5% group
(elastic modulus of 106.7 kPa) had the largest number and mean cell area. Furthermore, ELISA and
qPCR results illustrated that macrophage polarization towards the M1/M2 phenotype was strongly
influenced by the stiffness of the lyophilized scaffolds. The study may provide new insights and
references for designing the elastic moduli of biomaterials for regulating immune responsiveness.

Keywords: chitosan; lyophilized scaffolds; elasticity; macrophages; polarization

1. Introduction

The biocompatibility of material is one of the important indicators of the tissue repair
effect. Once the material is implanted in the body, it will cause a series of cellular activi-
ties, initiate the body’s immune response and lead to the formation of inflammation [1,2].
Firstly, the implanted material rapidly adsorbs proteins (such as fibrinogen, albumin and
immunoglobulin G) in the blood, forming a protein coating on the surface of the mate-
rial [3]. Among them, the adsorbed fibrinogen stimulates mast cells to release histamine
and promotes the recruitment of macrophages to the implantation site, causing an acute
inflammatory response [4]. In addition, the newly formed protein interface activates the
complement system, platelets and coagulation proteins, etc., and forms blood clots around
the implant, which further activate and recruit macrophages and exacerbate the inflam-
matory response [5,6]. Macrophages are the main phagocytic cells in the human immune
system which are derived from the monocytes in bone marrow [7]. They are white blood
cells with a wide range of guards in the human body. In the process of wound repair in the
body, macrophages mainly play two roles. On the one hand, macrophages secrete a variety
of biologically active substances and enzymes, such as polypeptide transforming growth
factor and interleukin, to promote wound repair in the process of body injury. On the other
hand, macrophages play a role in phagocytosis to remove tissue, cell debris and pathogens
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from the damaged body, which promotes the repair and healing of damage in the inflam-
matory stage. Macrophages are divided into many phenotypes, and different phenotypes
have different or even opposite effects. Classically activated macrophages are proinflamma-
tory phenotypes (M1 macrophages) that secrete the additional proinflammatory cytokines
TNF-α, IL-1β and nitric oxide synthase (INOS) after chemokine recruitment to kill bacte-
ria and other microorganisms [8–10], while M2 macrophages do not deliver antigens to
T cells. They are activated alternately by IL-4 and IL-13 and secrete the anti-inflammatory
factors IL-4 and IL-10 which have anti-inflammatory effects [11–13]. At the same time,
M2 macrophages secrete the vascular endothelial growth factor (VEGF) and transforming
growth factor β (TGF-β), etc., to promote the reconstruction of the extracellular matrix and
tissue regeneration [13,14]. Although it is too simple to classify macrophages into M1/M2
phenotypes which cannot truly express the dynamic process of macrophages in vivo, this
classification allows us to quickly understand the functions and changes in macrophages
in an in vivo niche [15]. Therefore, an appropriate ratio of M1 and M2 macrophages is
beneficial to obtain an appropriate immune response from the biomaterials, which not only
resists the risk of infection but also promotes tissue repair and regeneration.

Mechanical cues, including physical and chemical properties, affect cell adhesion, mi-
gration, proliferation and function, such as the material mechanical properties, biodegrad-
ability, magnetic properties, surface topography, etc. [16–19]. Among them, the mechanical
properties are a factor that cannot be ignored in the design of biomaterials, which refers to
the performance of materials when bearing various external loads (tensile, compressive,
bending, torsion, impact, alternating stress) under different environments (temperature,
medium, humidity) [20]. The elastic modulus is an index of particular concern in the
mechanical properties in the process of the tissue engineering of biomaterials. When a cell
is in contact with a material, the elastic deformation of the material imparts stress to the
cell, causing the cell to deform, thus changing the cytoskeleton and transmitting biological
signals to the genetic material, ultimately presenting different biological effects. In recent
years, many studies have confirmed the effect of material elasticity on cell and tissue re-
generation [21,22]. Stem cells, as a kind of cell with strong proliferation and differentiation
ability, have great differences in their differentiation behavior with the change in the elastic-
ity of the extracellular matrix. [23]. Oh et al. successfully prepared a PVA/HA matrix with
a gradient elastic modulus and confirmed that human bone marrow mesenchymal stem
cells tend to differentiate into different types of cells on different elastic matrices through
in vitro cell culture experiments (about 20 kPa for nerve cells, about 40 kPa for muscle
cells, about 80 kPa for chondrocytes and about 190 kPa for osteoblasts) [24]. Although
macrophages do not possess a differentiation capacity, they show diversity in the elasticity
of the matrix. The elasticity of the substrate leads to the reorganization of the cytoskeleton
through contact, spreading and adhesion which accounts for the differences in morphology
and function [25,26]. Studies have shown that macrophages display different surface clear-
ance and phagocytosis capabilities for submicron particles with different stiffness [27]. In
addition, macrophages are more prone to polarization towards the M1 type in the condition
of a high stiffness matrix [25]. However, how biomaterials with different elastic modulus
affect the morphology and function of macrophages and the underlying mechanisms is
rarely studied.

There are many mature biomaterial mechanical property control systems at present.
The elastic modulus of material can be adjusted to the value we desire by changing the
ratio of the crosslinking monomers or the degree of the crosslinking [28,29]. For example,
the mechanical properties of hydrogels can be easily changed using different types and
concentrations of crosslinking agents [30]. Chitosan is one of the biomaterials with safe and
excellent biological properties, which is approved by the FDA and widely used in the field
of tissue repair and regeneration [31]. It is the only natural cationic polysaccharide found in
nature and the most abundant polymer, second only to cellulose [32]. Chitosan is obtained
by the partial deacetylation of chitin and shows good biocompatibility, biodegradability,
non-antigenicity and antibacterial activity [33–39]. Chitosan is not bioactive by itself;
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however, blending it with bioactive ceramic, bioglasses, other bioactive polymers such
as gelatin and the loading of bioactive molecules can make it the ideal composite for
different tissue engineering applications [40,41]. It has been studied that the elastic modulus
of chitosan gel can be altered by adjusting the degree of acetylation [42]. There have
been studies involving chitosan scaffolds or gels with different mechanical properties for
regulating cell growth, but there are few reports on their effects on macrophages.

In this study, chitosan scaffolds with different elasticity were prepared by freeze-
drying chitosan solutions of different concentrations. The rheological properties, elastic
modulus, surface morphology, water uptake and wettability of the scaffolds were measured
to analyze the differences in the physicochemical properties of the scaffolds with different
elastic modulus. Then, the morphological changes, polarization directions and cell viability
differences of the macrophages on the chitosan scaffolds with different elastic modulus
were observed using in vitro cell culture experiments. Following a morphological analysis,
the proteins and molecules of the macrophages related to the polarization behavior were
determined and analyzed using an enzyme-linked immunosorbent assay (ELISA) experi-
ment, Western blot and a qPCR experiment. We tried to elucidate the differential growth
behavior of the macrophages on the chitosan scaffolds with different elastic modulus as
well as the intrinsic mechanism of the phenomenon through this experiment.

2. Materials and Methods

2.1. Materials and Reagents

Pharmaceutical grade chitosan (Xingcheng, Nangtong, China) was obtained from
Alaskan snow crab with a deacetylation degree of about 90% and a viscosity of about 60cP.
Then, chitosan was dissolved in 2% (v/v) acetic acid solution which was obtained from
Honeywell. RAW 264.7 was obtained from Cell Bank of Chinese Academy of Sciences.
Mouse IL-6 ELISA Kit and Mouse IL-10 ELISA Kit were both obtained from Linktech in
China. In addition, 1640 medium, fetal bovine serum and penicillin–streptomycin were
all obtained from Gibco. Phalloidin-iFluor 488 Reagent and DAPI were both obtained
from Abcam.

2.2. Preparation of Freeze-Dried Chitosan Scaffolds with Different Elasticity

Different weights of chitosan powder were dissolved in 2% (v/v) acetic acid solution
and evenly stirred to prepare chitosan solutions with different concentrations (1%, 3%, 5%
and 7%). Chitosan solutions of different concentrations were added to a 24-well plate at
500 μL per well with 1 mL injections and were left for 24 h to eliminate air bubbles. After
the samples were frozen at −20 ◦C for 12 h, they were placed in a freeze dryer (Bilang,
Shanghai, China) for 24 h. Then, the freeze-dried scaffolds were soaked with 4% (w/v)
NaOH solution for 4 h at a volume ratio of 1:10 to neutralize the acetic acid in the scaffolds.
The samples were then washed with distilled water until neutral so that the unreacted
NaOH was completely removed. Finally, freeze-dried chitosan scaffolds with different
elasticity were obtained (Figure 1). Then, the scaffolds were immersed in PBS at 37 ◦C for
reservation for the following experiments.

2.3. Characterization of Freeze-Dried Chitosan Scaffolds with Different Elasticity
2.3.1. The Rheological Analysis

First, 1 mL of 1%, 3%, 5% and 7% chitosan solutions were placed on the rheometer
sample stage (Thermo Fisher Scientific, RheoWin MARS 40, Waltham, MA, USA) at room
temperature, and the shear rate was set from 0 to 50 (1/s) in order that changes in viscosity
of chitosan solution with the shear rate increasing could be observed.
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Figure 1. Schematic diagram of preparation of freeze-dried scaffolds with different elastic chitosan
and study on the regulation of elasticity on macrophages.

2.3.2. Modulus of Elasticity

The freeze-dried chitosan scaffolds with diameter of 10 mm and thickness of 2 mm
were placed on the sample stage of the universal electronic stretching machine (Fengtuo,
Shanghai, China), and the program was set under compression mode with loading force
of 100 N. The parameters of the stretching machine were set to measure the stress–strain
curve of the samples. The elasticity modulus of the samples was obtained by calculating
the slope of the stress–strain curve in elastic deformation stage.

2.3.3. Morphology

Next, the chitosan scaffolds were freeze-dried for 48 h in order to remove water. The
secondary freeze-dried chitosan scaffolds were fixed on the stage with conductive glue, and
a gold layer was sprayed on the surface of the sample. Then, scanning electron microscope
(SEM, JEOL, Tokyo, Japan) was used to observe and photograph the morphology of freeze-
dried chitosan scaffolds with different concentrations at high magnification.

2.3.4. Water Uptake

The freeze-dried chitosan scaffolds with diameter of 10 mm and thickness of 2 mm
were freeze-dried on filter paper for a second time to remove water. Three parallel samples
were taken for each concentration. The weights of the samples under the freeze-dried state
were recorded as W0, and the weights of the freeze-dried scaffolds after being soaked in
water for 5, 10, 20 and 30 min, and 1, 2, 4 and 8 h were recorded as W1. The formula for
calculating water uptake is as follows:

Water uptake (%) = (W1 − W0)/W0 × 100

2.3.5. Contact Angle

Excess water of the samples was absorbed with filter paper. Then, the samples
were placed on the sample stage of the contact angle measuring instrument (JY-PHA,
Chengdejinhe, Chengde, China), and the microinjector with the same scale was rotated
to make water droplets of the same volume. The contact angle was measured when the
droplets dropped onto the surface of the scaffolds.
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2.4. Biological Evaluation of Freeze-Dried Chitosan Scaffolds with Different Elasticity
2.4.1. Sterilization of Materials

The samples were soaked in 75% (v/v) ethanol for 30 min and then irradiated with a
UV lamp for 30 min. Afterwards, the samples were washed with sterile water three times
and rinsed with 1640 medium for use. The sterilized materials were subsequently used in
cell culture experiments.

2.4.2. Cell Viability Assay

The freeze-dried scaffolds with different concentrations of chitosan were extracted with
1640 medium for 24 h at a volume ratio of 1:10 to prepare a complete medium (containing
10% fetal bovine serum, 1% penicillin–streptomycin). Mouse mononuclear macrophage
leukemia cells (RAW 264.7) were seeded at 3000 cells per well in 96-well plates. After 4 h,
the original medium was trashed, and 200 μL of complete medium prepared with chitosan
extracts of different concentrations and normal medium as controls were added to 96-well
plates. After incubation for 1 and 3 d, the culture medium in the well plates was discarded,
and 200 μL of Cell Counting Kit-8 (CCK-8) solution was added to the experimental wells
and blank wells and incubated in the dark for 4 h [43,44]. Then, the absorbance at 450 nm
was measured with a microplate reader (Bio-Tek, Winooski, VT, USA), and the cell viability
was calculated as follows:

Cell viability (%) = [OD(experiment) − OD(blank)]/[OD(control) − OD(blank)] × 100

2.4.3. Cell Fluorescence Staining

The RAW 264.7 cells were seeded on the sterilized scaffolds in 24-well plate at the
number of 50,000 per well. After culturing for 1 and 3 days, the medium was discarded,
and 500 μL of 4% paraformaldehyde was added to each well to fix cells for 1 h. Then,
the paraformaldehyde was discarded, and the materials were washed three times with
phosphate buffered saline (PBS). Next, 500 μL of immunofluorescence blocking solution was
added to each well to block for 2 h at room temperature. Then, 200 μL of Phalloidin-iFluor
488 Reagent (Abcam, Cambridge, UK) was added at 1/1000 dilution in PBS to each well
and incubated at room temperature for 90 min [45]. The materials were washed three times
with PBS. Subsequently, 200 μL of DAPI (Sigma, St. Louis, MO, USA) at 1/1000 dilution in
PBS was added to each well and incubated at room temperature for 10 min. The materials
were washed three times with PBS, and 500μLof fluorescent mounting fluid was added per
well. Then, the cells were observed and photographed under a confocal microscope (SP5;
Leica, Heerbrugg, Germany).

2.4.4. ELISA

The RAW 264.7 cells were seeded on the sterilized 24-well plate at the number of
50,000 per well. Subsequently, the cell culture medium was collected after culturing for
1 and 3 days. Interleukin-6 (IL-6) and interleukin-10 (IL-10) in the culture medium were
extracted and quantified according to the steps of the IL-6 and IL-10 ELISA kit (Multiscience,
Hangzhou, China). The absorbance at 450 nm and 570 nm was measured using a microplate
reader to determine the concentration of IL-6 and IL-10 in the culture medium.

2.4.5. Real-Time Polymerase Chain Reaction (RT-PCR) Analysis

The RAW 264.7 cells were seeded on sterilized material in a 24-well plate at a density
of 100,000 per well. Then, the medium was discarded after 1 and 3 days, and 250 μL of TRI
Reagent (Sigma, St. Louis, MO, USA) was added to each well to extract RNA. First strand
complementary DNA (cDNA) was synthesized by reverse transcription of extracted RNA
using PrimeScript RT reagent kit (Takara, Tokyo, Japan). Interleukin-1 (IL-1) was evaluated
with GAPDH used as the house keeping gene. The relative expression level for each gene
(fold change) was calculated usingLivak method with 2−ΔΔCt and normalized to that of the
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reference gene GAPDH. The primers for RT-PCR are listed in Table 1. Relative expression
was quantified using the comparative threshold method.

Table 1. Primer sequences.

Gene Forward Primer Sequences (5′-3′) Reverse Primer Sequences (3′-5′)

GAPDH GCTCAGGCCTCTGCGCCCT CCTACTCTCTTGAATACC
IL-1 GAAATGCCACCTTTTGACAGG TGGATGCTCTCATCAGGACAG

2.5. Data Analysis

All data are expressed as means ± SEM. The t-test and one-way analysis of variance
(ANOVA) were used to statistically analyze the data via GraphPad Prism 8. A probability
(p) value less than 0.05 (p < 0.05) was considered as significant difference.

3. Results

3.1. The Rheological Analysis

Chitosan is a water-insoluble powder that can only be dissolved in organic or inorganic
acids. Therefore, a 2% acetic acid solution was used to dissolve chitosan in this experiment,
and the solutions with a chitosan concentration of 1%, 3%, 5% and 7% were successfully
prepared. The rheological properties of the solutions also changed with the increase inthe
chitosan content. The viscosity of the chitosan solution was characterized using a rheometer
(Figure 2). In the 1% and 3% groups, the viscosity of the solution hardly changed with the
change inthe shear rate (Figure 2a,b). Therefore, the viscosity of these two groups was a
constant, and the solution viscosity of the 1% group and the 3% group was about 0.47 and
1.05 Pas. In the 5% and 7% groups, the viscosity of the solution significantly decreased with
the increase in the shear rate which resulted from the fact that the viscosity of the solution
increased with the increased content of chitosan, and the solution gradually became a
non-Newtonian fluid whose viscosity was no longer a constant which meant the viscosity
changed with the change in the shear rate (Figure 2c,d). However, under the same shear
rate of 40 (1/s), the solution viscosity of the 5% and 7% groups was 6.78 and 22.12 Pas,
respectively. Notably, the solution viscosity of the 7% group was the highest among all the
groups. In general, the viscosity of the chitosan acetate solution increased with the increase
in the chitosan concentration.

3.2. Modulus of Elasticity

The freeze-dried scaffolds prepared with various concentrations of chitosan solutions
had different internal structures as a function of the volume ratios of chitosan and water.
The internal structure of thescaffolds was directly related to the elastic modulus. The
stress–strain curves of the different experimental groups in the elastic deformation stage
showed that the freeze-dried scaffolds could withstand greater stress within the same strain
range, which indicated that the scaffolds had a higher elastic modulus as the concentration
of chitosan increased (Figure 3a). The slope of the stress–strain curves in the elastic
deformation stage was calculated as the elastic modulus of the freeze-dried chitosan
scaffolds (Figure 3b). The average elastic modulus of the 1%, 3%, 5% and 7% groups was
5.5, 40, 107 and 223 kPa, respectively. Therefore, the freeze-dried chitosan scaffolds with
different concentrations exhibited various elastic properties and provided elastic reaction
forces to the cells, which laid a foundation for the subsequent study of the effects of the
elasticity of scaffolds on cell behavior and function.
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Figure 2. Rheological properties of chitosan solutions with different concentrations. (a–d) Viscosity–
shear rate curve of chitosan solution with different concentrations. (a) 1%, (b) 3%, (c) 5%, (d) 7%.

Figure 3. Stress–strain curves (a) and elastic modulus statistics (b) of freeze-dried chitosan scaffolds
with different concentrations, n = 6, **** p < 0.0001.

3.3. Morphology of Freeze-Dried Scaffolds with Different Concentrations of Chitosan

Freeze-dried scaffolds are loose porous scaffolds prepared by directly subliming the
water in them in a low-temperature vacuum environment after liquid freezing. The chitosan
scaffolds with different concentrations have different microstructures due to their different
water content. The surface and internal morphology of the freeze-dried scaffolds were
observed using scanning electron microscopy (SEM) in order to explore the differences
in the internal structure of the freeze-dried scaffolds (Figure 4a). The SEM images show
that the chitosan freeze-dried scaffolds formed a uniform and dense pore structure inside,
which satisfied the needs of the nutrient supply and material exchange for the cells. In
addition, the pore size gradually became smaller, and the pore structure became more
compact with the increase in the chitosan concentration (Figure 4b). The average pore size
of 1%, 3%, 5% and 7% groups was 182, 148, 103 and 71 μm, respectively. The difference
in the internal pore size and porosity results in the changes in the elastic modulus of the
lyophilized scaffolds, which provides different sizes of support force for the macrophages.
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Figure 4. Cross-sectional SEM (a) and pore size statistics (b) of freeze-dried chitosan scaffolds at
different concentrations, n = 30, *** p < 0.001, **** p < 0.0001.

3.4. Water Uptake of Freeze-Dried Scaffolds with Different Concentrations of Chitosan

The change in the internal pore size and porosity in the material will directly lead
to the variation of the water uptake of the material. All freeze-dried scaffolds reached
a water-saturated state after being soaked in water for ten minutes, indicating that the
freeze-dried scaffolds possessed a sufficiently porous structure to provide nutrient support
and substance exchange for the cells rapidly (Figure 5a). The quantitative statistics of
the water uptake rate showed that the 1% group absorbed the most water and had the
strongest water holding capacity under the same conditions (Figure 5b) due to its loose
pore structure. The average water uptake of 1%, 3%, 5% and 7% was 3032%, 1836%, 775%
and 634%, respectively, which was consistent with the previous analysis of the internal
structure of lyophilized scaffolds.

3.5. Contact Angle of Freeze-Dried Scaffolds with Different Concentrations of Chitosan

The hydrophilicity of materials is one of the important aspects for the biological
evaluation of biomedical materials. An appropriate surface hydrophilicity is beneficial
for cell adhesion and migration. The contact angle is strong evidence that indicates the
hydrophilicity status of the material. The surface contact angles of lyophilized chitosan
scaffolds were measured and quantitatively analyzed in Figure 6, and the results indicate
that there was no significant difference in the contact angles among the four experimental
groups. Therefore, the different concentrations of chitosan in each experimental group did
not affect the surface hydrophilicity of the freeze-dried scaffolds. The contact angles for all
groups were in the range from 30◦ to 40◦, confirming that the hydrophilicity may provide
good interface conditions for cell adhesion and migration (Figure 6b).

54



Coatings 2022, 12, 1742

 

Figure 5. (a) Variation curve of water uptake rate of freeze-dried chitosan scaffolds with different
concentrations over time, n = 3; (b) Statistical chart of water uptake rate after water saturation
of freeze-dried scaffolds with different concentrations of chitosan, n = 3, ** p < 0.01, *** p < 0.001,
**** p < 0.0001.

 

Figure 6. Hydrophilic analysis of different elastic chitosan lyophilized scaffolds. (a) Contact angle
images of different elastic freeze-dried chitosan scaffolds; (b) Quantitative analysis of contact angles
of different elastic freeze-dried chitosan scaffolds, n = 6, ns represents p > 0.05.

3.6. Cell Viability Assay

The freeze-dried chitosan scaffolds with various concentrations of chitosan are not
only different in their physical properties but may also release soluble components into the
medium which affects cell viability. Thence, the extract of the scaffolds was prepared to cul-
ture RAW cells. The CCK-8 results in Figure 7a show that there was no significant difference
in the cell viability among the experimental groups at 1 or 3 days, respectively. Meanwhile
the RAW cells stained with toluidine blue O (TBO) exhibited similar shapes and quantities
in different groups at 1 or 3 days, respectively (Figure 7b). On the first day, most cells
maintained a round shape, and the number of cells was low. By the third day, the number
of cells expanded to a larger scale, and some cells became polarized with individual cells
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sticking out with distinct protrusions. Regardless of day 1 or 3, the cells exhibited similar
cell numbers and cell morphology in the experimental groups. Therefore, the lysates of the
different concentrations of the lyophilized chitosan scaffolds in the medium did not show
a significant effect on cell viability and morphology. The cell viability of all experimental
groups could reach more than 70% compared with the control group, indicating that the
prepared chitosan scaffolds in all groups have an excellent biocompatibility.

 

Figure 7. Effect of chitosan concentration on cell viability. RAW264.7 cells were cultured with different
concentrations of chitosan freeze-dried scaffold extract, and the cell viability was measured using
CCK-8 method at 1d (a) and 3d (b), n = 8, ns represents p > 0.05. Then, RAW264.7 cells were stained
with TBO (c).

3.7. Cell Morphology

Macrophages are myeloid cells involved in the innate immune response, originating
from monocyte precursors in the blood and play a key role in tissue homeostasis under
normal physiological conditions as well as after tissue injury. Phagocytosis, exogenous
antigen presentation and immune regulation through cytokine and growth factor secretion
are its three key features. The microenvironment where macrophages are located is vital
for their proliferation and migration. The chitosan freeze-dried scaffolds provide different
specifications of support for the macrophages growing on the surface due to their different
porosity to regulate the behavior and function of the macrophages.

On the first day of culture, the macrophages showed a differential affinity for different
groups of materials (Figure 8a). The number of cells in the 5% group was significantly
larger than the other three groups, while the number of cells in the 1% group was the
smallest. In addition, cells in the 5% group grew in small flakes, close to the state of the
cells in a Petri dish. Most of the cells in the 1% group independently grew and did not
touch each other. On the third day, the cells in each group increased, and the spreading
area of the cells enlarged. A few RAW cells showed obvious polarization behavior with
stretching-out protrusions. Among them, the 5% group had the largest number of cells
and the largest average area of cells (Figure 8b). In addition, a lot of the cells spread out in
irregular shapes. Although the number of cells was more than that in day 1 in the 1% group,
it was the least among the four groups, and most of the cells were spherical. Interestingly,
as the chitosan concentration increased, the number and area of RAW cells decreased in the
7% group. The RAW cells showed the best proliferation and migration ability in the 5%
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group, and the number and volume of cells were also the largest, while, vice versa, the 1%
group was the worst.

 

Figure 8. (a) RAW264.7 cells were cultured on different concentrations of chitosan freeze-dried
scaffolds and stained with phalloidin. (b) Quantitative statistics of cell area, n = 30, ** p < 0.01,
*** p < 0.001, **** p < 0.0001.

