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Abstract

:

Nanoscale surface topographies mediated with biochemical cues influence the differentiation of stem cells into different lineages. This research focuses on the adsorption behavior of bone morphogenetic protein (BMP-2) on nanopatterned gold substrates, which can aid in the differentiation of bone and cartilage tissue constructs. The gold substrates were patterned as flat, pillar, linear grating, and linear-grating deep based, and the BMP-2 conformation in end-on configuration was studied over 20 ns. The linear grating deep substrate pattern had the highest adsorption energy of around 125 kJ/mol and maintained its radius of gyration of 18.5 Å, indicating a stable adsorption behavior. Secondary structures including α-helix and β-sheet displayed no denaturation, and thus, the bioavailability of the BMP-2, for the deep linear-grating pattern. Ramachandran plots for the wrist and knuckle epitopes indicated no steric hindrances and provided binding sites to type I and type II receptors. The deep linear-grating substrate had the highest number of contacts (88 atoms) within 5 Å of the gold substrate, indicating its preferred nanoscale pattern choice among the substrates considered. This research provides new insights into the atomistic adsorption of BMP-2 on nanoscale topographies of a gold substrate, with applications in biomedical implants and regenerative medicine.
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1. Introduction


Protein adsorption on a biomaterial for tissue engineering applications relies on the conformational and orientation behavior of the protein to obtain biological responses, including biocompatibility and cellular interactions [1,2]. It influences the sensitivity and efficiency of protein–cell interactions [3]. Protein and surface properties and environmental conditions strongly guide adsorption [3]. Protein properties include size, rigidity, and residue charges; surface properties include wettability, charge, and topology; environmental conditions include temperature, pH, hydrophobicity, and ionic strength [1]. An adequate topology and morphology of a biomaterial surface can promote cell adhesion, proliferation, and migration [4,5]. Controlled orientation of adsorption assures better biological functions for the specific application [1]. Therefore, surface modification can improve the functionality and biocompatibility according to the desired biological application [6].



Among the proteins used for bone tissue engineering purposes, bone morphogenetic protein-2 (BMP-2) is responsible for the formation and restoration of bone structure because it differentiates and proliferates osteoblasts [7,8,9]. Human recombinant BMP-2 (rhBMP-2) is approved by the US Food and Drug Administration (FDA) for clinical use in lumbar fusion [10], acute open tibial shaft fractures [11], and as an alternative to autogenous bone grafting for sinus augmentation and alveolar ridge augmentation [12]. However, the effective healing of bone in humans requires high concentrations of proteins, which increases its clinical side effects, including postoperative inflammation and infection, tissue swelling, ectopic bone formation, and improper adipogenesis [9]. An excessive dosage of BMP-2 is related to most of the adverse reactions while not always promoting increased fusion rates in the spine and long bone nonunion treatments [13]. Additionally, it still presents some challenges related to its delivery process, including uncontrolled release [14,15,16,17].



BMP-2 requires a biomaterial that will maintain protein concentration during tissue regeneration, allowing prolonged release to induce bone repair effectively [18]. The biomaterial’s specific topographic patterns can enhance protein–surface interactions facilitating protein adsorption [19]. The behavior of adsorption on the surface of biomaterials has been studied by both experimental and computational methods. Experimental studies of protein adsorption include approaches such as atomic force microscopy, secondary ion mass spectroscopy, and sum-frequency generation spectroscopy, which allow indirect predictions of orientation and conformational changes [20]. However, it is insufficient to quantify the orientation and conformation at the molecular level [1]. Molecular dynamics (MD) simulations facilitate the understanding of biological processes, allowing an in-deep investigation of protein adsorption on biomaterials.



In this research, the BMP-2 monomer is implemented as a precursor, to evaluate its structural integrity in light of its eventual usage in both homodimeric and heterodimeric ligand formats [21,22,23,24]. Several researchers have investigated the adsorption behavior and structural conformity of BMP-2 monomers on different substrates, to provide benchmarks on their performance as dimers [25,26,27,28,29]. Our team extends similar approaches in modeling BMP-2 monomers for both configuration orientations and substrate compatibility before proceeding with dimer BMP-2 molecules. Furthermore, studying the BMP-2 monomer can aid in upscaling protein expression and purification strategies, to produce higher yields of biologically active BMP2 dimer. This can be attained by increasing the adsorption of the BMP-2 monomers on gold topographies, which could assist with ligand dimerization during protein refolding.



