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Highlights:

e  The adsorption models of RGD on different surfaces of Mg and Mg alloys were set up.

e  Alloying elements promoted the adsorption of RGD on different Mg surfaces.

e  Theligand covalent bond between RGD and substrate was formed.

e  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);, 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. Hoffling 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-



Coatings 2022, 12,1814

30f12

face energy (Esurp) 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 x 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 A 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 108 eV, and the convergence criterion of the force was 10~ eV/A.
When calculating the interaction of RGD tripeptide on the Mg surfaces, six atomic layer
thickness with the vacuum of 20 A 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/A and 10~ 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 Ej,s for different number of layers were
obtained by using the following equation.

1
Esurf = ﬂ(Eslab - NslabEhulk) 1

where A is the area of the surface; Eg,; is the energy of the optimized surface; Ny, is
the number of atoms in the selected surface model; and Ej,j is the energy of per atom in
the bulk.

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

Eads = Emol+sub - (Emol + Esub) (2)

where E,;, Eqp and E,p51,,p Tepresent 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 A, 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.
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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 E,;r of Mg
surfaces at different layer thicknesses were calculated according to equation (1), as shown
in Figure 2.
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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 Eg,,1, respectively. The order of E,, 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.

D = Voacuum — Efermi (3)

where Viyacuum 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 Energy(meV/A2) Work Function (eV)
Surface
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 E;;;r and ® of Mg(0001) surface were 34.30 meV/ A% 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 Esupand
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.



Coatings 2022, 12,1814

50f12

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 (-CN3Hy), amino (-NH>), 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 E,z; 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(lOTl) surfaces via amino, carboxyl
and guanidinium functional groups. The calculated E,;; 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 A and 2.11~2.33 A, 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 A and 2.09 A) [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.
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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—0) Mg(101 1) surfaces. The bond lengths (in
A) 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 A 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 A and 2.39~2.42 A,
respectively, which were very close to the sum of the theoretical covalent radii bond lengths
of 2.40 A and 2.43 A [37].
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Table 2 shows the E,;; 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 E,;; 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 E, ;s of RGD on different surfaces of Mg alloys were significantly increased
due to the more active extranuclear electrons. The rank of the E, 4, 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. E,;; 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 —491 —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.

(b) —

PDOS

8 -4 0 4 8 12 16 8 -4 0 4 8 12 16

E-Ef (eV) E-Ef (eV)
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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[1010]

Mg(0001) Mg(1011) Mg(1120)

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 E,;; of RGD.

0.0160
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0032
0.0016
0.0000

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(lOTl) sur-
faces, the changes of electronic structures (see Figures 7 and 8) were investigated through
PDOS, and the charge density difference (Ap) 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].

Ap = Omol+surf — (Pmol + psurf> 4)

where ;01157 18 the total charge density of the optimized adsorbate-substrate systems,
Pmot i the charge density of RGD without surface, and pg,,r 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 atom:s,
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.
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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.
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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.

ST

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/ A3, 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 E,;, was AE(1120) > AE(1011) > AE(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 E, 4 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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