3.8. Pro- or Anti-Inflammatory Factors Secreted by Cells

The activation of macrophages plays a crucial role in tissue homeostasis as well as in
inflammation and disease progression [46]. Macrophages can change their phenotype in re-
sponse to many different stimuli, which is dynamic. In general, macrophages can be divided
into classically activated M1 macrophages and alternatively induced M2 macrophages
according to their function and activation. In the early stage of inflammation, classically
activated M1 macrophages secrete factors, such as IL-6, which play a pro-inflammatory role.
In the late stage of inflammation, alternately activated M2 macrophages secrete factors,
such as IL-10, which play an anti-inflammatory role. The ELISA results show that the
concentration of IL-6 decreased with the increasing stiffness of the lyophilized scaffolds on
the first day. On the third day, the expression of IL-6 in the 1% group was still the highest,
while it was the lowest in the 5% group (Figure 9a). The concentration of IL-6 in each group
gradually increased over time. The concentration of IL-10 was generally lower than that of
IL-6, and the overall trend was the opposite to that of IL-6. The 5% group had the highest
IL-10 concentration on both the first and third days. When the concentration of chitosan
was 1%–5%, the concentration of IL-10 increased with the elevation in the hardness of the
freeze-dried scaffolds; when the concentration of chitosan was 5%–7%, the concentration of
IL-10 decreased with the elevation in the hardness of the freeze-dried scaffolds (Figure 9b).
Hence, the RAW cells have different polarization trends on the lyophilized scaffolds with
different elasticity.
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Figure 9. Concentrations of IL-6 (a) and IL-10 (b) in medium of RAW cells cultured on scaffolds at
1 and 3 days tested using ELISA, n = 3, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

3.9. Gene Expression

Next, we verified the typing of the RAW macrophages in each group at the genetic
level. The results of the qPCR experiment show that no matter whether it was the first or
third day, the expression level of the marker IL-1 of the M1 macrophages had a gradually
decreasing trend in the 1%, 3% and 5% groups, while it showed an upward trend in the
5% and 7% groups (Figure 10). The experimental results of the qPCR and ELISA show
the same trend, as the IL-6 secreted by the M1 phenotype was also much higher than the
IL-10 secreted by the M2 phenotype measured usingthe ELISA. Therefore, the regulation
rules of the different elastic chitosan freeze-dried scaffolds on the RAW macrophages were
further elaborated.

 

Figure 10. Real-time PCR analysis of the gene expression of the IL-1, n = 3, ns represents p > 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001.

4. Discussion

The physical properties of biomaterials are increasingly becoming one of the important
factors to consider when designing implants [47,48]. Cells are highly plastic, so the microen-
vironment created by the mechanical properties of the implant, especially the elasticity, has
a profound influence on cell growth and development. Simultaneously, macrophages, as
key immune cells that mediate FBR, can respond to the cellular microenvironment created
by the materials and produce different degrees of inflammatory responses to the M1/M2
macrophages’ polarization. The activity of macrophages against different biomaterials
yields different biocompatibility outcomes. Our study intended to construct chitosan freeze-
dried scaffolds with different elasticity to study the effects of biomaterials with different
interface elasticity on the behavior and function of macrophages. To sum up, chitosan
freeze-dried scaffolds can stimulate RAW cells to polarize in the M1/M2 direction, and the
amount of polarization to the M1 type was greater than that of the M2 type. In the lower
hardness range, the greater the elastic modulus of the material, the smaller the ratio of cells
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polarized to the M1 type and the greater the ratio of polarization to the M2 type. Conversely,
in the higher hardness range, the ratio of cells polarized to the M1 type increased, while the
ratio of cells polarized to the M2 type decreased.

We have built a kind of material system with a controllable elastic modulus based
on chitosan because of the excellent biological properties of chitosan [35–39,49]. As a
naturally occurring polysaccharide, chitosan has excellent biocompatibility and antibac-
terial properties and is also one of the FDA-approved biomaterials [31]. Thus, when we
focus on the effects of the physical properties of the material on the cells, the cells are in
a relatively healthy state so that the differences in cell behavior and function will not be
masked. The CCK8 results also prove that there was no significant difference in the cell
viability and proliferation ability of the leaching solution of the lyophilized scaffolds. Due
to the different ratios of chitosan and water in the scaffolds prepared by freeze-drying,
micropores and porosity of different sizes were produced inside the scaffolds after water
sublimation (Figure 4). The freeze-dried scaffolds processed with different concentrations
of chitosan are like nets woven with ropes of different thicknesses. The low concentration
is a loose mesh of holes woven from thinner ropes, while the high concentration is much
more like a dense mesh woven from thicker ropes. Hence, higher concentrations of chitosan
lyophilized scaffolds can provide greater support to cells due to their compact structure
and thicker hole walls [50–52]. These microscopic supporting forces are superimposed to
the elastic modulus of the material macroscopically (Figure 3b). Consequently, the chitosan
freeze-dried scaffolds give cells an interface environment with different elasticity, mean-
while other conditions keep the same. This differs from conventional hydrogel matrices
because the monomer ratio or crosslinking concentration in the hydrogel is changed in
order to adjust the stiffness of the hydrogel [53–55].

The experimental results show that the elasticity of the interface material plays an
important role in regulating the growth of macrophages, especially the polarization behav-
ior of macrophages. The results of the ELISA show that most cells were mainly polarized
to the M1 type on the scaffold, and a few cells were polarized to the M2 type (Figure 9).
The original RAW cells were mainly the M0 type, with a round or nearly round shape,
while the polarized cells became larger in size and protruded several pseudopodia [56,57].
The process of cell polarization from M0 to M1 and M2 on the scaffold is similar to the
physiological process of macrophages when inflammation occurs in vivo. After the material
was implanted in vivo, M0 macrophages were chemotactically recruited to the implan-
tation site through the blood circulation [57]. In the early stage of inflammation, cells
are classically activated to M1 macrophages, which release various pro-inflammatory
factors to kill pathogens, clean up tissue debris at the injury site and promote scar for-
mation [11–13]. In the late stage of inflammation, macrophages are alternately activated
to M2 macrophages, which release various anti-inflammatory factors, inhibit the further
development of inflammation and promote extracellular matrix reconstruction and tissue
regeneration [58–61]. While days 1–3 were in the early stage of inflammation, most cells
on the scaffolds expressed the M1 phenotype. In particular, the degree of M1 phenotype
polarization first decreased and then increased with the increase in the matrix hardness,
while the M2 phenotype polarization first decreased and then increased with the increase in
the matrix hardness, and the turning points were all in the 5% group. It has been reported
that stiffness similar to that of collagen fibers promotes the M1 phenotype polarization,
and the cells appear round. Stiffness similar to that of bone is more favorable for the M2
phenotype polarization, and the cells have a long and spindle-like shape [62]. When the
elastic modulus of the Eucommiaulmoides gum (EUG)-based scaffold was reduced to
the Mpa level, the RAW 264.7 increased the secretion of inflammatory cytokines which
may suggest a different mechanism for macrophages in harder tissues such as articular
cartilage [63]. We therefore propose that the polarizing effect of the matrix stiffness on
macrophages is biphasic.

The elasticity of the matrix acts as a physical cue through the contact between cells and
the matrix. When cells come into contact with the interface, integrin receptors bind to the
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material, forming cell–substrate anchor points [64]. Forces are transmitted from the integrin
anchored at the cell–substrate sites into the cell, forming focal adhesions (FA) within the cell.
Subsequently, the force is transmitted into the cell and alters the arrangement of the cellular
actin skeleton through a signaling cascade. The chromatin structure in the nucleus changes
accordingly and regulates the expression of genes which eventually changes the shape
and function of the cell [65]. Chitosan freeze-dried scaffolds with various concentrations
impart different forces to cells. The force that is delivered into cells offers intracellular
forces, which are key factors in the regulation of cellular behavior and function by physical
cues [66,67]. When the provided force is too small, a firm bond cannot be formed between
the cells and the matrix, which reduces the intracellular force and affects the adhesion and
proliferation of cells. As the hardness increases, the force provided to the cell elevates, the
intracellular force becomes larger, and the function of the cell is improved. In addition
to the difference in the elastic modulus, the pore size of freeze-dried scaffolds also affects
cells as a topological clue [68]. When the chitosan concentration of the scaffold continues
to increase, the pore size of the stent also decreases. The too-small pore size acts as a
micropattern and inhibits the extension of the skeleton through spatial constraints and
limiting intracellular forces. Thereby, the number and area of the RAW cells decreased in
the 7% group as the restriction of the cytoskeletal stretch inhibited cell proliferation and
migration (Figure 8).

Macrophages differentiated into different subtypes secrete pro-inflammatory or anti-
inflammatory factors, which have profound implications for tissue repair and regenera-
tion [11–13]. The ELISA assay shows that macrophages secreted the M1-type characteristic
cytokine IL-6 and the M2-type characteristic cytokine IL-10 (Figure 9). The results of the
qPCR also prove that the trend of the M1 phenotype-related gene IL-1 was also consis-
tent with the results of the ELISA (Figure 10). That is to say, in the 1%–5% group, the
pro-inflammatory factors secreted by the RAW cells gradually increased, and the anti-
inflammatory factors gradually decreased. Conversely, the 5%–7% group showed the
opposite trend. From this, we were inspired that the amount of pro- or anti-inflammatory
factors secreted by macrophages can be modulated by controlling the stiffness of the
freeze-dried scaffolds, thereby reducing the inflammatory response of the biomaterials.

5. Conclusions

In this study, we successfully developed chitosan freeze-dried scaffolds with different
elastic modulus to study the effect of matrix elasticity on the behavior and function of
macrophages. Through experiments, we found that the 5% concentration of the chitosan
scaffold had the best effect on promoting cell proliferation. In addition, the 5% group
can maximize the polarization of the macrophages to the M2 phenotype and inhibited
the polarization of the macrophages to the M1 phenotype, thereby inhibiting FBR and
improving the biocompatibility of the chitosan scaffolds. In addition, we found that the
polarization regulation of the macrophages by the matrix stiffness was bidirectional. In
the low elastic modulus range, high stiffness promotes the differentiation of macrophages
towards the M2 phenotype, whereas in the high elastic modulus range, high stiffness
promotes the differentiation of macrophages towards the M1 phenotype. Thus, our study
may provide new insights and references for designing the elastic moduli of biomaterials
for regulating immune responsiveness.
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Abstract: The quantum yield and fluorescence properties of carbon dots are key issues for envi-
ronmental detection. In this study, nitrogen–sulfur-doped carbon dots (N,S-CDs) were prepared
hydrothermally by adding thiourea to provide the N source. By adjusting the ratio of citric acid
(CA) to thiourea (N,S) and adding anhydrous ethanol, blue fluorescent doped carbon dots with a
quantum yield of up to 53.80% were obtained. The particle morphology and crystalline organization
of the N,S-CDs were analyzed using transmission electron microscopy (TEM) and X-ray diffraction
(XRD). Fourier transform infrared (FTIR) spectroscopy was used to illuminate distinct functional units
through the recording of typical vibration bands. The luminescence properties of the N,S-CDs were
investigated using ultraviolet–visible (UV-vis) absorption spectroscopy and steady-state fluorescence
spectroscopy (PL). In addition, the fluorescence stability of the N,S-CDs was studied in detail. The
results showed that the functional groups of the N,S-CDs chelate Fe3+ ions to quench the fluorescence
of carbon dots. This shows that the N,S-CDs exhibit high selectivity for Fe3+ ions. With the addition
of Fe3+ in the concentration of 0–100 μM, the fluorescence intensity of the N,S-CDs exhibited distinct
and linear dependence upon the Fe3+ concentration (R2 = 0.9965), and the detection limit (D = 3ơ/m)
was measured as 0.2 μM. The excellent optical properties and Fe3+ selectivity of the N,S-CDs provide
a huge boost for application in the field of environmental monitoring.

Keywords: nitrogen and sulfur doping; fluorescence intensity; carbon dots; fluorescence probe;
Fe3+ detection

1. Introduction

Iron, one of the essential trace elements for all living organisms, has little toxicity
to humans and animals, but an excess amount of Fe3+ will lead to imbalanced human
homeostasis and cause symptoms such as chronic poisoning, which seriously affect the
healthy development of the human body [1–3]. In the water system, Fe3+ accumulates in
organisms through the food chain and cannot be directly degraded. In vivo, Fe3+ can be
transformed into a more toxic form or can directly interfere with metabolic processes [4–7].
When the concentration of Fe3+ in water is 0.1–0.3 mg/L [8], it will affect the color, smell,
and taste of the water. Moreover, some special industries have higher requirements for iron
content in water, such as the textile [9], paper [10], brewing [11], and food industries [12].
Therefore, under the condition of strictly controlling the Fe3+ content, researchers need to
strictly detect Fe3+ in water resources [4–7].

Therefore, how to quickly and accurately detect Fe3+ in the environment has always
attracted much attention [13]. At present, there are many detection methods for Fe3+,
including potential voltammetry [14], atomic absorption spectrometry [15], and colori-
metric methods [16]. However, most of these testing methods require expensive tools or
instruments, and the more complex testing processes also put forward higher technical
requirements for sample processing and operation. In recent years, with the maturity

Coatings 2022, 12, 1042. https://doi.org/10.3390/coatings12081042 https://www.mdpi.com/journal/coatings64



Coatings 2022, 12, 1042

of fluorescent carbon dot detection technology, it has been widely applied to detect the
concentration of Fe3+ due to its advantages of simple and low-cost preparation [17,18], high
sensitivity [19], instantaneous response, and the specific recognition of metal ion [20–22].

As new carbon nanomaterials, carbon dots have a large number of hydrophilic func-
tional groups on the surface, which allow them to have good water solubility and excellent
fluorescence properties. At present, there are two commonly used methods for the synthe-
sis of carbon dots, namely microwave-based synthesis and hydrothermal synthesis. For
microwave-assisted methods, the advantage is that they can quickly synthesize carbon
dots. For example, Chen et al. [23] rapidly synthesized 12.45% QY carbon dots in 4 min
utilizing a mixture of glutamic acid and ethylenediamine, which specifically responds to
Fe3+ in the linear range of 8–80 μM. It has been successfully applied to the detection of Fe3+

in fungal cells due to its detection limit of 3.8 μM and its good water solubility. However,
compared to the hydrothermal method, the linear range and detection limit can be further
improved by using a simpler hydrothermal method to synthesize doped carbon dots, as
reported in references [24–28].

Muhammad et al. [24] used cranberry beans to prepare carbon dots with a detection
limit of 9.55 μM in the linear range of 30–600 μM Fe3+, and Fe3+ ion detection could be
achieved in a short time. The carbon dots prepared by Zhu et al. presented a detection
limit of 0.45 μM in the concentration range of 0–60 μM [25]. These carbon dots that were
synthesized using a hydrothermal method have a better detection range and detection limit
than the microwave method. On the basis of these studies, a great deal of effort is devoted
to improving the detection limit and range by changing the raw materials. Pu et al. [26]
used phenylalanine as a nitrogen source and a common carbon source to prepare carbon
dots. The results showed that Fe3+ combined with oxygen-containing functional groups
outside of carbon dots formed static quenching, and Fe3+ combined with the induced
carbon dots performed selective quenching. The carbon dots have a linear relationship
with relative strength in the detection range of 5–500 μM, and the detection limit is as low
as 0.720 μM. However, on the original basis, by using an environmentally friendly carbon
source, that is, changing the type of carbon source, carbon dots with a QY of 28.6% and a
lower detection limit of 0.398 μM were successfully prepared [27]. Through the analysis
of the quenching mechanism, it was found that the carbon dots have an obvious selective
quenching effect on Fe3+, and they also showed a good linear relationship in the range
of 0–100 μM. Huang et al. reported the preparation of 8.6% QY copper nanocarbon dots
(Cu-NCs) using glutathione as a stabilizer [28]. The nanocarbon dots were in the Fe3+

concentration range of 1–100 μM, the fluorescence of Cu-NCs was linearly quenched, the
detection limit was 0.3 μM, and the nanocarbon dots were available for the detection of Fe3+

in real water samples. All of this proves that the detection of Fe3+ by carbon dots has the
characteristics of high efficiency, reliability, and high selectivity, which can make it widely
used in the field of environmental monitoring. However, due to the high detection limit
and low-fluorescence quantum yield, carbon dots still cannot be widely used as sensors for
the detection of ions in food and production.

In this work, we aimed to synthesize nitrogen–sulfur-doped carbon dots (N,S-CDs)
with high fluorescence intensity and fluorescence quantum yield using a hydorthermal
method (as shown in Figure 1) and utilizing a mixed citric acid, thiourea, and ethanol solu-
tion that can provide heteroatomic sulfur, amino, and hydroxyl functional groups during
the synthesis process. The synthesized carbon dots had good water solubility, photosta-
bility, a high quantum yield, a specific response to Fe3+ ions, and high selectivity, which
enable the carbon dots to be successfully applied in the field of environmental monitoring.
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Figure 1. Schematic diagram of the preparation and application of N,S-CDs and their application in
Fe3+ sensing.

2. Experimental Section

2.1. Materials

All metal ion salts were analytically pure, including NaCl, KCl, Ba(NO3)2, Bi(NO3)2,
ZnCl2, MgCl2, Al(NO3)3. The compounds 9H2O, Co(NO3)2, AgNO3, FeCl3, Pb(NO3)2,
and CuSO4 were all obtained from Aladdin. Citric acid monohydrate, thiourea, dialysis
membrane (MWCO 1000 Da), and quinine sulfate (98%) were purchased from Aladdin
(Shanghai, China). The water used in all experiments was deionized water.

2.2. Instruments

The fluorescence and UV spectra were determined by using a fluorescence spectrom-
eter (Hitachi, Tokyo, Japan) and a UVprobe2.70 UV-Vis spectrophotometer (Shimadzu
Corporation, Shimadzu, Japan). The FTIR spectra were determined by using an IS20
Fourier Transform Infrared Spectrometer (Thermo Fisher Scientific, Shanghai, China). A
drop of an aqueous solution containing N,S-CDs was dropped into the KBr particles, and
after the water had evaporated, the particles were used to measure the FTIR spectrum
(Thermo Fisher Scientific, Shanghai, China). XRD pictures were obtained using a MINI-
FLEX 600 benchtop X-ray diffractometer (Rigaku MiniFlex, Jiangsu, China). Transmission
electron microscopy (TEM, Thermo Fisher, Shanghai, China) graphics were acquired on a
FEI Tecnai G2 F20 high-resolution transmission electron microscope.

2.3. Preparation of N,S-CDs

Citric acid (CA) and thiourea (N,S) were first dissolved in a 10 mL absolute ethanol
solution with the different substance ratios (2:1, 1:1, 1:2, 1:3, 1:4) and then were treated via
ultrasonic dispersion for 10 min. The mixture was then added to the liner of a 50 mL Teflon
reactor and heated at 180 ◦C for 12 h. The product obtained from the reaction was placed
at room temperature for a period of time. The room temperature product was placed in a
centrifuge (10,000 rpm, 30 min) to obtain the supernatant, and the filtrate containing the
N,S-CDs was collected by filtration through a 0.22 μm syringe filter 2–3 times. Finally, the
filtrate was put into a bag with a dialysis function (Mw = 1000 Da) for 3 days; the water
was changed every 5 h to remove impurities; and the N,S-doped carbon dot products were
acquired. In order to meet the needs of characterization, e.g., XRD, the sample needed
to be prepared as a solid, and the method was as follows: the solution was placed in the

66



Coatings 2022, 12, 1042

cold trap of a freeze dryer to freeze, and freeze-drying was performed to obtain a solid
powder product.

2.4. Fluorescence Quantum Yield Determination

The fluorescence quantum yield was calculated using the reference method in [29,30].
Quinine sulfate was dissolved in 0.1 M sulfuric acid to obtain a quinine sulfate solution as
a standard solution. The quantum yield was 0.54 at excitation wavelengths of 340 nm and
360 nm. The quantum yield of doped carbon dots is calculated as

QYS = QYR × (FS/FR) × (AR/AS) × (NS
2/NR

2)

where QY indicates the fluorescence quantum yield, F indicates the fluorescence integral
area at the excitation wavelength, A represents the absorbance (required to be kept at
0.05 or below), N indicates the refractivity of the solution, and the subscripts of S and R
represent the carbon point solution and the quinine sulfate solution, respectively.

2.5. Detection of Fe3+ Ions

FeCl3 was used as the ion detection source, and differently weighted volumes were
used. A 10 mL volumetric flask had 1 mM of Fe3+ solution and 2 mL of carbon dot
dialysate. Ultrapure water was used to dilute the solution to the calibration line. The final
concentrations of diluted Fe3+ were 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 200, 300, 400, 500,
and 600 μM. After shaking the volumetric flask up and down, the fluorescence intensity
was measured at room temperature, and the process was repeated.

2.6. Selective Detection of Metal Ions

Under the same conditions as Fe3+ ion detection, 12 kinds of 1 mM metal ion solutions
(Ag+, Ba2+, Bi2+, Co2+, Cu2+, Fe3+, Pb2+, Na+, Zn2+, Al3+, K+, Mg2+) and 1 mL of carbon
dot solution were mixed to prepare the test stock solution with a metal ion concentration of
500 μM. The metal ion selectivity experiments were performed at room temperature with
11 replicates for each set of experiments, and standard deviation error bars were calculated.
In addition, after the determination of ion selectivity, stability testing was carried out.
For example, under the premise of the same concentration of N,S-CDs, the addition of
different concentrations of NaCl solution and pH was conducted to explore the stability of
the N,S-CDs. Relative ratio (F/F0) of the fluorescence emission intensities of the N,S-CDs
in the presence and absence of metal ions was used to indirectly indicate the stability of
the N,S-CDs.

2.7. Real Samples Measurement

To evaluate the feasibility of Fe3+ carbon spot detection in real samples, tap water
samples obtained in our laboratory were analyzed using this method. All water samples
were spiked with different concentrations of Fe3+ without any pretreatment, including
the real samples and the N,S-CD probes. To examine the practical application of carbon
dots, we analyzed the tap water samples obtained in our laboratory using spiked recovery.
The collected water samples were treated with 0.22 μm filter membrane, and different
concentrations of Fe3+ were added to the real samples and the N,S-CD probes. Finally, the
fluorescence emission spectra were recorded at the excitation wavelength of 360 nm for
all samples.

3. Results and Discussion

3.1. Structure and Characterization of Carbon Dots

Using citric acid as a carbon source and thiourea as a nitrogen and sulfur source,
high-QY fluorescent N,S-CDs were prepared by a one-step hydrothermal reaction. The
morphology and particle size of the synthesized carbon dots were characterized by TEM.
The TEM image in Figure 2a shows that the N,S-CDs are uniform in size, approximately
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spherical, and have good dispersion. As can be seen from the inset of Figure 2a, the size
distribution of the N,S-CDs is between 5 and 7 nm. As shown in Figure 2c, the XRD diagram
exhibits a peak trend of the carbon dots, with a peak at 2θ = 26.3◦, which corresponds to
the (002) graphitic carbon diffraction curve and also corresponds to the lattice spacing of
0.21 nm (Figure 2b) [31,32]. Moreover, infrared spectroscopy (FTIR) was used to analyze
the surface functional groups of the N,S-CDs to determine their water solubility. As shown
in Figure 2d, which is from the perspective of the infrared spectrogram, the stretching
vibration peak of C=S at 2064 cm−1 increases with the decrease in the CA:NS ratio [33], and
the stretching vibration peak of C=C [10–12] at 1412 cm−1 also increases with the decrease
in the ratio. Both functional groups are chromogenic groups, which affect the fluorescence
emission of carbon dots. Moreover, the stretching vibration of O−H [15–17] at 3451 cm–1,
the stretching vibration of N–H [15–17] in –NH2 at 3162 cm−1, and the stretching vibration
of C−N [22,26] at 1224 cm−1 all provide the basis for the fluorescence properties of the
auxochrome-based carbon dots. These are hydrophilic groups, which provide the carbon
dots with good water solubility [21]. The change in the amide C=O’s [27] bending vibration
peak at 1715 cm−1 gradually changed from a single peak to a double peak, which may be
due to the structural changes caused by the changes in the amide reaction during product
synthesis and may affect the fluorescence properties of the carbon dots. Combined with
infrared spectroscopic analysis, it was shown that the N and S atoms were co-doped in
the carbon dots in the form of functional groups, and functional groups such as hydroxyl,
carboxyl, and amide groups existed on the surface of the N,S-CDs. These results are similar
to those of many other reported CDs [18–27] and demonstrate that the prepared fluorescent
products are CDs and have good water solubility.

Figure 2. TEM and particle size distribution (a), XRD (b), lattice spacing (c), and IR spectrum (d)
of N,S-CDs.