Our prior research has evaluated the adsorption behavior of four orthogonal orientations of BMP-2 protein with hydrophilic silicon dioxide substrate [30]. The end-on configurations had favorable adsorption characteristics, along with a robust secondary structure. These four orientations were further studied with hydrophobic (gold) and hydrophilic (silicon nitride) flat substrates [31]. Denaturation of secondary structure was observed with silicon nitride due to destruction of the BMP-2 protein, whereas higher bioavailability of BMP-2 was observed with the gold substrate. It was revealed that BMP-2 adsorption relies on the three-way interaction between the protein, the dissolution media, and the substrate. The end-on configuration was deemed as the most suitable configuration for the gold substrate. Our group carried out similar investigations with graphite substrate, which has higher biocompatibility, low friction coefficient, and bone equivalent stiffness and is, thus, used as an implant material [32].



Currently, a few studies have analyzed the effects of patterned materials on the BMP-2 adsorption behavior using MD simulations. Huang Y. (2015) found that surface roughness affects the BMP-2 biding on hydroxyapatite (HAP), while polished crystal surface (thickness 33.1 ± 5.6 nm) enhances protein–surface interaction. Huang L. (2018) [33] studied the adsorption–desorption of BMP-2 on nanopatterned HAP structures, achieving less protein conformational changes and higher cysteine-knot stability with patterned HAP 1:1 (ridge:groove ratio), compared with a flat surface.



In this study, MD simulations were used to understand the effect of patterned gold on the BMP-2 adsorption behavior. Gold nanostructures have been used for different applications in the medical field, such as biosensors, drug delivery, bioimaging, and biocatalysis [34]. However, to our knowledge, there are no MD studies on the effects of topographic patterns of this material on the conformational changes of BMP-2.




2. Materials and Methods


The BMP-2 crystallographic structure Figure 1 (ID:3BMP) was retrieved from the RCSB Protein Data Bank [35], https://www.rcsb.org/ (accessed on 19 January 2022). This structure contains a four-turn α-helix and two antiparallel double-stranded β-sheets. The residues glutamic acid (Glu) and aspartic acid (Asp) were deprotonated, and lysine (Lys) and arginine (Arg) were protonated. Additionally, the histidine (His) residue was considered in the protonated state.



MD simulations were performed using NAMD source code version 2.11 (Phillips, 2005) with CHARMM force field on a 64-bit Linux Fedora platform. K20 and K40 (2496 and 2880 cores) graphical processing units (GPUs) from NVIDIA® Corporation were used for acceleration, in conjunction with K80 (2992 cores) GPU computing resources from XSEDE [36].



Visual Molecular Dynamics (VMD) was used to create the models. The BMP-2 monomer was solvated in a sphere of water with an explicit TIP3P model, and ions of NA+ and Cl− were added at a concentration of 0.15 mol/L. The solvated system had a total charge of 2.28 × 10−6 (i.e., neutral) and a 6.5 nm droplet with 13,863 atoms. The bonded and nonbonded parameters for the protein, water, and salt ions were obtained from the CHARMM force fields [37]. The protein was placed in an end-on orientation on the top center of four gold substrates: flat (FLT), pillars (FLT), shallow linear grating (SLG), and deep linear grating (DLG). This specific orientation improves BMP-2 adsorption on silicon dioxide, silicon nitride, and gold [30,31,32].



The gold substrates were built using the Inorganic Builder plugin on VMD (unit cell parameters a = b = c = 4.08 Å), with a lattice plane (001). The patterns were built by excluding areas of a flat substrate (Figure 2). The nonbonded force field parameters for gold were σij = 3.694 Å and εij = −0.039 kcal/mol [38]. Periodic boundary condition was considered in x and y directions. The simulations were performed at a constant temperature of 310 K, using Langevin temperature control. All atoms in the gold substrate were fixed. All results were analyzed with VMD and MATLAB R2017a software.



The simulations were performed for 20 ns, with a 0.2 ns minimization step and 2 fs integration step. The cutoff distance for Van der Waals interactions was set to 12 Å.



Adsorption energy and the number of residues to interact with the surface were used as parameters to evaluate the BMP-2 adsorption on the substrate, which includes non-bonded and electrostatic energy. The Van der Waals energy, nonbonded, is an attractive–repulsive weak force because of noncovalent bonds; and electrostatic energy from different charge distributions.


   U  VdW    =   ∑ i   ∑     j > 1       4 ε    ij    [     (     σ  ij      r  ij        )    12   −    (     σ  ij      r  ij        )   6   ]   



(1)






   U  Coulomb    =   ∑ i   ∑     j   > 1       q i   q j      4 π   ε 0    r  ij      



(2)




where    r  ij     is the distance between atoms i and j,    ε  ij     is the depth of the potential well, q is the electric charge, and σij is the distance when the potential is zero.



The number of residue contacts is the number of atoms in one residue of the protein that are within 5 Å to the surface of the substrate [39].