3.2. Optical Properties of Carbon Dots

The optical properties of the N,S-CDs were studied using UV-vis and fluorescence
spectra. From the UV-Vis absorption spectrum in Figure 3b, the shoulder peak around
245 nm is due to the π→π* energy transition of conjugated C=C hybridization, which
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confirmed the formation of a ring reaction and the formation of heterocyclic structure in the
amidation process [24]. The peak around 345 nm is related to the n→π* energy transition
of C=O/C−O generated by the “surface band”. This peak produces strong fluorescence
emissions due to the electron holes (surface states) on the surface of the carbon dots that
capture and release the excited-state energy [24].

Figure 3. UV-Vis absorption spectra of different components of N,S-CDs (a), fluorescence emission
spectra (b–f) at different excitation wavelengths from 300 to 420 nm, and emission spectra of each
component at the optimal excitation wavelength of 360 nm (g).
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In this experiment, the optical properties of the N,S-CDs were further characterized
by measuring the fluorescence spectra of the N,S-CDs. The results of the fluorescence
spectra of the N,S-CDs with different CA:NS ratios are shown in Figure 3b–f. It can be
seen from the figure that with the change in the excitation wavelength from 300 nm to
400 nm, the fluorescence emission intensity first goes up and then comes down, and the
characteristic emission peak of the N,S-CDs is obviously red-shifted. This indicates that
different proportions of the N,S-CDs have obvious excitation light dependence. As can be
seen in Figure 3b–f, different N,S-CDs all have the same optimal excitation wavelength,
which is 360 nm. At the excitation wavelength of 360 nm, their corresponding emission
peaks (445 nm, 447 nm, 450 nm, 445 nm, and 443 nm) are all in the blue emission range.
Furthermore, in Figure 2b,c, there is a weak peak at 550 nm, which appears as a green
fluorescence emission. However, at this time, the maximum emission peak of the N,S-CDs
is around 450 nm, corresponding to the blue fluorescence emission, which overlays the
green fluorescence emission, eventually leading to the blue fluorescence emission of the
carbon dots. From the conclusions in these figures, it is inferred that the position of the
starting emission peak is related to the excitation wavelength, and the emission peak has a
red-shift phenomenon at different excitation wavelengths. These phenomena are induced
by specific surface defects of the NS-CDs near the Fermi level, which can be illustrated by
the IR spectra [26,34].

The optimal excitation wavelength of the N,S-CDs was determined to be 360 nm in
Figure 3b–f. Figure 3g demonstrates the emission spectra of carbon dots with different
doping ratios at the excitation wavelength of 360 nm. It was found that when the ratio of
CA:NS was 1:2, the fluorescence intensity of the N,S-CDs was the highest. This is due to
the unsaturated bond chromophore groups on the surface of the N,S-CDs, namely C=C
and C=O, which lead the N,S-CDs to emit fluorescence under ultraviolet and visible light,
and the fluorescence intensity is under the joint influence of the auxochrome group and the
chromophore group. This resulted in the best fluorescence intensity at the ratio of 1:2.

3.3. Fluorescence Quantum Yield of Carbon Dots

It can be seen from the graph of the yield variation in each component in Figure 4
that with the decrease in the CA:NS ratio, the yield does not increase linearly, but presents
an arched bridge trend, which first increased and then decreased with the increase in NS
content. The maximum yield was achieved when the CA:NS ratio was 1:2, which was
53.80% (when the excitation wavelength was 360 nm), corresponding to the fluorescence
emission intensity map in Figure 3g. The reason for this is that during the reaction of citric
acid and thiourea, a large number of chromophore groups and auxochrome groups were
generated on the surface of the carbon dots, and the surface oxidation degree was high,
which affected the change in the fluorescence yield.

Figure 4. Variation in fluorescence yield in each component at excitation wavelengths of 340 and
360 nm.
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3.4. Stability of Carbon Dots

For the purpose of exploring the stability of carbon dots, the carbon dots were first
mixed with NaCl standard solution to make the final concentration of 0–2 mol/L. The
influence of the NaCl standard solution concentration on the fluorescence intensity of the
N,S-CDs is displayed in Figure 5a. F and F0 represent the fluorescence emission intensities
of the N,S-CDs in the presence and absence of metal ions, respectively. With the increase
in the solution concentration, the fluorescence intensity of the N,S-CDs did not change
much, which indicated that the N,S-CDs could exist stably in a high-concentration ionic
environment. In addition, to further understand the stability of the carbon dots, the carbon
dot solution was placed in different pH buffer solutions of pH 2–12, as shown in Figure 5b,
which is the altered trend of the pH on the fluorescence intensity. From this, we can see
that the fluorescence intensity of the N,S-CDs is about two times higher when the pH
values are 6 and 7 than it is at pH 2 and pH 8–12. With the decrease in the pH value from
7 to 2 and the increase in acidity, the fluorescence intensity of the carbon dots weakened;
as the pH increased from 7 to 12 and the alkalinity increased, the fluorescence intensity
decreased significantly between 7 and 8 and then decreased slowly with the increase in the
pH, demonstrating that the N,S-CDs have good fluorescence in neutral and weakly acidic
environments. The luminescence intensity at the excitation wavelength of 360 nm was
recorded as the photostability of the N,S-CDs under long-term storage at room temperature.
As displayed in Figure 5c, with the passage of time at room temperature, the luminescence
intensity of the carbon dots fluctuated up and down very little, demonstrating that the
carbon dots have good photostability. In summary, the experiments show that the N,S-CDs
have good stability.

Figure 5. Effects of pH (a), NaCl solution concentration (b), and time (c) on fluorescence intensity of
nitrogen–sulfur-doped carbon dots.

3.5. Metal Ion Selectivity

In order to evaluate the selective sensing ability and anti-interference ability of the N,S-
CDs regarding metal ion selectivity, the fluorescence emission intensities of the N,S-CDs
in the presence of different metal ions were investigated. Figure 6a illustrates the relative

71



Coatings 2022, 12, 1042

luminescence emission intensity (F/F0) of the metal ions at a concentration of 500 μM when
the excitation wavelength is 360 nm. F and F0 are the fluorescence emission intensities of
the N,S-CDs in the presence and absence of metal ions. Different metal ions have different
effects on the fluorescence intensity of the N,S-CDs. From the bar chart of the N,S-CDs
mixed with metal ions (Figure 6a), it can be seen that the addition of Fe3+ resulted in a
significant decrease in the luminous intensity of the carbon dots and that the quenching
was as high as 80%. Because the fluorescence intensity of other metal ions experienced
no change or little change, the influence can be ignored. This shows that the prepared
N,S-CDs have a stronger affinity for Fe3+ and can have good selectivity to Fe3+. Figure 6b
indicates the effect of adding Fe3+ on the relative fluorescence emission intensity (F/F0) of
the mixture system of metal ions and N,S-CDs. It can be seen from the bar chart (Figure 6b)
that the addition of Fe3+ into the mixed system can still reduce the fluorescence intensity of
the N,S-CDs to the greatest extent and that other metal ions cannot affect the quenching
effect of Fe3+ on the N,S-CDs. This proves that the prepared N,S-CDs have good ionic
anti-interference ability.

Figure 6. Selectivity (a) and anti-interference ability (b) of nitrogen–sulfur-doped carbon dots for
different ions.

3.6. Linear Analysis of Carbon Dots on Fe3+

The linear analysis of Fe3+ can be continued by using the stability of the N,S-CDs
mentioned above. As displayed in Figure 7a,b, the relative fluorescence intensity changes
and fluorescence intensity diagrams of the nitrogen–sulfur-doped carbon dots with various
concentrations of Fe3+ (0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 200, 400, 500, and 600 μM) are
described. This can clearly show that when the concentration of Fe3+ increases, the intensity
of the N,S-CDs also decreases. As displayed in Figure 7c, in the range of 0–100 μM, the
relative fluorescence intensity (F/F0) displayed a good linear relationship, with an Fe3+

concentration (R2 = 0.9965). According to the formula D = 3ơ/m [19,23,26–28], the detection
limit (D) was obtained as 0.20 μM (about 0.11 mg/L). Compared to the detection limits in
the literature (Table 1), the carbon dots prepared in this paper have higher quantum yields
and lower detection limits, which can be used for actual sample detection.

Table 1. Performance comparison of the different detection ranges and detection limits of carbon
dots in the literature.

Sensing Platform Linear Range (μM) Quantum Yield LOD (μM) Reference

Cu-NCs 1–100 8.6% 0.3 [28]
N-CDs 0.002–8 30.2% 0.138 [19]
C-dots 10–100 28.6% 0.398 [27]
N-CDs 8–80 No report 3.8 [23]
N-CDs 5–500 No report 0.720 [26]

N,S-CDs 0–100 53.80% 0.2 This Work
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Figure 7. Relative fluorescence intensity changes in N,S-CDs under different concentrations of
Fe3+ (a), fluorescence intensity spectra of N,S-CDs under different concentrations of Fe3+ (b), and
linear relationship between Fe3+ concentration and fluorescence intensity of the N,S-CDs (c).

Finally, the quenching mechanism of Fe3+ on the N,S-CDs was briefly explored through
the infrared and ultraviolet absorption spectra of the N,S-CDs and N,S-CDs+Fe3+. Figure 8a
displays the UV absorption spectrum in the mixed system of N,S-CDs+Fe3+, and an ab-
sorption curve that is different from that of single N,S-CDs appeared. The curve has
absorption peaks centered at 300 nm and 365 nm, and the peaks are higher than those in
the N,S-CDs alone. In the infrared spectrum as displayed in Figure 8b, it can be observed
that the stretching vibration peak of O–H of the hydroxyl group at 3451 cm−1 in the mixed
system of N,S-CDs+Fe3+ is significantly weakened compared to that of the N,S-CDs alone,
while the other peaks remain unchanged. This explains that when Fe3+ is added, the
hydroxyl functional groups on the surface of the N,S-CDs are complexed with them to form
ground-state complexes, which are attached to the surfaces of the carbon dots, affecting the
luminescence properties of the N,S-CDs and resulting in the quenching effect of Fe3+.

Figure 8. UV spectra (a) and infrared spectra (b) of N,S-CDs+Fe3+ system and N,S-CDs.
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3.7. Real Sample Analysis

To further prove the effectiveness of N,S-CDs in detecting Fe3+, three groups of Fe3+

with different concentrations were injected into a solution mixed with carbon dots and local
tap water, and the data were recorded three times. The conclusion is displayed in Table 2,
where the recovery rate of Fe3+ in tap water is 97.3%–110.1%, and the relative standard
deviation is not more than 4%. The conclusion indicates that the N,S-CDs prepared in this
paper had sufficient reliability and sensitivity and that the iron content indicated in the
national sanitary standard for drinking water (GB 5749-2006) was 0.3 mg/L (5 μM) [8],
which was higher than the detection limit in this paper, proving that the N,S-CDs could be
used to measure the iron ion concentration in drinking water.

Table 2. The recovery rate of standard addition of Fe3+ in tap water.

Number Added (μM) Found (μM) Recover (%) RSD (%, n = 3)

1 1 0.99 97.3 3.28
2 5 5.56 110.1 1.91
3 10 10.23 101.8 1.05

4. Conclusions

In this study, co-doped nitrogen–sulfur carbon dots (N,S-CDs) were synthesized
hydrothermally by employing thiourea and citric acid as precursors. By changing the
ratio of citric acid and thiourea, blue fluorescent N,S-CDs with a quantum yield of 53.80%
were synthesized. In weakly acidic, neutral, and high-concentration ionic environments,
the N,S-CDs have a highly selective quenching response to Fe3+. When the concentration
is 0–100 μM, the fluorescence intensity of the N,S-CDs has a linear relationship with the
concentration of Fe3+ (R2 = 0.9965), and the measured detection limit (D = 3ơ/m) is 0.2 μM.
The results reported in this paper demonstrates the prospective potential application of
carbon dots in the field of environmental analysis and monitoring.
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Abstract: Craniofacial bone defects are usually secondary to accident trauma, resection of tumor, sever
inflammation, and congenital disease. The defects of craniofacial bones impact esthetic appearance
and functionality such as mastication, pronunciation, and facial features. During the craniofacial
bone regeneration process, different osteogenic cells are introduced, including primary osteoblasts or
pluripotent stem cells. However, the defect area is initially avascular, resulting in the death of the
introduced cells and failed regeneration. Thus, it is vital to establish vascularization strategies to
build a timely and abundant blood vessel supply network. This review paper therefore focuses on the
reconstruction of both osteogenesis and vasculogenesis. The current challenges, various strategies,
and latest efforts applied to enhance vascularization in craniofacial bone regeneration are discussed.
These involve the application of angiogenic growth factors and cell-based vascularization strategies.
In addition, surface morphology, porous characters, and the angiogenic release property of scaffolds
also have a fundamental effect on vasculogenesis via cell behavior and are further discussed.

Keywords: craniofacial bone; osteogenesis; vasculogenesis; bone tissue engineering; blood vessel;
angiogenesis growth factor; biocompatible materials

1. Introduction

Craniofacial bone provides support for adjacent craniofacial soft tissues (especially
the attachments of mastication-related muscles) and anchorage for dental structures [1].
The defects of craniofacial bones, secondary to accident trauma, congenital disease, tumor
resection, and inflammation [2–5], impact esthetic appearance and functionality of the
craniofacial complex, such as mastication, pronunciation, and facial features. Furthermore,
craniofacial bone is highly vascularized, and its functions depend a lot on an unobstructed
and well-organized vascular network. With the intact vessels, sufficient oxygen and
nutrients can be supplied, guaranteeing the proliferation and viability of cells [6]. At
the same time, the metabolic waste of cells can be taken away [7]. Therefore, it is well-
recognized that the prompting of vasculogenesis is beneficial for reinforced bone functions.
After the craniofacial bone defect occurs, osteogenic cells such as primary osteoblasts or
pluripotent stem cells are recruited in order to generate neobones. However, the defect area
is initially avascular, resulting in the death of the recruited cells and failed regeneration [6].
Thus, it is vital to establish vascularization strategies to build a timely and abundant blood
vessel supply network [8].

Clinically, the damaged craniofacial bone can be reconstructed with a series of surgical
operations. More than 90% of grafts used are autologous or allogenic transplantations,
which are recognized as the “gold standards” [9]. However, challenges, such as donor
site morbidity, pain, infection, and additional economic burden, are still unmet [10]. More
importantly, vasculogenesis in the depth of the defect also cannot be well-established,
which leads to the necrosis of transplanted grafts [11–13].
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Rapid developments in bone tissue engineering bring new hope for solving the urgent
problems and provide more strategies for neovascular networks and craniofacial bone
tissue regeneration. During the past decades, numerous studies have been accomplished,
introducing different angiogenic cells and growth factors based on biocompatible scaffolds
for rebuilding vessel networks in craniofacial bone defects [9,14,15]. This work, presenting
a first-time comprehensive review of recent advances of vascularization strategies in cran-
iofacial bone tissue regeneration, overviews the current challenges, various strategies, and
the latest efforts applied to enhancing vascularization in craniofacial bone regeneration.

2. Challenges of Vascularization in Craniofacial Bone Regeneration

Vasculogenesis and angiogenesis are two well-known approaches by which embryonic
blood vessels develop. Vasculogenesis means that new blood vessels are formed in suit
by endothelial progenitor cells and then coalesce with elongating vessels. In contrast,
angiogenesis, assumed as the more prevalent way of vascularization, is related to new
capillaries by budding, branching, and elongation of existing vessels [16–18]. While the
specific angiogenesis mechanism during craniofacial bone defect regeneration remains
unexplicit, some inspirations can be obtained from the craniofacial bone formation. Unlike
the endochondral ossification pattern of the appendicular skeleton, most craniofacial bones
display an intramembranous ossification pattern (Figure 1) [3,19–21]. Under this pattern,
osteogenic cells derived from mesenchymal stem cells (MSCs) directly secrete osteoid
and then mineralize as bone tissue [14]. Recent research has reported that capillary-like
structures can be observed invading the avascular MSC layer prior to mineralization [21,22].
This indicates that ingrowth angiogenesis of the defect area is essential for craniofacial
bone regeneration.

 

Figure 1. Schematic of the epiphyseal ossification of endochondral long bones, with emphasis on the
process of capillary growth into calcified epiphyseal cartilage and subsequent trabecular ossification.
(A) Chondrocytes differentiate from proliferating prechondrocytes within the growth plate. The
chondrocytes are pushed toward the diaphysis by this continuous process and then enlarge under
hypoxia, leading to mineralization of surrounding cartilage and the attraction of blood vessels
required for bone formation. (B) Magnified view of bracketed zone from “A” showing capillaries,
in association with chondroclasts, growing towards hypertrophic chondrocytes as a precursor to
osteoblast activity and bone growth at the epiphysis. Reprinted with permission from Ref. [21], 2013,
John Wiley and Sons.

However, there are still challenges in building a mature craniofacial neovascular
system in the bone defect site. First of all, the defects of craniofacial bone, secondary to
tumor resection or congenital craniofacial diseases, are usually critical-sized and the depth
of defects is often thicker than 1 cm. The maximum cell–vessel distance to gain adequate
oxygen supply and nutrition support is 200 μm [23,24], which means the transplanted or
recruited cells may not survive, as minimal oxygen and nutrition can be obtained from
host blood vessels, leading to the failure of new bone formation. Thus, how to establish
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a well-organized and functional neovascular network within a short time to support cell
proliferation and bone formation is the main challenge in craniofacial revascularization.
Furthermore, the final functionalization of the neovascular vessel relies on the extent of
anastomosis between neo and host vasculature [7]. Thus, therapeutic approaches for
achieving successful anastomosis with resident vasculature is another issue that should be
urgently addressed.

Furthermore, current studies demonstrate that blood vessels can be further classified
as two different types. Type H vessels are characterized by high and positive expressions
of CD31 and Endomucin. In contrast, type L vessels are characterized by low or negative
expressions of CD31 and Endomucin. Type H vessels are reported to be located near the
periosteum and endosteum of the diaphysis, while type L vessels are located in the bone
marrow [25,26]. Evidence indicates that type H vessels can promote the proliferation and
differentiation of osteoprogenitors and stimulate direct bone formation [27,28]. Therefore,
how to increase the type H vessel ratio of neovascular network formation to promote
craniofacial bone defect regeneration becomes another issue that should be further explored.

3. Various Vascularization Strategies in Craniofacial Bone Regeneration

Angiogenesis is a complex process involving extensive connections between vast
growth factors, cells, and extracellular matrices (ECMs) [3,7,16–18]. After the bone defect
occurs, the local hypoxic microenvironment and acute inflammation stimulate the release of
pro-angiogenic growth factors from surrounding cells, which initiate the active proliferation
of the endothelial cells (ECs) [8,29]. Afterwards, new blood vessels are formed, and then
stabilized and remodeled by pericytes [30,31].

3.1. Cell Sources for Craniofacial Bone Vascularization

Vascularization involves vasculogenesis or angiogenesis; both these approaches rely
highly on the functions of ECs and endothelial progenitor cells (EPCs) [32–35]. The cranio-
facial bone defect region is in need of oxygen and nutrients, and secretes proangiogenic
molecules. As illustrated in Figure 2, ECs are triggered to be invasive (referred to as tip
cells), lead the sprouts, and protrude filopodia [36]. Then, the protruded filopodia extend
in response to the angiogenic signal source [36,37]. Tip cells are followed by stalk cells,
which proliferate to elongate the sprout and form the fundamental vessel lumen [35,38,39].
Specification in migratory tip and proliferating stalk cells is dynamic, and ECs continuously
compete for the lead position. Eventually, tip cells connect with surrounding tip cells from
adjacent sprouts to form a new and stable vessel [35,39]. In addition, ECs have been proven
to enhance the anastomosis between the neovessel system and host vasculature [7,40].

Considering that EC sources are limited in the craniofacial bone defect area, the EPCs,
which are potentially derived from umbilical cord blood, peripheral blood, bone marrow,
or human-induced pluripotent stem cells, are of great importance in vascular engineering
because of their pluripotency and outstanding self-proliferation ability [41,42]. Studies have
demonstrated that postnatal neovascularization is both directly and indirectly stimulated
by EPCs [43,44]. Human EPCs have also been confirmed to be capable of forming a
neovasculature in a critical-sized rat bone defect model, indicating that EPCs may be
directly involved in the process of angiogenesis via differentiation into lumen-forming
cells [45]. Furthermore, the expressions of proangiogenic vascular endothelial growth
factors are higher in EPCs or EPCs/MSCs groups compared with those in MSCs alone, as
well as the formation of blood vessels, confirming that EPCs are capable of initiating a host
angiogenic response through cytokine secretion [44–46].
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Figure 2. Illustrations of the sprouting and branching steps of blood vessels. (A) Sprout initiation
and elongation. (B) Sprout anastomosis. (C) Vessel remodeling.

Except for ECs/EPCs, pericytes are the other composed cells of blood vessels (also
referred to as perivascular cells, vascular smooth muscle cells, or mural cells). Pericytes
play a crucial role in microvascular function, blood vessel stability, angiogenesis, and blood
pressure regulation [30,31]. In addition, 22%~99% of the endothelium in capillaries is
covered with pericytes, which are also found in pre-capillary arterioles and post-capillary
venules. The high coverage rate seems to correlate positively with endothelial barrier
properties. A larger coverage rate of pericyte leads to reduced EC turnover, whereas a lower
coverage rate of pericyte results in enhanced proliferation and sprouting capacity of ECs.
Furthermore, pericytes exhibit other important functions, such as contractile regulation of
blood flow and the formation of ECM. Moreover, pericytes are embedded in the basement
membrane of the vasculature and contact with surrounding ECs, resulting in an efficient
communication, named pericyte–endothelial interactions, between the two cell types.
Pericyte–endothelial interactions are necessary for the development and maintenance of a
functional microcirculation in different tissues [47,48]. Currently, there are different views
on the pericyte–endothelial interactions in different type of tissues. The most well-accepted
view is that pericytes are recruited by stalk cells to support vessels. For example, research
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in the retinal angiogenesis field shows that the retinal vascular network remains immature
and is prone to rarefaction by ineffective stabilization until pericyte recruitment [49].

3.2. Cell Signaling and Angiogenic Growth Factors

The entire angiogenesis process consists of a series of growth factors and mediators
of microenvironment components. The current knowledge of angiogenic biology has
been widely expanding; one of the most significant factors is the vascular endothelial
growth factor (VEGF) family. VEGF and its receptors (VEGFRs) play a prominent role
in the activation of ECs in angiogenesis and osteogenesis [50–52]. ECs expressing high
VEGFR2 signaling are called tip cells and promote the neighboring ECs’ transfer as a
stalk cell phenotype by upregulating the signaling of Notch ligand Delta-like 4 (DLL4).
The transferring process is initiated by the activation of the NOTCH1 receptor of stalk
cell via DLL4. The transferring in turn leads to the suppression of VEGFR2 and the
concomitant induction of VEGFR1. The reciprocal regulation of VEGFR expression by
Notch signaling reduces sensitivity to VEGF and thereby enforces stalk cell specification.
The levels of VEGFRs, DLL4, and NOTCH1 are, however, constantly changing as ECs
meet new neighbors. As a result, stalk cells can be relieved from tip cell inhibition
and overtake the lead position, resulting in a dynamic position shuffle in the growing
sprout [53,54]. The integrated regulation of VEGF and Notch is a prime example of a
mechanism that allows ECs to sprout reiteratively in a concerted action, thereby ensuring
robust network formation.

Platelet-derived growth factor-BB (PDGF-BB) is a member of the PDGF family, which is
capable of improving the migration, proliferation, and differentiation of various mesenchy-
mal cell types, such as EPCs and MSCs. ECs secrete PDGF-BB to recruit platelet-derived
growth factor receptor–β positive (PDGFRβ+) pericytes onto the neovasculature [55,56].
Su et al. demonstrated that bone angiogenesis was weakened when PDGF-BB was se-
lectively knocked out in preosteoclasts. More bone angiogenesis was also obtained in
Pdgfb-transgenic mice that overexpressed PDGF-BB (Figure 3) [55]. In addition to vessel for-
mation, PDGF-BB–PDGFR signaling was reported to cooperate with DLL4–Notch signaling
pathways to prevent excessive vascular sprouting and achieve a balanced and functional
vessel network [57,58].

Hypoxia-inducible factor (HIF) is a transcription factor that alters the cell behavior in
response to oxygen concentration and further affects angiogenesis [59,60]. HIF-1α is one of
the most studied members of the HIF family. Studies have shown that HIF-1α is involved
in angiogenesis or vascular remodeling processes through the so-called “HIF-1α-VEGF
axis”. Under the stimulation of both angiopoietin-1 (Ang-1) and angiopoietin-2 (Ang-2),
HIF-1α stimulates MSCs to secrete VEGF and inhibits the expression of the tissue inhibitor
of metalloproteinase-3 (TIMP-3), an endogenous competitive inhibitor of the VEGF receptor
(which mediates osteogenesis and angiogenesis) [61–64]. Furthermore, the ECs of Type
H vessels have been reported to promote vascular growth via the HIF-1α-VEGF axis and
further communicate with perivascular osteoblasts through the Notch signal pathway for
osteogenesis [26].
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Figure 3. Transgenic mice expressing PDGF-BB in preosteoclasts recapitulate the pathological fea-
tures of osteoarthritic joint subchondral bone. (A) Schematic diagram showing the TRACP5-Pdgfb
transgene in transgenic mice (PdgfbcTG). (B–N) Knee joints were harvested from 5-month-old trans-
genic mice and WT mice. n = 5 mice per group. Immunofluorescence staining of PDGF-BB
(green) and quantification of PDGF-BB+ cells in tibial subchondral bone (B,C). Scale bar: 50 μm.
*** p < 0.001. ELISA analysis of PDGF-BB concentration in tibial subchondral bone/bone marrow.
*** p < 0.001 (D). Immunofluorescence staining of CD31 (green) and Emcn (red) with quantification of
the intensity of CD31hi Emcnhi signal per tissue area in subchondral bone of the tibia (E,F). C—cartilage;
SB—subchondral bone. Scale bars: 200 μm (top), 50 μm (bottom). *** p < 0.001. Immunohistochemical
analysis of Osterix (brown) and quantification of Osterix+ cells in tibial subchondral bone (G,H). Scale
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bar: 50 μm. *** p < 0.001. Immunofluorescence staining of PGP9.5 (green) with quantification of
the intensity of PGP9.5 signal per tissue area in subchondral bone of the tibia (I,J). Scale bar: 50 μm.
*** p < 0.001. Three-dimensional μCT images (K) and quantitative analysis of structural parameters
of subchondral bone: BV/TV (L), SBP. Th (mm–1) (M) and Tb. Pf (mm–1) (N). * p < 0.05, and
** p < 0.01. All data are shown as means ± standard deviations. Statistical significance was determined
by unpaired 2-tailed Student’s t test. Reprinted with permission from [55], 2020, American Society
for Clinical Investigation.

In the context of biomaterials for craniofacial bone regeneration, the use of inorganic
cations such as Ca2+, magnesium (Mg2+), and silicon (Si4+) has gained attention due to their
influence on mechanical and biological properties crucial for bone regeneration [18,65–68].
These cations do also play significant roles in neovascularization, which are crucial aspects
of craniofacial bone regeneration [69–72]. Wang et al. displayed a sustained release of
Mg2+ from the piezoelectric Whitlockite scaffold and promoted angiogenic differentiation
of BMSCs in vitro. Mg2+ was further confirmed to remarkably form neobone with rich
angiogenic expressions in an in vivo rat calvarial defect model (Figure 4) [73]. Liu et al. also
reported the powerful angiogenic property of Mg2+. In their study, MC3T3-E1 cells were
treated with different concentrations of Mg2+, and the secretion of PDGF-BB was promoted,
which can effectively promote the angiogenic ability of HUVECs [74]. Wan et al. studied
the synergistic effect of Mg2+ and Si4+. They fabricated hierarchical microspheres named
PNM2, which can steadily release Mg2+ and Si4+ at an optimized ratio of 2:1 to match the
process of vascularized bone regeneration at different stages. Then, a high volume and
maturity of the vascularized neobone tissue was regenerated with PNM2 microspheres in a
rat calvarial defect model [75]. Other cations, like Cu2+ and Co2+, also show proangiogenic
activity [76,77]. Cu2+ affects angiogenesis via regulation of the pERK1/2-foxm1-MMP2/9
axis [78]. Co2+ has the capacity to stabilize HIF-1α and subsequently induce the production
of VEGF, activating the angiogenic process by creating a hypoxia-mimicking condition [79].

 

Figure 4. Histological, immunohistological, and immunofluorescence staining for the evaluation of
bone regeneration. (A) H&E staining and Masson’s trichrome staining for sections collected at 8 w
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post-operation. (B) Immunohistochemical staining of TRAP and OCN expression at 8 w post-
operation. (C) Immunofluorescence staining of CD31 (red), CGRP (green), and DAPI (blue) expression
at 4 w and 8 w post-operation. FCT: fibrous connective tissue. NB: newly formed bone tissue. S:
spaces in scaffolds. Reprint from [73].

A breakthrough in the additional application of miRNA in 2006 moved angiogenesis
to another level [80]. Zhuang et al. investigated the angiogenic effect of miR-210-3p. They
found miR-210-3p can hinder EFNA3 expression and subsequently activate the PI3K/AKT
pathway, enhancing the proliferation, migration, and angiogenesis of ECs [81]. Castaño et al.
also reported the synergetic effect of dual delivery of two miRNAs. MiR-210 mimics and
miR-16 inhibitors were released from a collagen–nanohydroxyapatite scaffold system to
enhance angiogenesis and osteogenesis, resulting in accelerated rat calvarial bone defect
repair [82]. There are also many other angiogenic miRNAs, such as miR-378, miR-126,
and Let-7, that target various signaling molecules. These miRNAs target various aspects
of angiogenesis via endothelial cell function, blood vessel formation, and related growth
factor signaling (Table 1).

Table 1. Major angiogenesis pathways and potential therapeutic miRNAs.

Target Pathway miRNA Target Signaling Pathway

Activation of ECs

miR-210-3p EFNA3/PI3K/AKT [81,83]

miR-378 Sufu [84]
Fus1 [85]

miR-126
SPRED1/Ras/Erk [86,87]

PIK3R2 [88]
VCAM-1 [89]

Sprouting, migration, and
tubulogenesis of ECs

miR-17-92 ERK/ELK1 [90]

Let-7f-5p DUSP1/Erk1/2 [91]

3.3. Co-Culture Systems with Different Cell Types or Growth Factors

Co-culture strategies involving different cell types and growth factors have indeed
found application in the field of craniofacial bone vascularization. These approaches
leverage the interactions between various cell types and signals to enhance osteogenesis
and angiogenesis. According to previous studies, the co-culture system may strengthen
the participating cells isolated from different tissues, showing enhanced cell functions. Co-
transplantation of EPCs and osteogenic stem cells has been widely accepted in vascularized
bone regeneration due to their respective angiogenic or osteogenic potentials reported in
different studies [92–94]. Cells harvested from bone marrow aspirates possess osteogenic
ability and can also be induced to form tubelike structures and ECs. Studies have shown
that EPCs or MSCs can secrete bone morphogenetic protein–2 (BMP-2), a potent inducer
of osteogenesis [95]. In turn, MSCs have secreted angiogenic cytokine to promote the
migration of EPCs via PDGF-BB and vessel formation [55,56]. Except for different cells,
growth factors are also dually applied within the same system. PDGF-BB co-expression with
VEGF can prevent the VEGF-related aberrant angiogenesis. Within the system, the VEGF–
VEGFR2 induces vascular sprouting and the PDGF-BB–PDGFRβ system can synchronize
with DLL4–Notch signaling to prevent excessive vascular sprouting at the same time,
preventing imbalanced expression or activation of each of these signaling components and
vascular dysfunctions [96].

3.4. Biological Requirements for Biomimetic Scaffolds Used for Craniofacial Bone Vascularization

Scaffold materials used in the field of craniofacial regeneration serve a critical role
beyond simply providing a structural framework; they must also support vascular regener-
ation in addition to promoting osteo-induction and osteo-conduction (Table 2).
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Table 2. In vivo biomaterial scaffold research about vascularization and craniofacial bone regenera-
tion during the last 5 years.

Author and
Year

Biomaterial
Scaffolds

Bioactive
Agent

Implanted
Cells

Animal
Model

Observation
Period

Osteogenesis Angiogenesis

Yaxi Sun,
Dent Mater,

2023 [97]

Calcium
phosphate

cement
scaffold
(CPC)

Metformin hPDLSCs
Critical-sized
defect of rat

cranium
12 weeks 9 folds by

control
3 folds by

control

Ruochen Luo,
Biomed
Mater,

2021 [98]

Poly(lactide-
co-glycolide)
microspheres

Mg2+ and
La3+ ---

Critical-sized
defect of rat

cranium
8 weeks Enhanced Enhanced

Nurul
Aisyah Rizky

Putranti
Cells,

2022 [99]

Carbonate
hydroxyap-
atite (CAP)
granules

BMP-2 SHED

Critical-sized
defect of

immunodefi-
cient mice
cranium

12 weeks Enhanced Enhanced

Kun Liu,
Regen

Biomater,
2020 [100]

Mineralized
collagen

BMP-2 and
VEGF ---

Mandibular
defects of

rabbits
12 weeks Enhanced Enhanced

[101]
GM/Ac-
CD/rGO
hydrogel

--- ---

Critical-sized
defect of rat

and mice
cranium

8 weeks Enhanced
Promotes

type H vessel
formation

Omar Omar,
Proc Natl

Acad Sci U S
A, 2020 [102]

Bioceramic
(biocer)

implants
--- --- Skull defect

of ovine 12 months Enhanced Enhanced

Yaohui Tang,
Theranostics,

2020 [103]

Injectable
gelatin-based

μRB
hydrogel

BMP-2 ASC

Critical-sized
defect of

immunodefi-
cient mice
cranium

8 weeks Enhanced ---

Yuanjia He,
Stem Cell Res

Ther,
2020 [104]

HA/Col
scaffold --- EPCs and

ASC

Critical-sized
defect of rat

cranium
8 weeks Enhanced Enhanced

Maxime M
Wang,

Sci Rep,
2019 [105]

3D-printed
bioceramic
scaffolds

Dipyridamole ---

Unilateral
alveolar
defect of
rabbits

24 weeks Enhanced ---

Weibo Zhang,
Front Bioeng
Biotechnol,
2020 [106]

E1001(1K)/β-
TCP

scaffolds

Tyrosine-
derived

polycarbon-
ate

hDPSCs and
HUVECs

Mandible
defect of
rabbits

3 months Enhanced Enhanced

Marley J
Dewey, Bio-
fabrication,
2021 [107]

Mineralized
colla-

gen/PCL
composites

--- ---

Critical-sized
defect of
porcine
ramus

10 months Enhanced Enhanced
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Table 2. Cont.

Author and
Year

Biomaterial
Scaffolds

Bioactive
Agent

Implanted
Cells

Animal
Model

Observation
Period

Osteogenesis Angiogenesis

Qian-Qian
Wan,

ACS Appl
Mater

Interfaces,
2022 [108]

Eggshell
membranes Cerium oxide ---

Critical-sized
defect of

mice cranium
8 weeks Enhanced Enhanced

Yue Kang,
Biofabrica-

tion,
2023 [109]

Hybrid
scaffolds

Exos isolated
from hASC ---

Critical-sized
defect of

immunodefi-
cient mice
cranium

10 weeks Enhanced Enhanced

Zeqing Zhao,
J Dent,

2023 [110]

Calcium
phosphate

cement (CPC)
scaffolds

Human
platelet lysate

hPDLSCs
and hUVECs

Critical-sized
defect of

immunodefi-
cient mice
cranium

12 weeks 4 folds by
control

7.9 folds by
control

H Autefage,
Biomaterials,

2019 [111]

Bioactive
glass-based

scaffold
Strontium ---

Femoral
condyle
defect of

ovine

12 weeks Enhanced ---

Tania
Saskianti,

Clin Cosmet
Investig Dent,

2022 [112]

Hydroxyapatite --- SHED Mandibular
defect of rats

Downregula-
tion of
MMP-8

Upregulation
VEGF

expressions

W Ma,
J Dent Res,
2021 [113]

Col scaffold Galanin ---
Periodontitis-

treated
mice

6 weeks Enhanced ---

Tsuyoshi
Kurobane,

Acta
Biomater,
2019 [114]

Octacalcium
phos-

phate/gelatin
composite
(OCP/Gel)

--- ---

Critical-sized
defect of

immunodefi-
cient mice
cranium

4 weeks --- Enhanced

Mirali
Pandya, Int J
Mol Sci, 2021

[115]

Collagen/
erythropoietin

(EPO)
scaffold

EPO

First
maxillary

molars
extracted rats

8 weeks Enhanced enhanced

TaichiTenkumo,
Regen Ther,
2023 [116]

A triple-
functionalized
paste of CAP

DNA and
siRNA --- Femoral head

defect of rats 21 days Enhanced ---

Hyeree Park,
Mater Sci

Eng C Mater
Biol Appl,
2021 [117]

DC-S53P4
bioactive

glass hybrid
gels

--- DPSCs

Critical-sized
defect of

immunodefi-
cient mice
cranium

8 weeks Enhanced Enhanced

3.4.1. Surface Morphology

The surface characters of scaffolds are closely related to the cell adhesion, proliferation,
and function of blood vessel-forming related cells, which could eventually affect the forma-
tion of the functional vessel network. Surface modification includes chemical modification
and physical modification, and methods of surface modification usually include immer-
sion [118], coating [119–123], and plasma treatment [124,125]. Porous polyetheretherketone
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(PEEK) scaffolds are modified via polydopamine and Mg2+ physically deposited on the
surface. After surface modification, the hydrophilicity of PEEK scaffolds is significantly
enhanced, and bioactive Mg2+ could be released, contributing to the reinforced formation
of osteogenic H type vessels in a rabbit femoral condyle model [15].

Except for the physical modifications, chemical modifications of the scaffold sur-
face can also facilitate the adhesion and biological behaviors of blood vessel-forming
related cells. Among various studies, several amino acid sequences, such as Arg–Gly–Asp
(RGD) [126,127], have triggered intensive studies for the enhancement of EC adhesion by
the establishment of a ligand-modified surface and established capillary structure. Apart
from the well-known amino acids, Hao et al. successfully identified the αvβ3 integrin
ligand LXW7 with the help of unnatural amino acids [128]. The following research found
that LXW7 showed a stronger binding affinity to primary EPCs/ECs. In addition, an
LXW7-treated surface exhibited proliferation, migration, and tubule formation through
increased VEGFR2 phosphorylation [129].

3.4.2. Porous Characters

A porous scaffold is the prerequisite of cell ingrowth, oxygen supply, and nutrient
transport. Studies have illustrated that different properties of scaffold pores can affect cell
type and behavior. The suggested range of diameters is considered from 200 to 350 μm for
bone regeneration [130], while the favored pore size for revascularization is larger than
400 μm [7]. Moreover, large pore sizes have been reported to be beneficial for cell viability
but harmful for cell seeding. The above contradiction reminds us that a monomodal
scaffold is out of date. A scaffold with multiple pore size is urgently needed in order to
fulfill the best osteogenesis and angiogenesis at the same time.

3.4.3. Angiogenic GF Release Property

Sufficient oxygen, enough nutrients, and a large amount of different types of regenera-
tive cells can be supplied to the defect area, allowing the inflammation factors, metabolic
wastes, and necrotic tissue to be removed in time in the presence of the dense vascular
network. Angiogenic growth factors, including VEGF, have recently attracted much more
attention [131]. However, the narrow range of therapeutic windows of VEGF limits clinical
promotion. It has been reported that the concentrations of VEGF determine the fate of the
tissue regeneration process. Higher concentrations of VEGF are shown to result in unfa-
vorable effects, such as increased permeability and being prone to create malformed and
non-functional blood vessels [131,132]. Furthermore, a large proportion of VEGF degraded
rapidly because of the short half-life before coming into effect when being released into the
biological milieu [131]. Therefore, it is necessary to achieve a spatial and temporal release
of VEGF to prolong its activity. Wernike et al. reported that, when VEGF was introduced
in the cranial defects of mice and was slowly released via implanted biomimetic BCP
ceramics, more dense vessels and more regular vessel morphology could be visualized with
intravital microscopy compared with burst-released VEGF [132]. Burger et al. also reported
that over-expression of VEGF was associated with paradoxical bone loss. They controlled
the distribution of the VEGF dose with factor-decorated matrices and observed both im-
proved vascularization and bone formation in orthotopic critical-size defects compared
with burst-released VEGF [133].

3.5. Scaffold-Free Technique

Although biomimetic scaffolds provide the supportive structures for cell ingrowth,
ECM depositions, and tissue regeneration, they still bear a non-negligible drawback, i.e., in-
complete biodegradability [134]. This may induce chronic inflammation and hinder the
complete regeneration of bone defect with neotissue. Under this circumstance, scaffold-free
tissue engineering, also referred to as cell sheet engineering (CSE), has been developed in re-
cent years. In scaffold-free tissue engineering, cells are directly assembled or aggregated to
form a tissue-like structure. This approach relies on the temperature-responsive cell culture
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technology and inherent ability of cells to self-organize and interact with one another to
create functional tissue structures (Figure 5). Cells are cultured on temperature-responsive
culture dishes or surfaces coated with a temperature-responsive polymer, such as poly(N-
isopropylacrylamide) (PIPAAm), to form monolayer sheets. These polymers change their
properties with temperature, allowing cells to adhere to the surface at 32 ◦C and detach
as a sheet at 37 ◦C. Thus, the cell–cell junctions can be preserved, avoiding ECM damage
caused by proteolytic enzymes [134]. Since the thickness limitation of 3D constructs without
vascular networks is no more than 80μm [135], co-culture cell sheet approaches have been
proposed. Human umbilical vein endothelial cells have been reported to be co-cultured
within human myoblast sheets to form capillary-like structures within the construct. Then,
increased neovascularization and graft survival after transplantation were obtained [136].

 

Figure 5. Cell-based tissue engineering therapies. Reprint from [134].

4. Conclusions and Further Expectations

Vascularization in craniofacial bone tissue engineering is a critical aspect of regenerat-
ing bone tissue in the craniofacial region. Craniofacial bone defects can result from various
causes, including trauma, congenital anomalies, or surgical resection due to disease. To suc-
cessfully regenerate bone in this region, ensuring the development of a functional vascular
network is essential. This review paper therefore focused on the use of angiogenic growth
factors, cell-based vascularization strategies, and surface morphology, porous characters,
and the angiogenic release property of scaffolds.

Although experiments on neovascularization have shown encouraging results, how
to establish the functional neovascular vessel with fast and mature anastomosis between
neo and host vasculature and how to increase the osteogenic H type vessel ratio remains
challenging. Further studies are required to address these issues and explore angiogenic
mechanisms in craniofacial bone reconstruction.
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Abstract: Hyaluronic acid (HA) is a non-sulfated glycosaminoglycan (GAG) that is a versatile
material whose biological, chemical, and physical characteristics can be deeply tuned to modifications.
However, HA is easy to decompose by hyaluronidase in vivo, and this process will reduce its structure
and function stability during application. The sulfonation of HA can improve its stability under
the action of hyaluronidase. Sulfated hyaluronic acid (S-HA) can be synthesized by many methods,
and it shows significantly slower degradation by hyaluronidase compared with HA. In addition,
negatively charged S-HA has other advantages such as anti-adhesive activity, anti-inflammatory,
macromolecules by electrostatic interactions, stable site absorption of positively charged molecules,
and enhancement of growth factor binding ability. It has numerous applications in medical (anti-
aging, inflammation, tissue regeneration, cancer therapy, wound healing, and drug delivery) and
cosmetics as biomaterials and coatings. In this article, the advances of S-HA for potential application
of biomaterials and biomedical coatings will be reviewed and comprehensively discussed.

Keywords: sulfonated hyaluronic acid; hyaluronidase; surface modification; biocompatibility

1. Introduction

Hyaluronic acid (HA) is a non-sulfated glycosaminoglycan (GAG) [1,2]. It is a versa-
tile material whose biological, chemical, and physical characteristics can be deeply tuned
to modifications [3]. Chemically, HA is a negatively linear polysaccharide. Its disaccha-
ride repeating unit contained N-acetyl-D-glucosamine and D-glucuronic acid. It exists in
various parts of the human body; thus, it is a natural molecule that can be regenerated
and decomposed in vivo [4,5]. Numerous studies show that HA and its derivatives with
different molecular weights have different effects on cells, CD44 targeting, anti-aging, and
retention [6]. HA is widely used to prepare nano-gels for drug delivery and scaffold for
tissue engineering, and it is used in cosmetics, wound healing, ophthalmology and cancer
treatment [7–9]. HA has good lubricating and anti-inflammatory properties [10]. HA has a
large molecular weight that affects its penetration into the skin and its natural activity. A
considerable amount of modification to HA was proposed to improve mechanical prop-
erties, viscosity, chemical or enzymatic stability, and biocompatibility [11]. It is reported
that intra-articular injections of an HA solution give pain relief and enhance joint motion
in osteoarthritis (OA) patients [12]. However, retention and localization of injected HA in
joints are normally poor because of the non-crosslinked nature of injectants and degradation
by enzymes. The main drawback of HA is that it is easy to decompose by hyaluronidase
in vivo [13]. Furthermore, due to the lack of negatively charged sulfate groups, HA can-
not bind protein with high affinity and with the presence of hyaluronidase (HAase) in
humans, which is involved in the fast degradation of HA by cleaving the structure of
β-1, 4-glycosidic bonds [14], but the sulfonation of HA can improve its stability under the
action of HAase [15]. In addition, Feng et al. reported that adding sulfur to the medicine
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will endow them with stronger biological activities, including antiviral, antibacterial, anti-
allergic, antimalarial, and cytotoxic properties [16]. Olivito et al. also demonstrated that
synthesizing medicine into unsaturated disulfides will enhance its anticancer activity [17].

1.1. Hyaluronidase Action

Hyaluronidase (HAase) is a class of enzymes that is capable of degrading HA [18].
Hyaluronidases are endoglycosidases that can depolymerize HA and create many effects
in tissues [19]. They reduce the lubricating quality of HA; they decrease the normal high
viscosity of HA and act as a “spreading factor” that can enable the diffusion of many
substances subcutaneously injected such as antiviral vaccines and dyes [20]. It is reported
that the action of these proteins was discovered before and categorized the HAase into
three groups. With respect to its mechanism of action, every group is different from
each other [21]. The first group is the mammalian HAase (testis tube). They are endo-β-
nacetlyhexosaminidases that degrade the β-1, 4 glycosidic linkages of HA. The second
group is the hookworm/leech HAase. They contained endo-β-D glucuronidases. These
HAase degrade the β-1,3 glycosidic bond, resulting in tetra- and hexasaccharides [22].
These enzymes only degrade HA and remain inert toward other GAGs as compared with
mammalian glycosidase. The third group is the microbial HAase [23]. They are classified as
hyaluroate lyases. They are different from other HAase because they do not use hydrolysis,
but at β-1, 4 glycosidic linkages, β-elimination reaction happens [24].

It is reported that HAase is involved in the spread of toxins/infection, cancer pro-
gression, and ovum fertilization. It cleaves internal β-N-acetyl-D-glucosaminidic linkages
in HA. Complete digestion of hyaluronic acid by HAase produces tetrasaccharides, and
limited digestion produces angiogenic HA fragments [25]. In humans, six HAase genes
group into two tightly linked triplets on chromosomes 3p21.3 (HYAL-1, HYAL-2, and
HYAL-3) and 7q31.3 (HYAL-4, HYALPI, and PH20). HYAL-1 HAase is present in human
urine and serum, and PH20 is the testicular HAase [26]. It is present on the sperm cell
surface and is required for penetration through the follicle cell layer. However, it has been
revealed that HYAL-1 is a major tumor-derived HAase that is expressed in the bladder [27],
neck, prostate, and head cancer cells [12].

1.2. Effect of S-HA on Hyaluronidase Activity and S-HA Synthetic Techniques

It is reported that sulfation of HA inhibits both testicular and urinary HAases. In a
previous study, the effect of sulfonated hyaluronic acid (S-HA) on the activity of HAYAL-1,
bee, testicular, and Streptomyces HAases was tested [28]. The study showed that various
numbers of sulfation on S-HA affect the ability to inhibit HAase activity. Previously,
it was reported that S-HA inhibits urinary HAase activity through noncompetitive and
competitive mechanisms. Since S-HA is more effective as an uncompetitive inhibitor than
as a competitive inhibitor, it would be more effective in vivo because its efficacy will be
liberated of HA [29] concentration present in tissue fluid and target tissues. This is very
important for designing anti-HAase treatment for cancer because in several tumor tissues,
HA concentration is high. HAase inhibitors exhibiting varied inhibition may prove to be
effective in inhibiting HAase activity in many pathophysiologic circumstances [30].