The equilibration of the system was evaluated by the root-mean-square deviation (RMSD), which indicates the position of the atoms during the MD simulations [40].


   RMSD =       ∑   i = 1         N   α         (   r i   (   t 1   )  −  r i   (   t 2   )   )   2     N α       



(3)




where    N α    is the number of atoms in which position are being compared, and    r i   ( t )    is the position of atom i at time    ( t )   .



Substantial movement of folding or unfolding of the protein induces denaturation and, consequently, loss of protein bioactivity. The radius of gyration (Rg) indicates the protein conformation during the simulations, i.e., the level of folding.


   R g   =       ∑ i     |   r i  −  r  com    |   2   m i     ∑ i   m i       



(4)




where    |   r i  −  r  com    |    is the distance of the atom i with mass    m i    to the center of mass.



Protein bioactivity was evaluated based on the initial and final secondary structure. The loss of secondary structure, as well as broken α-helix and β-sheet structures, indicates that significant denaturation occurred.




3. Results and Discussion


The effects of nanoscale topographical patterns on the protein adsorption behavior were evaluated over time. Figure 3 shows the final BMP-2 conformation after 20 ns for the different patterned substrates. The protein adsorbed with an α-helix structure parallel to the surface on the flat and linear-grating substrates. All patterned substrates had residues from α-helix and β-sheet structures adsorbing in a perpendicular position, caused by the influence of the rearrangement of salt ions.



A previous study indicated that in flat gold, a hydrophobic substrate, the solvent can restrict the protein movement, preventing residues from adsorbing [32]. This occurred because the wetting of the gold surface directly influences the protein behavior, building a barrier that inhibits adsorption. BMP-2 adsorption on gold occurs only through Van der Waals interactions due to the lack of partial charges. The VdW energy is weaker (less than 50 kJ/mol) than the electrostatic energy (more than 100 kJ/mol). Figure 2 shows the variation in interaction energies for different nanoscale topographies with BMP-2 molecules.



For shallow linear grating (SLG) and pillar (PLR) substrates, adsorption occurred within less than 2 ns, while for deep linear grating (DLG), it occurred after 3 ns. Simulation on flat surface occurred only after 13 ns, reaching similar adsorption energy than simulation on pillars until 17 ns; after that, it reached stronger adsorption, slightly less than both linear-grating structures.



The RMSD plot (Figure 4) of the atomic coordinates shows the structural stability of the systems. Surfaces FLT, SLG, and PLR had similar profiles and reached equilibration after 2 ns. The DLG pattern induced an increase in RMSD, compared with the others, reaching equilibration after 8 ns. In the DLG pattern, BMP-2 took longer to reach the bottom of the slot and, thus, had a delayed equilibration time of 8 ns.



All simulations presented a similar radius of gyration (Rg) profile, preserving most of the secondary structure as shown in Figure 5. The flat substrate had lower values of Rg, less folding/unfolding, which correspond to lower adsorption energy. The Rg fluctuated between 18.5 Å to 19.5 Å for the duration of the simulation, as the end-on orientation has less flexibility to spread [22].



Protein denaturation was evaluated by the analysis of the initial and final secondary structure of the protein (Table 1). Higher conformational changes occurred in the patterned surfaces, compared with flat patterns. No significant disruption of the secondary structure occurred for all configurations, which relates to the ability of the hydrophobic solvent to limit the protein movement on gold surfaces [31]. DLG lost part of its α-helix and β-sheet structures, thus transforming into a coil structure.



The BMP-2 molecule residues have N–Cα and Cα–C bonds (carbonyl oxygen and amide hydrogen in transposition), which can freely rotate. The 3D orientation of the polypeptide backbone is determined by torsion or dihedral angle. Herein, the angle of rotation around N–Cα bond is denoted by phi (φ) and around the Cα–C bond psi (ψ), respectively. Figure 6 shows the distribution of phi (φ) and psi (ψ) torsion angles for different residues at the beginning and end of the simulation for different topographical configurations with the gold substrate. Wrist and knuckle epitopes with their respective residues are also shown, which participate in both SMAD pathways and adsorption with the gold substrate. The blue color represents the most favorable regions for the α-helix and β-sheet, followed by green which is less favorable, and the white color shows the disallowed regions. A loss of secondary structure and subsequent bioactivity can occur when residues fall in the white regions of the Ramachandran plot. The BMP-2 structure shows that most of the amino acids are within the permitted backbone configurations for φ/ψ angle pairs, for both DLG and PLR substrate topographies.