Sulfation is one of the most common modifications of HA, which includes adding
sulfate groups to its structure. This modification can enhance the biological activity of HA
and change its chemical and physical properties. These numerous methods for sulfating
of HA include chemical sulfation, enzymatic sulfation, radiation-induced sulfation, and
plasma-induced sulfation [31]. It is reported that in enzymatic sulfation, sulfotransferases
are enzymes that are used to transfer the sulfate group to HA. This method is highly
specific and allows for the degree and location of sulfation. In the radiation-induced
sulfation method, ionizing radiation is carried out to introduce the sulfate group into the
HA molecule [32]. This method is highly efficient but can result in the degradation of
the HA molecule if not properly controlled [13]. In the plasma-induced sulfation method,
plasma is used to introduce the sulfate group into the HA molecule. Moreover, in the
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chemical sulfation method, sulfur trioxide-pyridine is used to introduce the sulfate group
into the HA molecule. This method is highly efficient and also prevents HA from fast
degradation [15].

Chemically, S-HA can be synthesized by the modification of hydroxyl groups [33].
S-HA (sulfated) shows significantly slower degradation by HAase as compared with HA
(non-sulfated) [34]. In addition, negatively charged S-HA has other advantages such as anti-
adhesive activity, anti-inflammatory, macromolecules by electrostatic interactions, stable
site absorption of positively charged molecules, and enhancement of growth factor binding
ability [35]. Cell adhesion, growth on scaffold surface, and viability can be enhanced by
absorption of proteinaceous growth factors of polycationic biomolecules [36]. It prevents
cartilage decomposition; osteoarthritis (OA) [37] is categorized by metabolic variations and
progressive structure in joint tissues, synovial membrane inflammation, and subchondral
sclerosis of the bone [27]. Previous research has shown that sulfation of HA can prevent
the degradation of HA. The effect of sulfation on the enzymatic degradation of HA was
analytically investigated [38]. Moreover, the study of the regeneration of injured tissues,
cell-based repair of scaffold materials, and mainly articular cartilage has been carried out
for HA-based hydrogels [29]. Keeping a suitable dosage of transforming growth factor
(TGF) in the hMSC-laden hydrogels is important for the stability of subsequent cartilage
maturation and chondrogenic phenotype. However, hyaluronic acid hydrogels have limited
ability to hold laden proteinaceous growth factors due to the deficiency of the affinity of HA
toward these growth factors. S-HA is recognized as a sequester proteinaceous growth factor
through electrostatic interaction. It was verified that hydrogels composed of S-HA showed
a reduced release rate of the encapsulated stromal-cell-derived factor (SDF). Consequently,
in hydrogel, retention of TGF can be improved by sulfated HA hydrogels, thus suppressing
the hypertrophy of the encapsulated hMSCs and enhancing chondrogenesis. The summary
scheme of sulfation methods, functional advantages, and action pathways of S-HA is
displayed in Figure 1.

 

Figure 1. The scheme of sulfation methods, functional advantages, and action pathways of S-HA.

In previous studies, HA macromeres were prepared with various sulfation levels to
evaluate the influence of sulfation on HA degradation by HAase treatment. Their results
showed that sulfate groups were implanted on the HA backbone, which productively
reduced the degradation level of HA in a prescribed amount. The growth factor binding
capacity of HA-based hydrogels can be improved by sulfation. Furthermore, studies
showed that in sulfated HA hydrogels, chondrogenic differentiation of hMSCs has been
summarized [39]. In vivo and in vitro hydrogel sulfation overpowers the chondrogenic
hypertrophy of hMSCs and encourages chondrogenesis. Moreover, these sulfation results
of osteoarthritis (OA) animal model experiments showed that the sulfated HA hydrogels
are able to relieve the OA signs in damaged animal knee joints.

It is also reported that a shortcoming of HA is high-molecular-weight HA poly-
mers [40], which can be easily cleaved by HAase to form low-molecular-weight fragments,
and they can promote migration and proliferation of a tumor [13]. In order to prevent these
disadvantages and cleavage by HAase, S-HA was synthesized by presenting sulfation to the
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–OH groups of HA; thereby, invasion of tumor cells, motility, and inhibiting proliferation
was prevented [41]. Furthermore, some researchers proved that S-HA can effectively be
reduced in angiogenesis, which can be used to treat solid tumors, retinitis pigmentosa, and
wet age-related macular degeneration (wet-AMD) [42]. S-HA has numerous applications
such as arthrology, cancer therapy, wound healing, atherosclerosis, tissues regeneration,
drug delivery, urology, ophthalmology, pneumology, arthrology, and rhinology [11].

Before 1990, some researchers reported that S-HA was obtained with 3 SO−
3 groups

for each disaccharide unit [43]. Mainly, S-HA was synthetized by a sulfur trioxide pyridine
complex with HA. It was also synthesized by changing hydroxyl groups into RO-SO3H
with a sulfur pyridine complex in dimethylformamide and synthesized by sulfonation
with amidation/oxidation process, and sulfonate groups (R-SO3H) are combined into the
hyaluronic acid backbone because they prevent enzyme activity by steric hindrance [34].
In spite of advanced functionalization, some examples that deal with HA sulfation and
sulfonation need the use of toxic solvents [13] and reactants as well as laborious techniques
for water organic purification and careful solvent exchange [14]. Synthesis of different
types of S-HAs with various sulfation degrees and different molecular weights such as
17 K Dalton, 150 K Dalton, and 1000 K Dalton was reported [44]. The sulfation degrees
were controlled by adding various molar ratios of sulfur trioxide (SO3) to the pyridine
(C5H5N) complex per repeating unit of HA [13]. The 1:1 ratio of moles of the sulfur trioxide
pyridine complex to moles of HA repeat units was reported in S-HA-1 (least sulfated); a
2:1 ratio of moles of the sulfur trioxide pyridine complex to moles of HA repeat units was
reported in S-HA-2; a 5:1 ratio of moles of the sulfur trioxide pyridine complex to moles of
HA repeat units was reported in S-HA-3; and an 8:1 ratio of moles of the sulfur trioxide
pyridine complex to moles of HA repeat units was reported in S-HA-4 (most sulfated). The
C-6 position of sulfation is the most reactive hydroxyl in HA [45]. S-HA usually exists
in the form of sodium salts in solution; Figure 2 shows the structural diagram of S-HA
sodium salt.

Figure 2. Sodium salt of S-HA.

2. Selective Binding Characteristics of S-HA

As a synthetic sulfated polysaccharide, S-HA has the capacity to block the binding of
P-selection and, in vivo, the cobra venom factor, which was shown to inhibit P-selection-
dependent infiltration of leukocytes in acute lung damage. By inhibiting P-selection-
dependent leukocyte infiltration, S-HA exhibits therapeutic and preventive effects in
glomeruli [35]. In vitro, S-HA has showed good inhibitory impacts on the binding of
L-selection and P-selection. Moreover, S-HA can be produced at low cost due to a huge
amount of HA availability from a streptococcal culture medium [46]. For clinical use, S-HA
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is the best candidate of blocking agents. S-HA is a hyaluronidase (HAase) inhibitor. A
previous study showed that S-HA is a strong inhibitor of prostate cancer. It blocked the
motility, proliferation, Du145, LNCaP-AI, attack of LNCaP and LAPC-4 prostate cells,
and phospho-Bad. It inhibited Akt signaling, nuclear factor kB (NFkB) activation, AR
activity, and VEGF expression. Due to their low pKa ~ 1.7, sulfate or sulfonated groups
have low pH in anionic forms, while the carboxylic group is completely protonated [47].
Along the HA chain, negatively sulfate or sulfonated groups have shown direct effect on
few biological processes such as anti-adhesive activity, anti-inflammatory, and growth on
scaffold surfaces [32].

One of the main selective binding properties of S-HA is its high affinity for different
cytokines and growth factors, including fibroblast growth factor (FBG), vascular endothelial
growth factor (VEGF), and transforming growth factor-beta (TGF-β) [48]. These growth
factors perform important roles in wound healing, tissue repair and angiogenesis, and
S-HA capability to selectively bind to, and sequestering these factors can improve their
bioactivity and support tissue regeneration [49].

Another selective binding property of S-HA is its capability to interact with cell surface
receptors, such as RHAMM and CD44. For cell migration and cell adhesion, CD44 is used,
and it is called surface receptor. It is also used for HA. Sulfation of HA increases its binding
affinity to CD44, and this interaction can control cell signaling pathways and promote
cellular responses such as differentiation and proliferation [50].

S-HA was produced by the O-sulfation of HA [32]. Many years ago, it showed to
be inhibited with both testicular and urinary HAases. It was shown for cell adhesion,
fibroblast motility [51], astrocytes, gene expression in keratinocytes, and proliferation
of osteoblasts [25]. Many studies have showed the antitumor activities of S-HA [52].
Sulfated HA supports the variation in osteoblasts from human bone marrow stromal cells.
Furthermore, sulfated HA has been recommended to promote basic fibroblast growth factor
(bFGF) signaling. Sulfated HA shows that it has the ability to maintain the homogeneous
state of hips cells by enabling bFGF signaling [15].

In addition to growth factors and cell surface receptors, S-HA can also selectively
bind to extracellular matrix (ECM) components such as fibronectin and collagen [53].
It can interact with these ECM components through its sulfate groups and cell ECM
interaction, which are important for tissue organization [54]. The scheme of selective
binding characteristics of S-HA is displayed in Figure 3.

Figure 3. Selective binding characteristics of S-HA.

3. Applications of Sulfonated Hyaluronic Acid (S-HA)

S-HA is a more established form of hyaluronic acid that is designed to last longer
in the body, providing more sustainable results [1]. It is usually injected into the skin
using a fine needle, and the technique is relatively rapid and painless. The results are
visible immediately, and there is little to no downtime after the procedure. On the basis of
biocompatibility, biological action, physiochemical, and safety profile, S-HA has numer-
ous applications such as arthrology, cancer therapy [55], wound healing, atherosclerosis,
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tissue regeneration, drug delivery, urology, ophthalmology, pneumology, arthrology, and
rhinology [56] (Figure 4).

Figure 4. Applications of sulfonated hyaluronic acid (S-HA).

3.1. Drug Delivery

In a drug delivery system, S-HA has taken a growing amount of attention. It has very
outstanding tendencies such as biodegradability [57], biocompatibility [58], extremely low
toxicity [59], and non-immunogenicity. It has been extensively useful in nano-sized carriers.
The surface modification of S-HA can help to improve its drug-loading capacity [60],
stability, and controlled release properties, which are important factors for the effective
delivery of drug to targeted tissues. To preserve the cellular structure and component
of ECM, S-HA is used. Due to its negative charge, it can interact with protein in the
ECM [61]. S-HA is used as a reducing and stabilizing agent in drug delivery systems [56].
It is used for prodrug development. For target drug delivery, S-HA and nanoparticles are
prepared with other substances. The solubility of drug molecules can be improved by S-HA
conjugates during targeted drug delivery in tumor or cancer cells. Due to outstanding
hydrophilicity [62] and volume, it can be used to inhibit the unwanted interactions with
plasma proteins and cells. Furthermore, due to its hydrophilicity and biocompatibility,
it has been used in the progress of nano-carriers to improve target drug delivery for
intravenous administration. HA hydrogel is the usually used format for effective drug
delivery [63,64], while another usual application of HA for drug delivery is the nanoparticle
carrier, which benefits the specific CD44 interaction and nano-effect (Figure 5) [65,66].
Sulfonation will continue to be retained or even strengthen these advantages of HA, and
its biggest advantage is to inhibit the degradation effect of HAase on HA and improve
molecular stability.
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Figure 5. (A) Western blot of CD44 expressed on the Het-1A, L929, Eca109, and TE1 (mean ± SD,
n = 3). (B) Fluorescence images of Het-1A, L929, Eca109, and TE1 stained with FITC labeled HA
nanoparticles with drugs (FITC-NP, green color), PI (apoptosis marker, red color), and DAPI (nucleus
marker, blue color). (C) Mechanism diagram of targeted killing tumor cells by HA nanoparticles with
drugs [66].
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3.2. Tissue Engineering

Tissue engineering is a very outstanding biomedical application of S-HA. Engineering
and biomedical methods are used to find novel biomaterials. These biomaterials are used
to replace the injured organ and tissue or to enhance, repair, and maintain its damaged
functions. For examples in nerve regeneration, conductive nerve scaffold was used to
enhance nerve tissue engineering.

In bone tissue engineering, S-HA can also be used as scaffold materials [67]. The
surface modification of S-HA can help improve its mechanical properties, biocompatibility,
and bioactivity, which are the most important factors for the successful regeneration of
bone tissue [68]. In bladder tissue engineering, collagen-derived hydrogels were used.
Furthermore, the basis of bioactivity and biocompatibility of biomaterials can be decided
for tissue engineering [69].

Surface modification of cardiovascular implants with S-HA is a feasible strategy to
enhance the biocompatibility and stability compared with HA coatings [14]. Sulfonic
groups or sulfur content plays an important role in enhancing coating functionality [70].
The use of sulfonated proteoglycan such as S-HA as a coating is mainly inspired by the
design and research of chondroitin sulfate coating [71]. This sulfonated molecule endows
stainless-steel vascular stent with more powerful anticoagulant, antiproliferative, anti-
inflammatory, and pro-endothelialization promoting functions, thus making the vascular
patency better [72]. On the basis of S-HA, corresponding nanoparticles can be prepared.
S-HA nanoparticles have a smaller particle size and better zeta potential and dispersion
coefficient range than HA nanoparticles, which proved that the prepared coatings have
stronger functions [41]. Recently, we designed a composite coating with S-HA nanoparti-
cles on the magnesium (Mg) alloy surface for cardiovascular application (Figure 6), and
our data indicated that this composite coating significantly improved the corrosion resis-
tance and biocompatibility of the Mg alloy (Figure 7) [73]. The composite coating even
showed stronger pro-endothelialization and anti-hyperplasia functions compared with
the rapamycin coating prepared by the same method, which suggests a better substitute
of rapamycin by S-HA nanoparticles. Carbon quantum dots (CDs) have broad prospects
in the field of biomedical diagnosis and treatment [74]. We combine CDs with S-HA to
form nanoparticles, which not only endow cardiovascular implant coatings with good
biocompatibility but also endow nanoparticles and their composite coatings with novel
tracing properties due to the spontaneous fluorescence function of CDs, thereby obtaining
diagnostic and therapeutic functions. We have applied for List of Chinese inventions
patent for relevant parameters, and the specific method and results will be published in the
near future.

Figure 6. Scheme of preparing PLLA/NP@S-HA coating (S-HA nanoparticle composite coating) on
the ZE21B (Mg alloy) surface [73].
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Figure 7. (a) SEM images of all samples after soaking in Hanks’ solution for 1 day, 3 days, and 7 days;
(b) XRD spectrum; (c) FTIR spectrum of samples after soaking in Hanks’ solution for 200 h [73].

3.3. Treatment for Osteoarthritis

Sulfonated hyaluronic acid (S-HA) is most beneficial for the treatment of osteoarthritis.
Osteoarthritis is mainly cartilage degradation, inflammation of synovial membrane and
joint tissues, and subchondral sclerosis. S-HA is used to prevent and slow down joint
degradation [75]. It is used to reduce pain and increases joint mobility. S-HA has been
investigated as a potential treatment for osteoarthritis [52], a degenerative joint disease
characterized by the breakdown of cartilage and inflammation [76]. Studies have shown
that S-HA can have several beneficial effects on osteoarthritic joints. For example, S-HA can
reduce inflammation by inhibiting the production of inflammatory cytokines and enzymes.
S-HA can also promote the regeneration of cartilage by stimulating the proliferation and
differentiation of chondrocytes, the cells that produce cartilage. S-HA injections have been
shown to reduce joint pain [77] and inflammation in people with osteoarthritis [78]. It
works by cushioning the joints and providing lubrication, which can reduce friction and
improve mobility.

One study investigated the use of S-HA as a treatment for knee osteoarthritis [79].
The study found that S-HA injections into the knee joint improved pain and function in
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patients with osteoarthritis, and that the effects were sustained for up to six months after
treatment [4]. Overall, these studies suggest that S-HA has potential as a treatment for
osteoarthritis by reducing inflammation and promoting cartilage regeneration. However,
more research is needed to fully understand the mechanisms underlying these effects and
to determine the optimal conditions for using S-HA in osteoarthritis therapies [80].

One important aspect noticed in the treatment of osteoarthritis is the anti-bacterial
function. Thus, how to give consideration to both anti-bacterial and anti-inflammatory
Dwifungsi is the key problem of S-HA in the treatment of osteoarthritis. Metal-organic
frame structures (MOFs) are effective materials for anti-bacterial and anti-inflammation,
even drug delivery. Therefore, combining MOFs and S-HA will endow the treatment of
osteoarthritis with stronger anti-bacterial and anti-inflammatory functions. In addition,
the S-HA hydrogels or nanoparticles can be prepared as the ink of bioprinting technology,
which can also be applied for the precise treatment of osteoarthritis [81,82].

3.4. Treatment for Inflammatory Diseases

Sulfated hyaluronic acid (S-HA) plays an important role in various selection inhibitors
that are important for inflammatory diseases. Many selection inhibitors are produced for
human inflammatory disease treatment. For example, Efomycin M is proved as a new selec-
tion inhibitor, which reduces skin inflammation [83]. The therapeutic and protective effect
of TBC-1269 showed a new blocker for a renal ischemia reperfusion injury model. In vitro
S-HA exhibits L-selection and P-selection binding with interfaces. Moreover, in vivo S-
HA enhanced the rat progressive mesangial proliferative glomerulonephritis, but these
properties were not detected by HA [84]. That is why due to inhibitory effects on binding,
S-HA was used for the treatment of inflammatory diseases. S-HA is a very beneficial
material for the treatment of crescentic glomerulonephritis. Studies demonstrated that in
renal tissues, leukocytes have infiltrated, and they create difficulty in the pathogenesis of
different glomerulonephritis. An early event in the process of leukocyte infiltration is cate-
gorized by selection-mediated leukocyte rolling on the endothelial surface. By inhibiting
P-selection-dependent leukocyte infiltration, S-HA exhibits therapeutic and preventive
effects in glomeruli.

S-HA injections have also been used to treat rheumatoid arthritis. They can help
reduce joint pain and inflammation [85] and improve joint function. It is reported that
S-HA is used as potential treatment of inflammatory bowel disease (IBD). It may help
to reduce inflammation in the gut and improve symptoms such as abdominal pain and
diarrhea. S-HA has shown to reduce inflammation in the skin in people with psoriasis and
anti-inflammatory effects. For the potential treatment of asthma patients, S-HA has proved
to reduce inflammation and improve breathing.

3.5. Wound Healing

HA is a natural substance found in the body that plays an important role in tissue
repair and wound healing [86]. S-HA is a stabilized form of HA that has been modified to
enhance its durability and stability. In recent years, S-HA has been used as a wound-healing
agent due to its ability to enhance the body’s natural healing process. S-HA can help to
reduce inflammation, stimulate collagen production, and promote cell proliferation; all
of these factors are important in wound healing [72]. S-HA can be used to treat a variety
of wounds [87], including burns [8], surgical incisions, and chronic ulcers [88]. It can be
applied as dressing, directly injected into the wound, and it can be topically administered.
Previous studies showed that S-HA is used in the healing process and enhances the overall
quality of wound healing. It showed the reduction in risk of scarring and infection.

Overall, S-HA is a promising wound-healing agent that has the potential to improve
outcomes for patients with a variety of wounds. However, further research is needed to
fully understand its effectiveness and optimal use in wound healing.
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4. Summary and Perspective

Compared with hyaluronic acid (HA), sulfonated hyaluronic acid (S-HA) presents
stronger stability for hyaluronidase, which proved that S-HA will show better in vivo
performance as biomedical materials and coating materials. Obtaining benefit from the
sulfonic acid group, S-HA has better functions on anticoagulation, antihyperplasia, anti-
inflammation, and pro-endothelialization. Even the S-HA nanoparticles may show smaller
size and cytocompatibility than HA nanoparticles in equivalent preparation conditions.
S-HA hydrogels also presented better drug-controlled delivery compared with HA due
to higher stability. S-HA can be combined with more new materials such as CDs, MOFs,
etc. to achieve more compatibility functions. It can also be applied as materials of novel
technologies, such as the ink of the bioprinting for wider application of biomaterials and
coatings. In the future, S-HA will play more important roles in the biomaterial fields as
nanoparticles, hydrogels, coatings, and other composite formats.
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Abstract: Vascular transplantation is an effective and common treatment for cardiovascular disease
(CVD). However, the low biocompatibility of implants is a major problem that hinders its clinical
application. Surface modification of implants with extracellular matrix (ECM) coatings is an effective
approach to improve the biocompatibility of cardiovascular materials. The complete ECM seems to
have better biocompatibility, which may give cardiovascular biomaterials a more functional surface.
The use of one or several ECM proteins to construct a surface allows customization of coating
composition and structure, possibly resulting in some unique functions. ECM is a complex three-
dimensional structure composed of a variety of functional biological macromolecules, and changes in
the composition will directly affect the function of the coating. Therefore, understanding the chemical
composition of the ECM and its interaction with cells is beneficial to provide new approaches for
coating surface modification. This article reviews novel ECM coatings, including coatings composed
of intact ECM and biomimetic coatings tailored from several ECM proteins, and introduces new
advances in coating fabrication. These ECM coatings are effective in improving the biocompatibility
of vascular grafts.

Keywords: extracellular matrix; coatings; cardiovascular materials; surface modification; biocompatibility

1. Introduction

Cardiovascular disease (CVD) has been the leading cause of morbidity and mortal-
ity worldwide for many years, which places a huge burden on health sectors and the
economy [1]. Cardiovascular biomaterials can be used in clinical therapeutic devices
and implants, such as stents, balloon, artificial heart valve, artificial blood vessel, and
occluder, etc. [2–4] (Figure 1), which play an important role in cardiovascular treatment.
The clinical use of stents has experienced several stages, such as bare metal stents (BMS,
made of stainless steel and cobalt chromium alloys), drug-eluting stents (DES), biodegrad-
able polylactic acid stents and biodegradable magnesium (Mg) alloy stents [5]. At present,
iron-based stents, zinc-based stents, and improved biodegradable polylactic acid stents and
biodegradable Mg alloy stents are also in the R&D stage [6–9]. In addition, functions related
to the biocompatibility of material surfaces, such as anti-coagulation, anti-proliferative,
anti-inflammatory and pro-endothelialization, play an important role after implantation.
Since endothelialization of cardiovascular prostheses can improve their hemocompatibility,
simple surface rapid endothelialization has become a hot spot for cardiovascular device de-
velopment [10]. At present, the common strategy is to endow the equipment with powerful
multi-functions and improve the blood compatibility of the material.

Vascular transplantation is an effective and common method in the treatment of
CVD [11]. Tissue engineering techniques are also often applied to the development of
vascular materials, with the hope of creating an implant that can support the ingrowth and
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maintenance of a patient’s own tissue, while the implanted scaffold slowly degrades, leav-
ing behind a functional vascular system [12]. Commonly used materials for vascular grafts
are synthetic materials, but their biocompatibility still needs improvement [13]. In contrast,
the new extracellular matrix (ECM) coating showed a huge performance advantage [14].
ECM-modified scaffolds have the advantage of mimicking tissue specificity and are thought
to better mimic the natural cellular microenvironment in vitro [15]. Functional scaffolds
modified with cell-derived ECM have been developed, where the ECM components render
the scaffold biologically active and confer some unique functions on the scaffold [16]. This
ECM coating-modified scaffold has been proved to improve its biocompatibility. Devel-
oping a fully biocompatible coating surface that is effective for cell adhesion is one of the
goals of tissue engineering [17]. The ideal scaffold coating, alone or in combination, should
have multiple functions, such as promoting endothelialization, preventing the adhesion of
inflammatory cells, etc.

Figure 1. The Chinese eight diagrams to describe the types of artificial cardiovascular devices
and implants.

Cardiovascular devices face implant failure, and insufficient endothelialization is
one of the main factors. Endothelialization is a process regulated by multiple factors and
structures. One method of attracting EC is to precoat the implants with ECM molecules
or peptides to promote EC adhesion [18]. An effective approach to improve implant
biocompatibility is to functionalize cardiovascular biomaterials with ECM. The ECM is
actively involved in various aspects of cardiovascular development and physiology, as well
as disease development and progression. The cardiovascular ECM is a complex scaffold
of hundreds of proteins that surround the cells of the heart and vascular system and is
a key component of the heart and vascular system [19]. The role of the ECM is closely
related to its physical and mechanical properties. The ECM coating is closer to the native
vascular basement membrane, and the tissue response induced by the implant is milder [20].
As with many other tissues and organs, the application of decellularization methods to
obtain acellular ECM scaffolds holds great promise [21,22]. Extensive studies have utilized
decellularized ECM from native tissues, or ECM secreted by cultured cells.
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ECM-based biomaterials have become mature tools in regenerative engineering, due
to their high biocompatibility and biomimetic properties, and bio-scaffolds using ECM
materials have become an important medical modality in bioengineering [23–25]. The ECM
plays an important role in cardiac repair and regeneration after cardiac injury, and it can be
applied as a drug to improve cardiomyocyte proliferation and cardiac regeneration [26]. It
has been reported that ECM scaffolds are widely used in medicine, including bone tissue
engineering [27], skin tissue engineering [28] and cardiac tissue engineering [29]. ECM-
based scaffolds provide a biological matrix with environmental cues that can support the
formation of proper vascular tissue. When the scaffold is coated with recombinant human
laminin fibers, it supports the attachment and growth of naive stem cells in single-cell
suspension [30]. A fibrin-coated pericardial ECM can be used as a material for cardiovas-
cular surgery [31]. The ability of ECM and its components to improve biocompatibility
has also been extensively reported [32,33]. Studies have found that ECM coating can im-
prove the adsorption capacity of platelets, reduce EC toxicity, and possibly induce tissue
regeneration [34].

There have been numerous experiments investigating new synthetic and naturally iso-
lated coatings. Traditional methods can prepare coatings of corresponding components by
separating one or several components from tissue ECM, such as collagen coating, laminin
coating. However, the intact ECM appears to be an ideal matrix to promote rapid endothe-
lialization [35]. Coatings with intact ECM components not only mimic the natural cellular
environment, but also endow cardiovascular biomaterial surfaces with more functionality.
ECM is a kind of biomaterial that can effectively simulate the inherent microenvironment
of cells, has good bioactivity, biodegradability and biocompatibility, and has been widely
used in vascular grafts. Previous studies have demonstrated that modified ECM coatings
can enhance cell attachment and proliferation [35]. The design and modification of ECM
coatings have received increasing attention. In this regard, various ECM-related materials
have been explored. From tissue-derived ECM 2D coatings, ECM materials have been
developed to include recombinant ECM proteins, ECM fragments, and ECM mimetics.
Since different components of the ECM play different roles in cellular activities, better
characterization of the ECM composition and understanding of its biochemical effects
in vivo will help to gain a deep understanding of the research priorities and modification
directions of ECM coatings.

2. ECM Materials

2.1. Features and Sources

The ECM is composed of polysaccharides and proteins and it constitutes the microen-
vironment required by cells. Materials derived from natural ECM are important ingredients
of engineered biomaterials designed to mimic cellular and tissue function, and further
replace or repair damaged tissue. In some studies, ECM materials have been used in
cell culture or injected into vivo for in situ tissue regeneration [36]. For example, several
studies have found that ECM-based decellularized myocardial hydrogels can enhance
cardiogenesis of cardiac progenitor cells in 3D in vitro culture. In tissues, the ECM offers
structural integrity, function, and suitable conditions for cell growth [37]. Mechanical
and biochemical cues in the ECM are able to direct many cellular functions. The ECM
contains many signaling molecules that are critical for cell behavior, regulating cell growth,
polarity, migration, differentiation, and proliferation [38,39]. The ECM plays a crucial role
in intercellular signaling, such as tissue regeneration and repair, which are highly affected
by proteases and cytokines. Natural ECM has evolved into more complex systems, starting
with purified proteins as coatings on the surface of biomaterials, and now there are also
cell-derived and whole-tissue-derived constructs. With the advancement of decellularized
tissue and isolated cell technology, natural forms of ECM proteins can be better used to
create functionally complex biomaterials [40].

ECM can be derived from human or animal organs, tissues or cell cultures. A matrix
produced using cells is produced by a single cell type, whereas a tissue-derived ECM is
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composed of matrices secreted by multiple cell types. At present, from different organs
or tissues, a variety of different types of decellularized ECM can be obtained. This decel-
lularized ECM stays close to the natural tissue or organ structure, which contains natural
proteins, soluble factors and cell adhesion ligands [36]. In addition, plant material can
also serve as a source of ECM. Due to the advantages of plant-derived materials with
fast growth rates and availability in almost unlimited quantities, several studies have
used acellular plant materials as potential bio-scaffolds [41,42]. Decellularized plant tissue
engineering scaffolds can be obtained by applying decellularization technology to different
plants and tissues. Modulevsky et al. used plant-derived cellulose biomaterials to produce
implantable scaffolds, and this acellular cellulose scaffold showed biocompatibility in
immunocompetent mice [43].

2.2. Cell-Derived Matrix (CDM)

A cell-derived matrix (CDM) is the acellular ECM of tissue obtained through labora-
tory culture procedures. In contrast to dECM, CDM is derived from laboratory cultured
cells/tissues, which are derived from actual animals [44]. CDM and dECM derived from
the same tissue can have very similar chemical compositions; however, it is difficult for
CDM to have the same physical properties as natural tissues, such as structural organiza-
tion. CDMs represent biologically active and biocompatible materials that are composed of
matrix macromolecules, fibrillar proteins, and related growth factors [45]. The advantages
of CDM are the availability of human cell sources, increased tunability of matrix properties
and conformations (bulk material or scaffold coatings), and the ability to generate matrices
with desirable properties using a variety of somatic and stem cells. Therefore, by designing
cell sources and culturing methods, the secreted ECM can be tailored for specific functions,
which increases the tunability of CDM.

CDMs are interesting alternatives to traditional sources of ECM. A meaningful method
would be to investigate the matrix deposition function of specific cell types, providing
an in vitro platform to study cell-matrix interface interactions and their mechanisms. As
one of the most commonly used strategies to reconstitute ECM, CDMs have broad appli-
cations in biomedical research [46]. CDMs contain complex but organized mixtures of
macromolecules, which can imitate various aspects of the natural tissue microenvironment
and serve as scaffolding materials to modulate stem cell function. ECM produced by
adipose derived stromal cells can enhance tissue-engineered myocardial structures in vitro
and promote myocardial remodeling after infarction [47]. CDMs can also be used as a
coating by simply decellularizing cells on the surface of biomaterials. Biomaterials based
on CDMs are primarily used for bone and cardiovascular repair, and have been explored
as cell-delivered cardiac patches, as well as for engineered heart valve replacement and
vascular transplantation [48,49].

2.3. Preparation of ECM

To obtain tissue-specific biomaterials, decellularization and isolation techniques can
be applied to extract ECM from tissues and organs. Decellularization is the process of
separating the ECM from cellular and nuclear material, which has minimal impact on the
composition, biological activity, and structural integrity of the ECM [50]. Its primary goal is
to remove allogeneic or xenogeneic cellular antigens and other immunogenic components,
such as DNA, to minimize the risk of adverse immune responses [45]. This process usually
uses physical, chemical, enzymatic and thermal methods. Decellularized ECM, obtained by
removing cellular components from native tissues, not only preserves major components
and structure, but also prevents potential immunogenicity, and it can serve as a template
or scaffold for cell culture [17]. Many clinically used ECM-based materials are produced
through the decellularization processes. The following takes CDM as an example to briefly
introduce the preparation process of ECM materials.

CDM can be obtained from cells in 2D or 3D culture conditions. The production
process of CDMs consists of the following four main steps: cell expansion, seeding, matrix
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generation and decellularization. By expansion, to obtain sufficient cell numbers for
production; depending on the application, expanded cells can be seeded on different
surfaces, such as 2D surfaces or 3D scaffolds [51]. The most important step in production is
the creation of ideal culture conditions, whereby the desired properties of the final ECM
product can be achieved by systematically optimizing both intrinsic and extrinsic factors.
When sufficient ECM is deposited, cellular components can be destroyed and removed
from the ECM by chemical, physical or enzymatic treatment and a specific classification
can be found in the work reported by Heath et al. [24]. The obtained ECM also needs
some post-processing before application, which is further processed into slurries, coatings,
hydrogels, etc. ECM post-processing, such as cross-linking, can further alter ECM stiffness
or the overall performance of CDM [45]. A recent study also applied ultrasound to ECM
materials [52]. Ultrasound can change ECM protein structure through thermal effects
and/or mechanical forces, and can also enhance cell-mediated ECM remodeling behavior.
This ultrasound-based approach provides an innovative strategy for the preparation of
ECM materials, which facilitates non-invasive fabrication and in situ transformation.

ECM can be produced from different cellular sources. The ECM also varies in com-
position and function depending on the source of cells [53,54]. A single ECM protein
cannot fully mimic the complexity of endogenous ECM, and with the in-depth study of
ECM, composite biomimetic coatings prepared using multiple ECM components have been
shown to achieve better results. The strategies based on molecular self-assembly have re-
ceived increasing attention, aiming at producing synthetic matrices with multi-component
structures and high-level compositional definition. Work in the field of self-assembly syn-
thesis of ECM has mainly focused on peptides or peptide derivatives, and self-assembly
can be used to meet the functional requirements of complex ECM [55]. The combination
of ECM materials and 3D printing technology is helpful for the construction of in vitro
organ models [56]. The emergence of ECM-based bio-inks shows the great potential of
3D printing to build ECM-mimicking scaffolds [57]. Processing of decellularized ECM
into microparticles, which are then reconstituted into hydrogels, also expands the range
of potential applications [58,59]. For example, a thin coating of ECM through layer-by-
layer (LbL) deposition on the cell surface can enhance cell viability and improve tissue
function [60].

The production techniques for ECM coatings on biomaterials depend on the property
of the devices and implants. Surface self-assembly was the main method to prepare ECM
component coatings on the surface of cardiovascular materials for a long time in the past,
especially since the LbL self-assembly technology can make the ECM coating more evenly
distributed on the surface, but its disadvantage is that with the increase in different layers,
the stability of the coating will gradually decline at a turning point [61]. In comparison, it is
simpler and more stable for different ECM components to be blended and self-assembled to
the material surface as required [62]. The distribution, morphology and behavior of cells on
the surface can be controlled by stamping ECM components onto the surface of materials
with polymer stamps. For example, the ECM micro-stripes with the width of 25 μm can
regulate the morphology of vascular endothelial cells to grow as ifunder the action of blood
flow shear stress in vivo [63]. The above coatings can be prepared by chemical reaction,
electrostatic interaction, hydrogen bonding or physical adsorption, according to the binding
requirements of membrane base. However, due to the long time-consuming process, it is
generally not suitable for the preparation of ECM coatings on the surface of small-scale
biodegradable devices, such as Mg-base stents. Facing this situation, the spraying method
is a good choice, which can complete the preparation of devices’ surface coating in just a
few minutes [64]. Generally speaking, 3D printing technology can accurately prepare ECM
coatings for the surface of devices. However, for some complex surfaces, it also has certain
limitations, such as the inner surface of vascular stents. In addition, 3D printing technology
is usually used for precision processing of a small number of devices, which is not suitable
for large-scale industrial production.
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3. Chemical Composition of ECM

The ECM is composed of complex three-dimensional structures and functional bio-
logical macromolecules, and it is a unique tissue-specific microenvironment. The protein
components of ECM play the roles of ligands for various signaling receptors, such as inte-
grins [65]. The ECM is an important support for vascular endothelial cells (EC), and in the
long-term interaction of cells with materials, the ECM can influence cell behavior. The bind-
ing of ECM proteins (such as type I collagen or fibronectin) to topographic factors can have
different effects on cell processes [66]. The ECM not only ensures the structural strength and
elasticity of blood vessels, but also controls the development and stability of the vascular
system. Therefore, the ECM is a very important part of the cardiovascular system.

Most vasculature consists of three layers, including adventitia, tunica, and intima [67].
The adventitia is mainly composed of collagen fibers and fibroblasts. The tunica is com-
posed of elastic fibers and smooth muscle cells (SMC), which are responsible for adapting
to different blood pressures by contracting and relaxing. In the inner layer, the intima,
consists of a thin non-proliferating (quiescent) monolayer of squamous EC that forms the
endothelium, largely leaving blood flow undisturbed. Adjacent layers are separated by
elastic layers; the outer and middle layers are separated by an outer elastic layer, and the
inner and middle layers are separated by a composite of the inner elastic layer and base-
ment membrane. The intimal layer consists of the innermost basement membrane and the
substrate below it. The basement membrane provides dynamic hemostasis regulation and
is essential for maintaining a confluent, functional monolayer of EC. Basement membranes
and placodes are composed of multiple components that can influence cell phenotype
and promote cell adhesion [68]. The vascular basement membrane is a lamellar structure
composed of various ECM molecules that controls not only the remodeling of the vascular
network but also the mechanical stability of the vascular system [69,70]. It is closely related
to the occurrence of diseases [71].

As can be observed from the above, the components of ECM are very complex, and
each component protein has different effects on cells [72,73]. Due to the important bio-
chemical role of ECM in cells, understanding the composition of ECM and its interaction
with cells is crucial for the preparation, modification, and innovation of ECM coatings,
which is conducive to the design of ECM materials that are more suitable for medical
needs. Of course, due to the complexity and biochemical properties of ECM components,
the proteomic characterization is challenging, and it is still impossible to accurately and
exhaustively understand the full picture of its composition and function [74]. Combined
with numerous existing research results, we mainly introduce several major components of
the ECM.

3.1. Collagen

Collagen is the most important component of ECM, and it provides not only tensile
strength and cell adhesion, but also structural properties and elasticity to the tissue, which
are involved in the formation of a fibrous network [75]. The rope-like structure of collagen
resists tension by bearing stress. Therefore, collagen is critical to the substrate, as it provides
significant biochemical signals and mechanical strength for cell adhesion and migration.

Although 28 types of collagens have been identified, collagen type I and IV are the
most prevalent types found in the cardiovascular system. Collagen provides a three-
dimensional environment for cells to support cell growth and influence the morphology
and function. Type I collagen is the most abundant component among the cardiac ECM,
with a well-described composition-function relationship, conferring strength and stiffness
to heart and vascular tissues [76]. Type IV collagen is a specific ingredient of the basement
membrane, and its network bonds to the laminin network through nidogen and perlecan.
Depletion of type IV collagen results in increased fibronectin expression and extracellular
deposition, followed by rearrangement of long, parallel fibrils. Exogenous type IV collagen
can restore basal levels of fibronectin deposition, suggesting that type IV collagen may act
as a regulator of fibronectin fibril growth.
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3.2. Laminin

Laminins can self-assemble into sheets and are essential components of the basement
membrane, and can also bind other ECM components together through cross-linking, so
they are an important ECM cross-linker. In addition, laminin also enables the ECM to
interact with different types of cells through its binding sites with cell surface receptors.
Some studies have found that laminin can play critical roles in a variety of functions, such
as cell adhesion, cell differentiation, and phenotypic stability. Laminin exerts multiple
important functions in the central nervous system by interacting with integrin and non-
integrin receptors [77]. Laminin expressed by EC promotes vascular stability and EC
morphogenesis [78]. Some laminin modifications may lead to EC dysfunction, thereby
promoting the development of atherosclerosis [79]. The laminin network self-assembles on
the EC surface and is thought to trigger basement membrane deposition.

3.3. Fibronectin

Fibronectin is a glycoprotein and it is a dimeric structure formed by two polypeptide
chains. There are two forms of fibronectin, soluble fibronectin and insoluble fibronectin.
In addition, the fibronectin can bind to cells and promote adhesion to other components.
This is primarily through the functional and structural domains of the collagen triple helix
denaturation regions, and through specific binding domains that bind to heparin and
fibrinogen. In conclusion, fibronectin provides a substrate for complex interactions with
EC and their environment.

Previous findings have suggested that fibronectin and its receptors are required for
vascular formation, and recent studies have further demonstrated that fibronectin is an
important signaling molecule for vascularization and is essential for formation of fenestrae
in EC of the fenestrated capillary [69]. The interaction between fibronectin and type I
collagen suggests that fibronectin may be involved in the arrangement of collagen fibers as
a scaffold [65,80].

3.4. Nidogen

Nidogen accounts for a small proportion in the base membrane, but is a crucial factor
for organizing ECM, and it can also cross-link other components, including fibrinogen,
perlecan, and fibronectin, etc. Nidogen are divided into two types, nidogen 1 and nidogen
2 [18]. Nidogen 1 is important for the attachment and stabilization of self-assembled layers
of laminin and type IV collagen; nidogen 2 can also bind components of the basement
membrane. There is also evidence that nidogens may contribute to the maintenance of
capillary integrity [81].

3.5. Glycosaminoglycans and Proteoglycans

Glycosaminoglycans (GAGs) not only act as ligands for other ECM macromolecules
and cellular integrins, but also retain water and interact with biological mediator pro-
teins [82]. At low concentrations, GAGs form a gel, which allows the ECM to resist
compressive forces by hydrating and filling the extracellular space. GAG chains can be
covalently linked to core proteins to form proteoglycans. The abundant proteoglycans
in the ECM can modulate the activity of the secreted ECM by binding to proteins. In
addition, they can also change conformation or block binding sites, thereby controlling
the transmission of chemical signals from cell to cell. Several proteoglycans are secreted
as transmembrane proteins, while others can also act as a receptor for ECM proteins. In
addition to being responsible for hydration, GAGs and proteoglycans also play important
roles in other cellular behaviors, such as regulating ECM–EC interactions.

GAG play an essential role in tissue engineering. Since different sources and types
of biomacromolecules with different biological roles can be included, the combination of
GAGs with other polymers can better mimic the multicomponent and multifunctional
configuration of native ECM [83]. GAGs are tunable gel components that can modulate
collagen fibril formation, hydrogel properties, and guide cellular behavior. Among them,
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hyaluronic acid (HA) has a very high molecular weight (MW) GAG, which has been widely
applied in various aspects of the biomedical fields (Figure 2) [84]. Collagen hydrogels,
containing both modified and unmodified HA, show great promise in tissue engineering.
This combined approach of biomaterials could open up new therapeutic approaches for
the treatment of complex diseases [85]. As GAGs become more thoroughly understood,
it is believed that their use and ubiquity in the field of tissue engineering will continue
to expand.

 

Figure 2. The application of HA, a main component of ECM in biomedical fields [84].

3.6. Elastin

Elastin is one of the main components of the vascular system [86]. It not only provides
elastic recovery, but also has crucial influence in mechanical and cellular signaling. The
cross-linked network structure of elastin consists of tropoelastin, whose lysine amino
acids undergo extensive cross-linking by lysine oxidase immediately after release from
cells, followed by condensation to link several side chains. The elasticity of the elastin
network comes from its unique structure, and the loose and random coil conformation
of the polypeptide chain endows it with good elasticity [87]. Elastin does not form blood
clots; thus, the stents and coatings made from it show increased blood compatibility [88].
It interacts with many cell types, and is critical for arterial morphogenesis and controls
SMC proliferation. Elastin peptides are chemotactic on EC, and thus have proangiogenic
effects [89]. Elastin is a promising candidate for vascular biomaterials or tissue engineering,
due to its durable mechanical properties, good association with EC, and inhibition of
SMC proliferation.

4. ECM Coatings

ECM coatings are a well-known strategy for improving implant integration. Intact
ECM appears to have better biocompatibility and can endow cardiovascular biomaterial
surfaces with more functions. Single ECM components have selective, well-defined bio-
logical activities and functions [90]. The use of one or a few purified ECM components to
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construct surfaces allows for customization of coating composition and structure, poten-
tially resulting in unique functionalities. The hemocompatibility of biomaterials mainly
depends on the physicochemical properties of its surface; therefore, surface modification
is an effective way to improve hemocompatibility. Surface modification of coatings with
biomolecules such as HA, peptides, and heparin can effectively improve the performance
of coatings [91–93]. Intact ECM or its single component has natural stability and stiffness
advantages to promote the adhesion and functional growth of EC on its surface. This is a
kind of dynamic stability. The EC on the material surface will continuously secrete new
ECM, according to the environmental response and their own needs. The adhesion of the
ECM coatings to the surface of the cardiovascular devices depends on the preparation
method and interface bonding mode; the chemically bonded coating is usually stronger
than electrostatic bonding, hydrogen bonding and van der Waals force bonding, and the
combination of the above forces is stronger than that of physical adsorption, but this law is
not absolute.

In this section, several ECM-based coating materials are reviewed (Figure 3). The
biomimetic endothelial ECM surface was prepared by EC culture and decellularization,
which improved the biocompatibility of the substrate. Inspired by the structure and compo-
sition of the native vascular basement membrane, the bilayer coating formed by the ECM
secreted by EC and SMC exhibits better biocompatibility, which is expected to address the
functional limitations of a single ECM and treat more many clinical diseases. Natural ECM
derived from Wharton’s jelly (WJ) has shown great potential in vascular engineering and it
can be used to prepare standardized coatings. In addition, some mimetic coatings made of
ECM proteins exhibit unique functions, due to their special composition and structure. A
tailored collagen coating through LbL self-assembly can promote in situ endothelialization
and inhibit excessive neointimal hyperplasia, providing a novel approach for develop-
ing functional coatings for cardiovascular stents. Synthesizing ECM biomimetic peptide
coatings with specific structures helps to overcome stent thrombosis, and further immo-
bilizes biomolecules, such as heparin and glycosaminoglycans, to diversify the coating
functions [94,95].

 

Figure 3. The classification of the types of ECM coatings.

4.1. Bionic EC-ECM Coating

EC play crucial roles in preventing thrombosis; thus, effective re-endothelialization
techniques for intravascular implants are important for long-term thrombosis prevention
and biocompatibility. A currently recognized and effective method to improve the bio-
compatibility of cardiovascular biomaterials is the decellularization of the endothelial
extracellular matrix (EC-ECM). Li et al. prepared a biomimetic coating composed of en-
dothelial ECM and HA micropatterns (ECM/HAP), which has good blood compatibility
and anti-inflammatory properties [96]. In their research, a novel method combining HA
micropatterns with EC decellularization was developed; they cultured EC on HA micropat-
terns and prepared a bionic surface-coated ECM of the elongated and regulated EC by
decellularization. The HA microstructure can effectively prolong the cell morphology,
induce the secretion of more anticoagulant factors, and limit the contractile phenotype
of SMC. Controlling the morphology and ECM secretion of EC by HA micropatterns can
significantly improve the biocompatibility of this EC-ECM. The evaluation results further
showed that the HA micropatterned endothelial ECM displayed anti-coagulation and en-
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dothelialization properties, and inhibited the hyperproliferation of SMC and the attachment
of macrophages. This multifunctional ECM/HAP coating can construct biomimetic human
endothelial ECM on the surface of biomaterials, and it may provide an efficient method for
surface modification of cardiovascular devices. Generally speaking, the immune reactions
towards allogenetic or xenogenic cellular antigens are mostly observed in organ or tissue
transplantation and above the cellular level, and are relatively rare at the ECM or molecular
level. The immune reaction of ECM and molecules to the microenvironment is usually re-
lated to the dosage and whether they are antigens. As a coating of cardiovascular materials,
a single ECM component is rarely reported as causing an immune reaction. The whole
component ECM secreted by cells often causes concern that there may be immunogenicity
problems, while HA has the effect of protecting the coating from immune reaction, and
the amount of ECM used for surface modification is relatively small. Therefore, immune
reaction is not a bottleneck problem that restricts the application of ECM coating on the
surface of cardiovascular materials.

On the basis of the above work, by repeating EC culture and decellularization, an
idea that could enrich the patterned EC-ECM on the surface of cardiovascular biomaterials
came up. Zou et al. prepared a biomimetic EC-ECM surface on polydopamine (PDA)-
coated 316L stainless steel by LbL EC culture and decellularization. The surface of this
biomimetic ECM was formed by the EC-ECM secreted by patterned EC onto the PDA
membrane, and there are fewer platelets and macrophages distributed on the surface of the
biomimetic ECM, which indicates that the surface of the new biomimetic ECM has better
blood compatibility and anti-inflammatory properties. Compared to surfaces with one
and two layers of ECM, surfaces containing three layers of ECM had a more pronounced
effect. In addition, the thickness and distribution of macrophages in the new tissues were
significantly reduced after PDA modification, and further biomimetic modifications also
indicated that more abundant EC-ECM contributes to milder tissue responses. The culture
results showed that the three-layer ECM surface demonstrated stronger ability of promoting
surface endothelialization. However, in the healthy vascular wall, the ECM of SMC also
plays an important role in the adhesion, growth and release of anticoagulant factors of EC.
Therefore, the bionic degree of the coating constructed only by patterned EC-ECM is not
enough. The vascular basement membrane is composed of ECM secreted by contractile
SMC and EC under blood flow shear stress. Therefore, learning from the natural vascular
basement membrane structure, building a coating composed of SMC-ECM and EC-ECM
may have a better composite function.