The Ramachandran plots for the wrist epitopes for both topographies show that residues are available to permit binding to type I and type II receptors, thereby initiating the SMAD signaling pathway, which, in turn, regulates downstream biological processes. The DLG displayed no steric hindrances for both the wrist and knuckle epitopes, indicating a stable and well-conformed secondary structure, as validated by α-helix and β-sheet values shown in Table 1. In addition, a significant number of residues belonging to the wrist epitopes (Thr58, Leu55, Ala52, Phe49, Asn56) and knuckle epitopes in the DLG topography maintained their secondary structures, providing binding sites for type I and II receptors. In contrast, the wrist epitope for the PLR topography resulted in a minor loss of backbone structure for the antiparallel β-sheet residues (Ala52, Leu55, Asn56) and α-helix residues (His54, Asp53), respectively. Thus, the Ramachandran plot clearly indicates favorable residues for both wrist and knuckle epitopes in the DLG topography that can promote successful adsorption and bioactivity.



The adsorbing residues were measured using the number of contacts within 5 Å of the surface of the substrate (Figure 7). For FLT, SLG, and DLG substrates, the protein adsorbed with the α-helix parallel to the surface. The pillar substrate had the α-helix attached to the sidewalls of the gold substrate. Thus, the residues adsorption depended on the pattern type being used. The gold substrate, which is a hydrophobic material, restricted the movement of the BMP-2, limiting the residues from contacting the gold surface.



For the simulations performed on the flat substrate, at most, 26 atoms in a residue contacted the substrate. Within these residues, most were hydrophobic Val and Leu. For PLR substrate, hydrophobic residues Phe49 and Pro50, which belong to the wrist epitopes, were the primary residues to adsorb with up to 39 atoms; other residues adsorbed included polar Ser and hydrophobic Val and Leu. For both flat and PLR substrates, the presence of salt ions limited the adsorption, constraining the protein to the center of the drop.



On the SLG substrate, the protein assumed a more folded position with more residues exposed to the surface of the drop adsorbing. Predominant hydrophobic residues adsorbed, include Ala, Pro, Leu, Val, and Ile, with at most 40 atoms in each residue adsorbing. Residues had a stronger interaction during the simulations performed on DLG, with at most 88 atoms contacting the surface. Similar to SLG, the folded configuration allowed more residues near the water’s surface, increasing the adsorption of hydrophobic residues Ala, Pro, Leu, Val, and Ile, and confirming that hydrophobic amino acid residues are more likely to adsorb on hydrophobic materials [41].




4. Conclusions


This research investigated the adsorption behavior of BMP-2 with end-on configuration on different nanopatterned gold materials using molecular dynamics simulations. The results indicate an increased absorption with deeper patterns. Ramachandran plots revealed no steric hindrances, for both wrist and knuckle epitopes. The secondary structures for α-helix and β-sheet were preserved ensuring bioavailability for the SMAD signaling pathway. SLG and DLG substrates allowed more residues to be exposed to the water drop surface, thus increasing adsorption. Most residues belonging to the wrist and knuckle epitopes in the DLG topology preserved their secondary structures, thereby providing binding sites for type I and II receptors. The pillar pattern type had the α-helix attached along the sidewalls of the substrate, whereas other pattern topologies had the protein adsorbed with the α-helix parallel to the surface. This research forms the basis for understanding protein adsorption on patterned nanoscale gold and can be extended to other substrate types.
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Figure 1. Initial BMP-2 configuration. 
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Figure 2. Different nanoscale topographies: (a) flat (FLT); (b) pillars (PLR); (c) shallow linear grating (SLG); (d) deep linear grating (DLG). 






Figure 2. Different nanoscale topographies: (a) flat (FLT); (b) pillars (PLR); (c) shallow linear grating (SLG); (d) deep linear grating (DLG).



[image: Surfaces 05 00010 g002]







[image: Surfaces 05 00010 g003 550] 





Figure 3. Van der Waals (VdW) and electrostatic (el) energies for different nanoscale topographies. 
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Figure 4. Root-mean-square deviation (RMSD) for different nanoscale topographies. 
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Figure 5. Radius of gyration for different nanoscale topographies. 
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Figure 6. Ramachandran plots comparing different nanoscale topographies. 
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Figure 7. Side view of the protein trajectory at 20 ns: (a) flat (FLT); (b) pillars (PLR); (c) shallow linear grating (SLG); (d) deep linear grating (DLG). 
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Table 1. Initial and final BMP-2 secondary structure.
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Secondary

	
Initial

	
After 20 ns




	
Structure

	
Structure

	
Flat

	
Pillar

	
Linear

Grating

	
Linear Grating Deep






	
α-helix

	
10.38%

	
10.38%

	
15.09%

	
11.32%

	
9.43%




	
310-helix

	
0.00%

	
0.00%

	
2.83%

	
2.83%

	
0.00%




	
β-sheet

	
44.34%

	
44.34%

	
38.68%

	
38.68%

	
40.57%
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