4.2. Nature-Inspired ECM Coating

Surface modification with one or more ECM can significantly improve the biological
function of the cardiovascular biomaterials. Immobilized proteins or their functional pep-
tides can promote EC growth, while binding mucopolysaccharides confer anti-coagulant,
anti-proliferative or anti-inflammatory functions on the surface. On this basis, by modi-
fying the surface of biomaterials with two different ECM components, the surface with
a balanced function can be obtained. Inspired by the natural vascular basement mem-
brane composed of ECM secreted by physiological EC and SMC, Han et al. prepared a
bilayer ECM coating through successive SMC/EC culture and decellularization, which
endowed cardiovascular materials with better biocompatibility [20]. The ECM secreted
by EC can make the surface more biocompatible, and the ECM secreted by contractile
SMC can better reduce the number of adherent platelets. By controlling physiological
SMC and EC by the HA micropattern, followed by sequential culture and decellularization,
a nature-inspired bilayer SMC/EC ECM was obtained to modify the material surface.
Compared with single-layer SMC-ECM or EC-ECM, the double-layer ECM coating has
richer ECM density, larger pore size and different wettability, which contributes to better
blood compatibility, anti-proliferative properties, pro-endothelialization, anti-inflammatory
function and histocompatibility. In addition, this novel ECM coating can greatly reduce the
rate of hemolysis on the material surface, so it has a good inhibitory effect on hemolysis
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after implantation. The main feature of this ECM coating is that it greatly improves the
reproducibility of the function and structure of the vascular basement membrane on the
material surface. The phenotype and function of cells can be controlled in a physiological
state by the HA micropattern. The functional advantages of this nature-inspired coating
are attributed to its excellent biomimetic properties, which will provide new and efficient
methods for surface modification of cardiovascular materials. However, the application
of this double-layer ECM is limited because it is not easy to be directly prepared onto
the biodegradable or uneven materials. To solve this problem, Liu et al. dispersed the
double layer ECM into normal saline using the ultrasonic vibration method, and then
self-assembled it onto the surface of biodegradable Mg alloy (ZE21B) (Figure 4), thereby
improving the corrosion resistance and biocompatibility of ZE21B [97]. It is unknown
whether the process of preparing the ECM solution by ultrasonic vibration will cause losses
to its components.

Figure 4. The preparation of the nature-inspired ECM on the biodegradable Mg alloy (ZE21B)
surface [97].

Furthermore, heparin is a negatively charged natural polysaccharide that promotes EC
proliferation and inhibits SMC expansion. It has been used in the manufacture of vascular
grafts, due to its thrombosis-inhibiting properties. The behavior of EC and SMC can be
selectively modulated by surface modification of the coating and fixation of an appropriate
dose of heparin on its surface. On the basis of the above-mentioned nature-inspired ECM
coating prepared from EC and SMC co-culture/decellularization, heparin was immobilized
on the ECM coating at an optimized density to selectively promote EC proliferation but
inhibit SMC grow and achieve satisfactory blood compatibility [98]. At the same time, the
coating also has the characteristics of inhibiting thrombosis, preventing intimal hyperplasia
and promoting endothelialization.

Controlling the MW of conjugated HA during surface modification is critical for bet-
ter biocompatibility. HA, as the main component of the ECM, is a natural biopolymer.
This biomolecule has different functions, such as anti-coagulant, anti-proliferative, anti-
inflammatory and pro-endothelialization functions, depending on its MW. Low MW (LMW)
HA has been reported to be a major player in the thrombosis process, and it also contributes
to inflammation [99,100]. High MW (HMW) HA inhibits platelet, SMC, and macrophage
adhesion, further conferring anti-coagulant, anti-proliferative, and anti-inflammatory func-
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tions on the surface, as well as imparting non-immunogenic properties to the surface, which
are critical for implants [101]. However, HA with extremely HMW inhibits endothelial
progenitor cell adhesion and EC migration, which is clearly not conducive to rapid endothe-
lialization. Li et al. provided better versatility for cardiovascular biomaterials by preparing
HA with gradient MW and controlling the MW of HA on the coating surface [102]. HA
with an appropriate MW affects the homeostasis of important pathways in the cardiovas-
cular system, inhibits phenotypic changes in vascular SMC and platelet activation, and
promotes the repair and functionalization of endothelial monolayers. This demonstrates
the feasibility of coatings with appropriate MW HA for potential applications in the surface
modification of cardiovascular implantable devices.

Further research found that a HA nanoparticle less than 200 nm could carry Mg ion into
EC, which would inhibit EC apoptosis and promote nitric oxide (NO) release of EC [103].
Our study discovered that the Mg is the main degradation product of biodegradable
Mg alloys, which may control the phenotypes of macrophages and the function of EC,
further regulating the pro-endothelialization function of the Mg alloy stents (Figure 5) [104].
Thus, a nanocomposite coating was placed onto the Mg alloy to regulate the degradation
behavior and the Mg transportation to the EC, SMC and macrophages based on the different
requirements of different cells for Mg concentration (Figure 6) [105].

 

Figure 5. Mg alloy degradation products that regulate macrophages and EC behaviors [104].

4.3. Wharton’s Jelly ECM Coating

Human tissue may be a suitable material for the preparation of natural matrices,
from which we can extract intact ECM. Hao et al. previously demonstrated that the
ECM obtained from Wharton’s jelly (WJ) can contribute to MSC culture [106]. Previous
studies have also proven that WJ-ECM contains several growth factors, which may promote
angiogenesis and vascular cell differentiation [107]. Meanwhile, since WJ-ECM is prepared
from human tissue, it does not have any toxicity to cells. In various tissue engineering,
WJ-ECM becomes a universal tool to support cell culture. Using native ECM extracted from
Wharton’s jelly (WJ), Dan et al. report an innovative method for preparing coatings [108].
The mechanical, chemical and enzymatic methods are common methods for ECM isolation.
However, simple stirring or chemical dissolution of ECM extracted from WJ tissue is less
effective. Here, Dan et al. used trypsin to isolate intact ECM, which not only simplifies the
isolation procedure, but also keeps the ECM-containing tissue in a relatively physiological
state. Furthermore, WJ-ECM can form a continuous coating on the negatively charged glass
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surface, and the ECM concentration determines the thickness and stiffness of the coating.
Because ECM is derived from human tissue, the coating does not contain chemicals that
are harmful to cells, which is the biggest advantage of this coating.

Figure 6. Nanocomposite coating on the Mg–Zn–Y–Nd alloy prepared with HA nanoparticles [105].

The performance of this WJ-ECM coating showed that the WJ-ECM-derived coating
could enhance the adhesion and proliferation of EC and human mesenchymal stem cells
(hMSCs). Compared to collagen coatings, a higher number of cell adhesions can be observed
on WJ-ECM under physiological shear stress. In vascular tissue engineering, biomaterials
must provide adequate cellular anchorage against shear stress. In the EC test, the WJ-ECM
coating was better than the commercially available collagen I coating for cell anchoring.
This suggests that WJ-ECM may promote the endothelium, thereby establishing a suitable
continuous layer during vascular tissue engineering. In addition, this new surface shows
an interesting phenomenon that the resistance of cells increases under the flow shear stress.
Overall, WJ-ECM is a very valuable surface coating, with important applications in the
design of biocompatible surfaces in humans.

4.4. A Tailored ECM-Mimetic Coating

As introduced previously in this review, collagen is one of the main components
of the ECM. Mixed with other polymers, it is possible to mimic the basic structure of a
specific ECM and further obtain the desired function with growth factors [109]. Collagen
has been widely used in tissue engineering, but its inherent thrombogenic properties
limit its application in vascular devices. The binding affinity to platelets is a major cause
of collagen thrombosis, while previous studies have suggested that hydroxyproline (O)
may be critical for platelet adhesion and activation. In addition, recombinant collagen
not only has better water solubility, but also has a low inflammatory response. Thus,
designing recombinant proteins with a large number of cell adhesion motives, but without
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hydroxyproline, may provide a new method for developing collagen for blood contact. In
recent studies, an ECM-mimetic multilayer coating formed by the assembly of collagen and
HA has emerged [110].

Yang et al. developed a recombinant human type III collagen protein (hCOLIII), which
contains multiple charged residues and has a stable triple-helix conformation. The results
of its assessment showed that platelets lacked affinity for hCOLIII [110]. Furthermore, by
depositing the hCOLIII LbL assembly together with HA on the amine-rich PDA-coated
substrate, they prepared an ECM-mimetic multi-layer coating. The coating has signif-
icant thromboprotective properties. Compared to animal-derived collagen, the use of
hCOLIII-tailored ECM-mimetic coatings have advantages in inhibiting platelet adhesion
and activation. When the coating was prepared with animal-derived collagen, it showed
more platelet adhesion. In contrast, hCOLIII-based ECM coatings effectively inhibited
platelet adhesion. The coating showed stable performance after implantation, and the exper-
imental results showed that the composite coating had longer and reliable anti-coagulation
ability with the higher coverage of hCOLIII and HA. Furthermore, this ECM-mimetic
coating provided a favorable microenvironment for EC to promote in situ endothelializa-
tion, which showed the properties of enhancing endothelialization. The quantification of
adherent platelets also suggested that hCOLIII may be a custom collagen-derived material,
showing potential for use as a surface coating for blood-contacting devices. The emergence
of this novel ECM-mimetic coating indicates that the hCOLIII-based ECM coating can be
used as a blood-contacting material, with promising application prospects in cardiovas-
cular stents. Moreover, the ECM-mimetic coating has the functions of promoting in situ
endothelialization and inhibiting excessive intimal hyperplasia, which provides a new
method for the use of collagen materials to develop coatings for cardiovascular stents.

In addition, several materials, including gelatin, fibrin, collagen, and silk, have been
used for cardiac tissue engineering. A recombinant spider silk protein has been found to
be a promising cardiac tissue engineering material, which can be used for coating and 3D
printing, offering many of the advantages of silk materials, such as low immunogenicity and
biodegradability [15]. This coating made of recombinant spider silk protein is non-cytotoxic,
has no apparent pharmacological properties, and does not prevent cardiomyocytes from
adequately responding to extracellular stimuli. In terms of cardiomyocyte adhesion and
cell viability, this coating was comparable to the fibronectin coating. Because of these
intriguing properties, spider silk proteins offer perspectives for future research that could
potentially be used to produce cardiac patches for clinical applications.

4.5. ECM-Mimetic Peptide Coating

Insufficient endothelial coverage of cardiovascular implants is a major risk factor
for implant failure, due to thrombogenic enhancement. To enhance cell-material interac-
tions, ECM-inspired coatings were developed to provide EC with tissue-specific signaling
molecules that modulate cellular activation states for adhesion, proliferation, and sur-
vival [94]. Receptors on the cell surface can recognize ECM molecules and trigger signaling
pathways that control cell adhesion, migration, and apoptosis. Conjugating certain bioac-
tive peptide sequences may be an available method to direct the cellular activation of
implants to the desired wound-healing mechanisms. By mimicking the natural cellular
environment, the ECM-derived peptide coating can enhance the interaction of EC with
the scaffold material. Peptide-based biomaterial coatings offer a promising toolbox for
achieving multifunctionality.

A new peptide coating is presented by Clauder et al., describing a promising approach
to stent coating [111]. It contains three proteins of the ECM, namely elastin, fibronectin and
laminin. This study used the method of solid-phase peptide synthesis (SPPS) to synthesize
carrier peptides. Orthogonal click chemistry reactions provide an efficient method for the
functionalization of ECM-derived peptides that can decorate anchor peptides with one or
more adhesion motifs. Furthermore, the tunability of anchoring strength and orientation
make this method promising. Clauder et al. synthesized three monofunctional peptides
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and one bifunctional peptide in experiments to study the effect of ECM biomimetic peptide
coatings on stent endothelialization and hemocompatibility. This peptide coating was blood
compatible, causing neither hemolysis nor platelet adhesion. At the same time, cell–surface
interactions were synergistically enhanced when two adhesion peptides were presented
in one molecule. The effect of bifunctional peptides on endothelialization was stronger
than that of the fibronectin coating, which indicated that the artificial peptide coating had
more advantages than non-specific protein adsorption. This cell-adhesive peptide coating
is not only suitable for bare metal stents, but also for top layer modification of drug-eluting
stents. This provides a feasible method for overcoming late stent thrombosis and improving
stent integration.

In further work, Clauder et al. proposed modular assemblies consisting of adhesion
peptides, heparin, and pro-angiogenic factors, which could serve as biomimetic coatings
that are suitable for cardiovascular devices. Integrins can affect the ability of EC to regulate
hemostasis [112]. By equipping them with integrin and proteoglycan binding sites, design-
ing mussel-derived surface-binding peptides can enhance endothelialization. Heparin and
heparin-binding angiogenic factors are fixed to peptides using modular assembly. A syner-
gistic effect is proposed due to the tight interaction between cytokines and integrins, which
emphasizes the interaction between ECM components. Combining these components in
functional biomaterial coatings induces synergy and further enhances the regeneration
process. This study also demonstrated that the bifunctional peptide coating was superior
to non-specifically adsorbed adhesion proteins. This study shows that a coating that incor-
porates adhesion peptides, glycosaminoglycans, and modulators is a universal tool that
can deliver ECM-inspired versatility to biomaterials and facilitate their integration.

5. Summary and Future Directions

The exploration of ECM coatings has undergone a long research phase, and many
different types of surface coatings have been developed. ECM coatings prepared by extracts
of organs, tissues or cells exhibit higher biocompatibility and have great potential for appli-
cation in blood-contacting devices. From collagen or fibronectin coatings formed by single
components to coatings made of intact ECM, and furthermore, to bilayer coatings formed by
ECM secreted by both cells, ECM coatings show increasingly functional diversification. The
increasing availability of ECM-derived biomaterials has broadened the range of potential
clinical applications. Although peptide-based self-assembly methods mimic larger partial
or entire protein structures that can re-build the structure of the ECM, and these complex
ECM mimetics possess microstructural motifs and associated mechanical properties that
match innate protein complexes, the function of natural ECM is still irreplaceable. In the
future, the biomimetic construction of natural coatings on the surface of cardiovascular
materials by using a variety of new technologies in terms of all components and structures
will endow the surface with more complex biological properties.

However, based on the complex active components of ECM coatings, during the
process of cleaning (usually using a buffer, such as normal saline), sterilization (usually
using ultraviolet irradiation sterilization) and storage (4 ◦C or −20 ◦C), certain changes
will be made to its components or component structure. Some of these changes will not
influence the overall stability of the ECM coating, while others will cause serious damage
to the stability of the coatings, especially the trace components in bionic ECM coatings.
Therefore, in future research, in a sterile environment, the fitting of active ECM coatings
with cardiovascular implants over a short time to reduce the stability loss caused by
cleaning, sterilization and storage should become a direction of industrialization efforts.
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Abstract: Titanium is the most frequently employed material in implantology, because of its high
degree of biocompatibility. The properties of materials are crucial for osteointegration; therefore, great
effort from researchers has been devoted to improving the capabilities of titanium implant surfaces. In
this context, graphene oxide represents a promising nanomaterial because of its exceptional physical
and chemical qualities. Many authors in recent years have concentrated their research on the use of
graphene in biomedical applications such as tissue engineering, antimicrobial materials, and implants.
According to recent studies, graphene coatings may considerably increase osteogenic differentiation of
bone marrow mesenchymal stem cells in vitro by the regulation of FAK/P38 signaling pathway, and
can encourage the osteointegration of dental implants in vivo. However, further studies, especially
on human subjects, are necessary to validate these potential applications. The aim of this work was
to evaluate the effects of graphene on bone metabolism and the advantages of its use in implantology.
A systematic review of literature was performed on PubMed, Web of Science and Scopus databases,
and the articles investigating the role of graphene to functionalize dental implant surfaces and his
interactions with the host tissue were analyzed.

Keywords: dental implant; graphene; graphene oxide; osteointegration; osteoblastic differentiation;
titanium surface

1. Introduction

In recent years, the debate on the implant surface that can be most successfully
used has increasingly intensified, replacing the earlier focus of researchers on implant
shape [1–3]. One of the main reasons for the dispute is the comparison between the
incidence rates of peri-implantitis in implants with a roughneck surface and those with a
machined surface [4,5]. In this climate of fervent debate, many studies have been carried
out to investigate the properties and outcomes of the various implant surfaces [6–8].

All implants are constituted of three basic components: the body of the implant
(fixture), the abutment, and the abutment screw. A schematization of the implant fixture
with the coating is presented in Figure 1. Macroscopically, implants can have various
geometries, including threaded or tapered forms [7,9].
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Figure 1. Components of dental implants and a representation of an implant fixture functionalized
with coatings.

Osteointegration was defined 60 years ago by Branemark as a direct connection,
structural and functional, between new bone and the surface of implant [10]. Current trials
on dental implants, however, have as their objective the identification of the best system for
enhancing the process of osseointegration, thereby allowing early loading [6]. Two factors
are involved in the process of osseointegration: primary and secondary stability [11]. When
the implant is inserted into the bone, certain areas of the surface come into direct contact
with the bone. This contact determines the primary or mechanical stability, and depends
on the shape of the implant, the quality of the bone and the preparation of the implant
site [12]. Primary stability gradually decreases during the bone remodeling process and is
completely replaced by biological stability (Figure 2). Secondary or biological stability is
determined by the amount of new bone development at the bone-to-implant contact [13].
The studies by Osborn and Newesley showed that new bone formation occurs through
two phenomena, distant and contact osteogenesis. In the first case, the deposition by
osteoblasts and the subsequent mineralization takes place in a direction that goes from
the periphery towards the implant, i.e., the bone gradually surrounds the screw [14]. In
the second process, osseointegration occurs in the opposite direction, from the implant to
the periphery. The apposition of new bone requires a continuous recall of cells from the
bone and bloodstream towards the implant, since osteoblasts, after differentiation, are only
capable of producing bone by apposition [14]. Once they are polarized, they produce ECM
proteins, especially collagen, with the aim of giving a precise structure to the bone–implant
interface, which, after calcification, turns into osteoid matrix and finally into bone tissue [14].
It should be noted that osteointegration is also linked to the concepts of osteoinduction
and osteoconduction [13]. The former is related to the stimulation of osteoprogenitor
cells to osteoblastic differentiation, a phenomenon that initiates osteogenesis, therefore
“inducing” it. Osteoconduction, on the other hand, concerns the growth of the bone
on a surface, therefore implying the existence of more or less osteoconductive surfaces,
i.e., able to favor better or worse the adhesion and adaptation of the cells to the implant
site. It can be seen that the direct anchorage (osseointegration) between the implant and
the new bone, if maintained successfully and without the interposition of fibrous tissue
(conversely, osteofibrointegration involves inflammatory reactions, bone resorption and
implant failure), is nothing more than the concrete result of a previous osteoinduction and
osteoconduction [13]. The osseointegration process and its quantity depend on the type of
implant surface, which can have a geometry that attracts osteoblast cells; therefore, great
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effort from researchers has been directed towards improving the capabilities of titanium
implant surfaces [7,15].

Figure 2. Implant stability assessment. X axis: weeks. Y axis: stability (%). Primary stability (purple)
and secondary stability (blue) respectively decrease and increase, according to the curve in the graph.
The yellow curve indicates total stability, with a dip after the first two weeks. The bone-to-implant
contact (BIC) is a well-established technique to assess the degree of osseointegration and the speed of
healing of dental implants.

Certain surface modifications may also include bioactive materials. The contact
between the implant and the bone can be influenced by the shape of the implant, such
as grooves, ridges, and tool marks [16]. The overall surface area that is available for
osseointegration may be increased by the implant shape. Rougher surfaces can encourage
bone cells to adhere, differentiate, and proliferate, resulting in an increase in bone formation
and mineralization [17]. It has been demonstrated that rougher surfaces with an open
structure promote quicker and more efficient osseointegration. Unfortunately, this rougher
substrate’s surface has a propensity to harboring microorganisms [16–18].

The majority of approaches aim to modify surface roughness. Machine work, blasting,
laser etching, 3D printing, acid/alkaline etching, anodizing, and coatings can all cause
surface roughness. Implant surfaces that have been machined typically have a roughness
of less than 1 m. The roughest surfaces are those that have undergone plasma spraying and
blasting. The roughness is determined by the sizes of the blasting particles. Polyelectrolytes
do not change the surface roughness of acid-etched or machined titanium surfaces after
sandblasting. There is disagreement on the ideal implant surface roughness that will have
the optimum benefits on bone [19].

The surface composition has an Impact on hydrophilicity, which adds to the wettability
and surface energy of the implant surface. Current surface modification approaches can
increase hydrophilicity and surface area. Surface chemistry and wettability can both be
changed by electrochemical functionalization [20].

In addition to modifying the surface using physical or chemical methods, it is possible
to change its properties by adding other materials to the titanium surface, e.g., bioactive
glasses, ceramics, etc. [21].

Different surface treatments have been developed to improve osseointegration, which
allow the micro-topography to be roughened, such as machining, sandblasting, acid-
etching, anodization, grit-blasting, and various coatings [22]. The surface treatment has the
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purpose of increasing the contact area of the implant with the biological tissues, improving
the osseointegration between the bone tissue and the implant. Already with a single thread,
the degree of resistance to tensile and compressive force is greater than that of machined
implants; the presence of micro-retention on the surface of the fixture allows for increase
the tensile strength and torsion of the implant [22].

Some authors have demonstrated that macrophages, epithelial cells and osteoblasts
have a high trophism towards rough surfaces [22–24]. An implant’s surface roughness has
the capacity to precisely select one population of cells and change their functions [22,25].

Sandblasting the titanium surface improves the biomechanical characteristics of the implant
and helps to increase primary stability, enhancing the mechanisms of osseointegration [26].

Acid-etched surfaces are another subtractive technique that can be performed with
different acids (sulfuric, hydrochloric) [25]. Following the good results provided by the
two subtractive sandblasting and etching techniques, it was decided to combine their
advantages in a single treatment, in order to obtain an SLA (sandblasted, large grit, acid-
etched) surface: the first sandblasting phase determines a roughness that guarantees a
strong mechanical fixation, the acid attack instead perfects the topographical conformation
and helps to promote the adhesion of proteins, which is considered essential in the initial
stages of bone healing [25,27].

Another method of surface treatment consists of additive techniques, coating the
implant via titanium plasma spraying (TPS). This technology is currently used to increase
surface roughness [28].

A lot of scientific work has been focused on bioactive surface coatings: these novel
methods aim to imitate the metabolic environment and nanostructural organization of
human bone (biomimetic effect) [7,29]. Experiments have been performed using a number
of substances, medications, growth factors and proteins with the aim of producing inno-
vative coatings [30]. One example of a process that is performed on the surface of dental
implants is veneering with hydroxyapatite, which promotes the complete integration of the
titanium with human bone tissues [31]. Additionally, bone morphogenetic proteins (BMPs),
platelet-derived growth factor (PDGF), insulin-like growth factors (IGF-1 and 2), and a
group of transforming growth factors (TGF-β family) could be used as bone-stimulating
substances applied to the surface of titanium dental implants [32–35].

Short sequences of amino acids make up the biomolecules known as peptides [35].
Designing new implant surfaces has made use of certain peptides that promote cell adhesion
in osseointegration or that have antibacterial properties like RGD peptide or human beta-
defensins (HBDs) [29,36].

Implant surfaces can potentially include drugs that regulate the process of bone re-
modeling. In clinical conditions lacking bone support, such as resorbed alveolar ridges,
incorporation of bone antiresorptive medications, such as biphosphonates, may be ex-
tremely significant [37]. Recent researches have demonstrated that adding biphosphonate
to titanium implants enhances local bone density in the peri-implant area [38–40].

Graphene is a single layer of sp2-hybridized carbon atoms with a honeycomb lattice,
and is a key component of fullerenes and carbon nanotubes. It has been attracting con-
siderable interest in the physical, chemical and biomedical fields in recent years due to its
mechanical properties, optimal electrical conductivity and very high surface area [41–43].
In particular, this material has been the subject of studies on osteogenesis, neurogenesis
and biogenesis, showing strong biocompatibility and good stem cell differentiation in
studies [44–46]. In addition, studies have shown graphene oxide (GO) to have antibacterial
properties. GO is an oxidized version of graphene with numerous oxygen bonds on both
accessible sides, such as carboxyl (-COOH), carbonyl (-C=O), and hydroxyl (OH). The pres-
ence of these groups enhances interactions with biomolecules and causes bacterial death
without involving the cell. GO’s antibacterial activity is linked to a variety of processes,
including membrane stress, oxidative stress, entrapment, basal plane, and photothermal
impact. The rough edges of GO nanolayers can physically disrupt bacterial membranes,
leading to bacterial inactivation owing to internal matrix leaking [47–50].
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Porphyromonas gingivalis, Fusobacterium nucleatum, Tannerella forsythia, and Treponema
denticola seem to compose the majority of the peri-implant biofilm [51]. He et al. showed
that graphene oxide decreased F. nucleatum and P. gingivalis proliferation [52]. Further-
more, Ghorbanzadeh et al. reported the use of graphene oxide (GO)-coated composites in
drastically lowering the metabolic activity of Streptococcus mutans, a prominent cariogenic
agent [53]. Another GO-CS-HA composite demonstrated lower S. aureus adhesion while
also offering strong corrosion resistance and no cell toxicity [54]. GO has also been tested
against Candida albicans in combination with curcumin and polyethylene glycol [55,56].
Graphene has also been coupled with curcumin for utilization as an antimicrobial photody-
namic therapy photosensitizer agent for peri-implantitis treatment. The results showed
that there was a great effectiveness in reducing biofilm development [57].

These properties of graphene can be exploited in implant surface design to overcome
the problems associated with typical titanium-based dental implants. The aim of this paper
is to evaluate the current and future applications of graphene with titanium in implantology
by examining its possible advantages.

2. Materials and Methods

2.1. Protocol and Registration

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines were used in this systematic review [58].

2.2. Inclusion Criteria

All appropriate trials were assessed by two reviewers using the following inclusion
criteria: (1) studies with human subjects; (2) studies in vitro; (3) open-access studies that
other researchers can access for free; (4) articles in English language.

2.3. Exclusion Criteria

The exclusion criteria used in the search strategy were as follows: (1) animal studies;
(2) systematic reviews; (3) meta-analyses; (4) narrative reviews; (5) letters; (6) books;
(7) articles on implants not related to dentistry.

2.4. Search Processing

We searched PubMed, Scopus and Web of Science with a constraint on English-
language papers from 8 February 2013 through 8 February 2023 that matched our topic.
The following Boolean keywords were utilized in the search strategy: “Graphene Coating”
AND “Dental Implant”. These terms were chosen because they best describe the objective
of our investigation, which was to evaluate the role of graphene as a material in dentistry
useful in the prevention of bacterial infections and in supporting osseointegration.

3. Results

A total of 178 publications were identified from the PubMed (41), Scopus (57) and
Web of Science (80) databases, resulting in 145 articles after the removal of duplicates (33).
Analysis of the title and abstract resulted in the exclusion of 109 articles as being off topic,
because they were not related to the use of graphene in implant dentistry. The writers
successfully retrieved the remaining 36 papers and evaluated their eligibility. The approach
resulted in the exclusion of 12 articles for being off topic. The evaluation finally resulted in
the inclusion of 14 papers for qualitative analysis (Figure 3; Table 1).
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Figure 3. PRISMA flowchart diagram of the inclusion process.

Table 1. Studies included for qualitative analysis.

Authors Type of Study Materials and Methods Conclusions

Kulshrestha, S. et al., 2014 [59] In vitro study
S. mutans MTCC 497 on plates of
Graphene Nanocomposite/Zinc
Oxide (GZNC)

- GZNC has antibacterial action
against S. mutans
- GZNC treatment inhibits biofilm
production
- GZNC as an implant coating
reduces cytotoxicity

Ren, N. et al., 2017 [60] In vitro study

Graphene oxide (GO) sheets
produced by the modified Hummer’s
technique were combined with
bioactive titanate on titanium
implants (GO-Ti) before reduction
(rGO-Ti). Cell proliferation of rat
bone mesenchymal stem cells
(rBMSCs) on them was assessed by
mRNA expression and alkaline
phosphatase activity.

Results revealed that Dexamethasone
loaded surface (DEXdex-GO-Ti)
performed superbly in increasing cell
proliferation. In RMBSCs on
DEX-GO-Ti, osteogenic
differentiation-related proteins,
mRNA, and calcium were all highly
expressed.

Dubey, N. et al., 2018 [61] In vitro study

- S. mutans and Enterococus faecalis on
titanium plates coated with graphene
- Culture of human osteoblastic cells
in contact with graphene-coated
titanium plates

- Graphene-coated titanium:
1. Is cytocompatible
2. Induced the maturation of human
osteoblasts
3. Increased mineralized matrix
deposition compared with titanium
alone
- GO was found to reduce the growth
of Streptococcus Mutans and
Enterococus Faecalis
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Table 1. Cont.

Authors Type of Study Materials and Methods Conclusions

Suo, L. et al., 2018 [62] In vitro and in vivo
study

Groups created for in vitro and
in vivo evaluation:
A. HA-Ti: Titanium +
Hydroxyapatite (HA).
B. GO/HA-Ti: group A coated
with GO.
C. CS/HA-Ti: group A coated with
chitosan (CS)
D. GO/CS/HA-Ti: group D coated
by GO

Graphene
oxide/chitosan/hydroxyapatite
(GO/CS/HA)-coated titanium
increases BMSC cell adhesion,
proliferation, and differentiation
in vitro.
In addition, it demonstrated superior
osseointegration during in vivo
animal tests (rat tibia)

Rho, K. et al., 2019 [63] In vitro study
Graphene-coated titanium with
non-thermal atmospheric pressure
plasma treatment

- Argon plasma treatment improves
biocompatibility of titanium
- Graphene oxide deposition by
nonthermal plasma at atmospheric
pressure enhances cell differentiation
into osteoblasts, ensuring bone
growth around the implant

Agarwalla, S.V. et al., 2021 [64] In vitro study

Growth of C. albicans on
graphene-coated grade 4 titanium
plates was monitored for seven days.
Uncoated titanium was the Control.

Graphene coating on titanium
surface inhibits C. albicans biofilm
formation due to its hydrophobic
properties

Li, Q. and Wang, Z. 2020 [65] In vitro and in vivo
study

Evaluation of the behavior of rBMSC
on acid-etched titanium SLA surfaces
(control group) and on
graphene-coated acid-etched
titanium SLA surfaces.
In addition, osteogenesis was
evaluated in vivo (in rat femur).

The coating of GO:
- Made the SLA surface more
hydrophilic and capable of protein
adsorption
- Promoted adhesion, cell
proliferation and osteogenic
differentiation of BMSCs (activation
of FAK/P38 pathway)High bone
regeneration capacity was observed
around GO-modified implants
placed in rat femurs

Agarwalla, S.V. et al., 2019 [66] In vitro study

Streptococcus mutans, Enterococcus
faecalis, Pseudomonas aeruginosa, and
Candida albicans biofilm development
was assessed after 24 h on graphene
coating titanium surfaces

For all species, titanium surfaces
transferred two times with graphene
(TiGD) offered superior quality while
reducing the development of biofilm.
The production of biofilms was
shown to be reduced in correlation
with enhanced hydrophobicity of
graphene sheets.

Kang, M.S. et al., 2021 [67] In vitro study

Atomic force microscopy (AFM),
water contact angle, and Raman
spectroscopy were used to analyze
the physicochemical properties of
rGO-coated Ti substrates. hMSCs
were also cultivated on rGO-Ti, and
their cellular characteristics, such as
growth and osteogenic
differentiation, were assessed.

By applying rGO evenly to Ti
substrates the surface roughness and
contact angle of Ti substrates could
be reduced. After 7 days of
incubation, rGO-Ti substrates greatly
enhanced cell proliferation.

Lorusso, F. et al., 2021 [68] In vivo study

Graphene-doped poly methyl
methacrylate (PMMA) was
compared to PMMA to determine
water sorption, water solubility, and
tolerance in rabbits using
pyrogen test.

The levels of water sorption and
solubility were very low in all of the
testing samples. After the treatment,
unaged graphene-doped PMMA
specimens shown a stability in their
physical and optical characteristics.
Animal tests on the graphene-doped
PMMA failed to produce pyrogens,
an intradermal and systemic irritant.
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Table 1. Cont.

Authors Type of Study Materials and Methods Conclusions

Cao, X. et al., 2022 [69] In vitro study

Anodic oxidation was used to
prepare electrodeposition-loaded
TiO2 and GO nanotubes.
Pure titanium disks was used as the
control group and GO-coated
titanium surface was used as the
experimental group.

GO can modulate the cellular
behavior of HGF on titanium
surfaces. It also activates the MAPK
signaling pathway to regulate HGF
adhesion, spreading and migration,
possibly by promoting TGF-β1
expression to promote HGF
proliferation.

Shin, Y.C. et al., 2022 [70] In vitro and in vivo
study

Acid-etched SLA Ti (ST) implants
were modified with rhBMP-2 and
rGO. In vitro cell behaviors, in vivo
osseointegration activity were
evaluated among different groups,
including ST (control),
rhBMP-2-immobilized ST (BI-ST),
rhBMP-2-treated ST (BT-ST) and
rGO-coated ST (R-ST).

The titanium surface coated
with rGO
- Has high biocompatibility and
superior ability to absorb exogenous
proteins
- Promotes cell growth and
osteogenic differentiation without
any osteogenic factors
- Accelerates osseointegration and
dental tissue regeneration in vivo

Kwak, J.M. et al., 2022 [71] In vitro and in vivo
study

In vitro, BMSCs and Human
Gingival Fibroblasts
(HGFs) were seeded onto titanium
discs, the surfaces of which had been
treated in four different ways (SLA
and/or GO).
In vivo, a rabbit tibia model is used to
observe the effects of the four surface
treatments on the osseointegration of
titanium implants.

GO coating of implant surfaces
promote cell adhesion, proliferation,
osteogenic differentiation and
osseointegration.
- Expression of ALP, RUNX2 and
COL1A1 in titanium disc cells
increased after ALS treatment and
GO coating
- Cell proliferation on GO-coated
titanium discs was 25% higher than
on non-GO-coated titanium discs
- In the rabbit tibia study, it was seen
that the GO-coated titanium implant
had the highest BIC

Baheti, W. et al., 2023 [72] In vitro study

Modified Ti implant surfaces were
coated with GO, HA, HA-2%GO, and
HA-5%GO by electrophoresis
deposition and compared with
uncoated Ti. Biological
characteristics and osteogenic
efficacy of in vitro-cultured rBMSCs.

The Ti surface’s roughness and
hydrophilicity were enhanced by the
HA-GO nanocomposite coating. Cell
adhesion and diffusion were
improved on HA-GO-modified Ti
surfaces compared to untreated Ti or
Ti modified by HA or GO alone.
Moreover, on surfaces treated with
HA-GO, the proliferation and
osteogenic differentiation of BMSCs
in vitro were enhanced.

4. Discussion

Graphene oxide represents a promising nanomaterial because of its exceptional physi-
cal and chemical qualities. Considerable research in recent years has concentrated on using
graphene in biomedical applications such as tissue engineering, antimicrobial materials,
and implants [73]. In this review, we investigated the literature on PubMed, Web of Science
and Scopus, regarding the role of graphene to functionalize dental implant surfaces and its
interactions with the host tissue.

Graphene is a single atomic sheet of sp2 hybridized carbon atoms arranged in a
honeycomb lattice. Is the thinnest and strongest substance presented in nature [74]. It
was originally effectively isolated in 2004 by Geim and Novoselov. Due to its exceptional
qualities, including mechanical strength, elasticity, and electrical characteristics, graphene
has attracted a lot of attention in research [75]. The two primary graphene derivatives
are graphene oxide (GO) and reduced graphene oxide (rGO) [76]. Because of its great
biocompatibility and low levels of toxicity, its hydro-solubility and reactive oxygen func-
tional groups, studies have shown that graphene and GO may be used as supports in
the biomedical sector for tissue regeneration, cell differentiation and proliferation also for
enhancing the bioactivity and mechanical performance of biomaterials as well as serving
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as a carrier for drug and biomolecules [68]. Graphene is a single atomic sheet of sp2
hybridized carbon atoms arranged in a honeycomb lattice. Is the thinnest and strongest
substance presented in nature [74]. It was originally effectively isolated in 2004 by Geim
and Novoselov. Due to its exceptional qualities, including mechanical strength, elasticity,
and electrical characteristics, graphene has attracted a lot of attention in research [75]. The
two primary graphene derivatives are graphene oxide (GO) and reduced graphene oxide
(rGO) [76]. Because of its great biocompatibility and low levels of toxicity, its idro-solubility
and reactive oxygen functional groups, studies have shown that graphene and GO may be
used as supports in the biomedical sector for tissue regeneration, cell differentiation and
proliferation also for enhancing the bioactivity and mechanical performance of biomaterials
as well as serving as a carrier for drug and biomolecules [68].

According to a recent review by Liu et al., graphene has a potential role in oral disease
treatment [73]: regarding restorative materials, it may be used for caries filling, since it
may enhance the physicochemical and mechanical qualities of dental polymers and exhibit
superior biocompatibility. It can be mixed with glass ionomer cements to enhance the
composites’ mechanical characteristics without having a negative impact on their aesthetic
properties or their ability to release fluoride [77]. As shown by other authors, it can also
enhance the quality of primer adhesion [78]. According to a recent review by Liu et al.
Graphene has a potential role in oral disease treatment [73]: regarding restorative materials,
it may be used for caries filling, since it may enhance the physicochemical and mechanical
qualities of dental polymers and exhibit superior biocompatibility. It can be mixed with
glass ionomer cements to enhance the composites’ mechanical characteristics without
having a negative impact on their aesthetic properties or their ability to release fluoride [77].
As shown by other authors, it can also enhance the quality of primers’ adhesion [78].

Evidence suggests that graphene and GO exert an anticaries effect, preventing the
development of S. mutans and P. gingivalis. In addition, graphene and GO can encourage
human dental pulp stem cell (hDPSC) and periodontal ligament stem cell (PDLSC) dif-
ferentiation and proliferation, which is helpful for the regeneration of dental pulp and
periodontal ligament [73]. Graphene and its derivatives have shown considerable poten-
tial for the development of drug delivery systems, particularly for the administration of
medications for targeted cancer therapy [73].

Unfortunately, there are currently just a few lines of support for the use of GO for this
scope.

Graphene improves the antibacterial capabilities of ZnO nanoparticles, with an an-
tibacterial effect that is significantly stronger than that of ZnO nanoparticles alone. The
biofilm growth on the teeth was decreased by 85% with the GZNC coating [59]. According
to this investigation, GZNC may work well against S. mutans as an antibacterial and anti-
biofilm agent. The nanocomposite also works well as a veneering agent for dental implants
due to its low toxicity [59].

Bacterial adhesion must be prevented, since it is difficult to eliminate biofilm in the
oral cavity once it has formed. By altering the implant surface, biofilm development can be
prevented [79].

The minimal inhibitory concentration (MIC) of graphene nanocomposite/zinc oxide
(GZNC) against S. mutans was found to be 125 μg mL−1 in the study of Kulshrestha et al.,
whereas the minimum bactericidal concentration (MBC) was found to be 250 μg mL−1 [59].
Graphene was found to diminish the growth of Streptococcus Mutans and Enterococcus
Faecalis in the study of Dubey et al. [61], and to decrease the growth of Candida albicans
in the study of Agarwalla et al. [64]. However, the antibacterial activity in the graphene
oxide sample in the investigation ok Rho et al. was quite weak [63]. Moreover, titanium’s
biocompatibility was improved by argon plasma treatment, and non-thermal plasma depo-
sition of GO at atmospheric pressure encouraged bone development around the implant by
promoting osteoblast cell differentiation [63]. According to a study of Shin et al., increasing
the concentration of rGO on titanium surfaces results in rougher surfaces that are more able
to absorb exogenous proteins, which in turn promotes cell proliferation and osteogenic
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differentiation [70]. Furthermore, in the study of Kwak et al., the surface roughness of SLA
discs was higher than that of titanium discs [71]. After GO coating, the surface roughness
decreased slightly, but no significant difference was observed. Furthermore, the expression
of alkaline phosphatase (ALP, a marker for osteoblastic differentiation) in cells on titanium
discs increased after SLA treatment and GO coating [71]. Cell proliferation on GO-coated
titanium discs was 25% higher than that on non-GO coated titanium discs [71]. Notably,
the expression of ALP, Runt-related transcription factor 2 (RUNX2) and collagen type I-α1
(COL1A1) is upregulated in cells on GO-SLA-Ti discs [71]. These authors expanded their
rabbit tibia study and found that GO-coated titanium implant had the highest bone-to-
implant contact ratio (BIC), followed by GO-SLA-Ti, SLA-Ti and Ti [71]. For the GO-Ti and
SLA-Ti groups, there were statistically significant variations in BIC ratio. The BIC ratios
between the four implant groups were comparable at 4 weeks, though [71]. In the study
by Li et al., bone marrow mesenchymal stem cells (BMSCs) grown on the surface of GO-
modified material produced higher ALP than those grown on the surface of SLA material.
This demonstrates the ability on the part of GO to induce early osteogenic differentiation
of BMSCs [65]. The FAK/P38 pathway is activated by GO modification-induced BMSC
osteogenic differentiation. Moreover, SLA/GO implants demonstrated outstanding in vivo
osseointegration performance, because TGF and BMP2 were expressed at the gene level,
the RUNX2 factor was activated, and PGE2 production was increased [65].

Suo et al. observed that titanium coated by graphene oxide/chitosan/hydroxyapatite
(GO/CS/HA-Ti) had greater bioactivity in terms of enhanced adhesion, proliferation,
and differentiation of BMSCs during in vitro cytological evaluation, and it demonstrated
superior osseointegration during in vivo animal testing [62]. On titanium surfaces, GO can
alter how human gingival fibroblasts (HGFs) behave cellularly [69]. According to research,
GO regulates HGF adhesion, diffusion, migration, and proliferation through activating the
MAKP signaling pathway, presumably by encouraging TGF-1 expression [69]. Furthermore,
it was mentioned in the study by Kang et al. that rGO-Ti substrates supported hMSC
osteogenic differentiation as well as proliferation [67]. These results are primarily explained
by the unique properties of rGO, such as its hydrophilic nature and electrical conductivity,
thus improving cell adhesion, protein absorption from serum, and cell–cell or cell–matrix
signaling [67]. It has been demonstrated in the literature that titanium surfaces coated
with hydroxyapatite (HA) and GO increase hydrophilicity and cause mouse bone marrow
mesenchymal stem cells to differentiate into osteoblasts (BMSCs) [72]. Even in the research
of Agarwalla et al., samples in which the graphene has been transferred dry without the
use of risky agents exhibit an increase in titanium’s hydrophilicity [66]. Titanium surfaces
with GO coatings are more hydrophilic than SLA surfaces, on average [65]. Moreover,
the GO-modified surface interacts with proteins through electrostatic interactions and
encourages protein adsorption [65].

In the research by Ren et al., GO was applied as a coating to titanium foils as a drug
delivery system to promote osteo-differentiation and cell proliferation of rat bone mes-
enchymal stem cells (rBMSC) [60]. Dexamethasone loaded on GO coupled with bioactive
titanate on Ti implants (DEX-GO-Ti) and Dexamethasone loaded on rGO coupled with
bioactive titanate on Ti implants (DEX-rGO-Ti) both allowed for improved adsorption and
long-lasting release of dexamethasone (DEX) [60]. For DEX-GO-Ti substrates as opposed
to DEX-Control and DEX-rGO-Ti substrates, a significantly greater proliferation rate of
rBMSCs was attained. Moreover, rBMSCs differentiated more osteogenically on DEX-GO-Ti
and DEX-rGO-Ti substrates than on DEX-Control substrates [60]. As a result, the titanium
surface’s DEX-loaded GO coating controlled the bioactivity of Ti implants, paving the way
for new developments in dentistry [60].

Biomaterials derived from polymethylmethacrylate (PMMA), and in particular PMMA
doped with graphene (GD-PMMA), were tested by Lorusso et al., who evaluated the os-
seointegration capacity of GD-PMMA [68]. In their study, 18 PMMA and 18 GD-PMMA
implants were placed in the femoral knee joint of male rabbits [68]. All implants integrated
well into the bone, but the GD-PMMA titanium surfaces were shown to improve osseoin-

137



Coatings 2023, 13, 725

tegration in rabbit femurs. Furthermore, the authors suggested that further in vitro and
in vivo animal studies are needed to evaluate a potential clinical use for dental implant
applications [68,80].

Streptococcus mutans growth has been demonstrated to be inhibited by GZNC [66],
while studies by Dubey et al. [61] and Agarwalla et al. [66] indicated that GO also reduced
the growth of Streptococcus Mutans and Enterococcus Faecalis and Candida albicans. Rho
et al., in contrast, claimed that the antibacterial activity of GO was only moderate [63]. In
addition, non-thermal plasma deposition of GO at atmospheric pressure would encourage
bone growth around the implant by boosting osteoblastic cell differentiation, which would
increase the biocompatibility of titanium [63].

Increased rGO concentration on titanium surfaces produces rougher surfaces that may
absorb exogenous proteins, which in turn encourages cell proliferation and osteogenic
differentiation, according to research by Shin et al. [70] and Kwak et al. [71]. ALP, RUNX2,
and COL1A1 expression also seems to be enhanced by rGO [71]. Several studies have
demonstrated the ability of GO to induce early osteogenic differentiation of BMSCs by
activating the FAK/P38 pathway and increased adhesion capacity, proliferation of BM-
SCs [62,65]. In addition, GO can regulate adhesion, migration and proliferation of HGF [69]
and hMSCs [66,67,72]. In the research of Ren et al., GO was applied as a titanium sheet
coating as a drug delivery system to promote osteodifferentiation and cell proliferation of
rBMSCs [60]. Improved DEX adsorption and prolonged DEX release were made possible
by DEX-GO-Ti and DEX-rGO-Ti, respectively [60]. A considerably higher rate of rBMSC
proliferation was attained for DEX-GO-Ti substrates as compared to DEX-Control and
DEX-rGO-Ti substrates. Moreover, on DEX-GO-Ti and DEX-rGO-Ti substrates compared
to DEX-Control substrates, rBMSCs differentiated more osteogenically [60]. As a result,
the titanium surface’s DEX-filled GO covering controlled the bioactivity of Ti implants,
opening the door for future advancements in dentistry [60].

Lorusso et al. [68] evaluated implants made of PMMA, specifically GD-PMMA. The
study’s objective was to assess GD-osseointegration PMMA’s capacity before considering
it as a possible material for dental implant devices [68]. In their research, male rabbits
with femoral knee joints had 18 PMMA and 18 GD-PMMA implants inserted [68]. All
implants fused successfully with the bone, although research on rabbit femurs revealed
that GD-PMMA titanium surfaces enhanced osseointegration. More in vitro and in vivo
animal investigations, according to the authors, are required in order to assess the potential
clinical utility of dental implant applications [68,80].

5. Conclusions

Graphene Oxide represents a promising nanomaterial because of its exceptional physi-
cal and chemical qualities. From our results graphene coatings may considerably increase
osteogenic differentiation of bone marrow mesenchymal stem cells in vitro by the regu-
lation of FAK/P38 signaling pathway and can encourage in vivo the osteointegration of
dental implants. However, these potential applications need further studies to be validated,
especially in humans. The addition of surface roughness from GO coatings to implant
surfaces was found to be stable, non-reactive, and conducive to cell adhesion, diffusion, and
proliferation. For addressing several significant issues, the use of GO in implant veneers
appears promising. First off, germs found on the tissues surrounding the implant and
graphene oxide’s antibacterial properties are two of the primary causes of implant failure.
Furthermore, several studies have shown that GO can help with osseointegration. Second,
GO has the ability to bind biomolecules and active ingredients that may aid further improve
osseointegration and quicken the healing process.

Based on the body of research, we draw the conclusion that GO coatings hold signifi-
cant promise for preserving a healthy balance between a coated dental implant’s capacity
to prevent biofilm formation and its capacity to incite a positive cellular response.
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Abbrevations

ALP Alkaline Phosphatase
BIC Bone-to-Implant Contact
BMPs bone morphogenetic proteins
BMSCs Bone Marrow Mesenchymal Stem Cells
COL1A1 Collagen type 1-α1
DEX Dexamethasone
DEX-GO-Ti Dexamethasone loaded on GO coupled with bioactive titanate on Ti implants
DEX-rGO-Ti Dexamethasone loaded on rGO coupled with bioactive titanate on Ti implants
GD-PMMA Graphene-doped polymethylmethacrylate
GO Graphene Oxide
GO/CS/HA-Ti Titanium coated by graphene oxide/chitosan/hydroxyapatite
GZNC Graphene Nanocomposite/Zinc Oxide
HA Hydroxyapatite
HBD Human beta defensins
hDPSC human dental pulp stem cell
HGFs Human Gingival Fibroblasts
hMSCs human Mesenchymal Stem Cells
IGF insulin-like growth factors
MBC Minimum Bactericidal Concentration
MIC Minimal Inhibitory Concentration
PDGF platelet-derived growth factor
PDLSC Periodontal ligament stem cells
PMMA Polymethylmethacrylate
rBMSC rat Bone Mesenchymal Stem Cells
rGO reduced graphene oxide
RUNX2 Runt-related transcription factor 2
SLA Sandblasted, Large grit, Acid-etched
TPS Titanium plasma-sprayed
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