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Abstract

Molecular dynamics (MD) simulations were used to investigate the interfacial interactions of hydroxyapatite, 3
tricalcium phosphate, sil-ma, and filin protein (SF) in the composite. This study analyzed the interface binding
energy and radial distribution function between hydroxyapatite (HA), B triccalcium phosphate (B -tcp), sil-ma
and bio-polymer SF. The study found that the interface binding energy of Sil-MA hybrid system is higher than
that of SF hybrid system, indicating that the Sil-MA hybrid system is more stable, which makes the mechanical
properties of this system better.
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Introduction

Hydrogels are water-containing materials with good biocompatibility, biodegradability and other special functions, which
have been applied in many fields such as tissue engineering, drug sustained-release, disease treatment and so on. As soft
materials, hydrogels have attracted much attention in the field of cartilage repair. Sil-MA hydrogel obtained by modifying
fibroin protein (SF) with glycidyl methacrylate (GMA) has also been used by more and more researchers to repair cartilage
damage. Sil-MA hydrogel has more stable physical and chemical properties, high elastic modulus, and is a good carrier for
cells [, Its biocompatibility and biodegradability make it very useful in cartilage repair applications.

For Sil-MA hydrogel as a material modified by SF, the content of GMA in the hydrogel directly affects its properties. Son
(21 et al. evaluated the effect of different contents of GMA on the mechanical properties of Sil-MA, and added 424 mM Sil-MA
showed excellent mechanical properties. According to the study of its mechanical properties, the mechanical properties of
Sil-MA hydrogel increase with increasing concentration, and the compressive stress of Sil-MA hydrogel is up to 910 kpa at 30%
and can be restored after compression. In the cartilage treatment study, Wu ¥ et al. used Sil-MA hydrogel as biological glue to
enhance the lateral integration of bone scaffold with the host, and found that the high viscosity of Sil-MA hydrogel made it free
from bleeding around the gap after filling the gap of the stent.

However, because the mechanical properties of hydrogel cannot meet the treatment of cartilage damage, other materials
need to be added to improve the mechanical properties. The hydroxyapatite (HA) is used as the main material of bone implants
due to its good bone induction characteristics and bone conductivity, and its high biocompatibility and the ability to integrate ™!
with natural bone tissue, which has been widely used in basic research and clinical aspects. However, its poor bending strength
and great fragility limit its application in implants. Many scholars have improved the defects of HA through the form of
composite materials. B -TCP has a fast dissolution rate, which gives it good biodegradability, but the rapid dissolution will
reduce the mechanical strength of the scaffold ). However, HA has higher mechanical strength and lower degradation rate than
B -TCP, so the researchers studied HA / f -TCP composite scaffold and proved that HA / f -TCP composite can combine the
advantages of the two and improve the physical, chemical, mechanical and biological properties ©l. Liu [l et al prepared a
biomimetic multi-layer bone-cartilage scaffold by adding HA, which improved the mechanical properties of the hydrogel by
changing the HA content in the study. The sil-ma used in this study has stable physicochemical properties and good
biocompatibility, but there are problems of poor mechanical properties and fast degradation rate, and combining these
materials can compensate for the poor mechanical properties of the hydrogel, improve the mechanical properties of the
hydrogel, and improve the degradation cycle of the gel.

Many researchers have extensively studied the macroscopic mechanical behavior of tissue engineered materials while
their physical and mechanical properties of HA, B -tcp and polymer materials are influenced not only by HA particle size and
volume fraction but also by the interfacial adhesion between HA, B -tcp packing and polymer materials 1. Therefore, in order
to study and analyze the mechanical properties of SF and Sil-MA, it is also very important to study the influence of
intermaterial bonding and interface binding energy on the mechanical properties of mixed materials at the molecular level.
Molecular dynamics (MD) simulation technology has been developed into a powerful scientific tool for building, displaying
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and analyzing structural models of molecules, solids and surfaces to study their properties. Combining micromechanical and
macroscopic experimental data from molecular dynamics simulations, the properties of the material can provide a more
comprehensive scientific interpretation of PIIOIII,

Sun et al. "2, using molecular dynamics simulations to study different water content. Effect on the network structure and
oxygen permeability of polygel (double (trimethyl siloxyl) methylsilylglycerol methacrylate (PSiMA) and poly
(2-methylacrylooxynyl phosphocholine) (PMPC) hydrogels. The results show that the increase in water content of the hydrogel
is closely associated with its decrease in oxygen permeability. Tan et al. ['*] can successfully explore how charged amino acid
residues lead to HA NPs nucleation through MD simulation studies. In this study, MD simulation was used to study the
interface binding energy of HA and § -tcp crystal surfaces and two polymer materials, and analyze the radial distribution
function and binding energy and obtain the influence of the interface binding energy on the mechanical properties. It provides a
microscopic theory basis for the macroscopic mechanical behavior of hybrid materials.

2. Molecular dynamics studies

Firstly, the theoretical analysis of the experimental materials is conducted for HA, B -tcp, SF and Sil-ma. Because Sil-ma is
Sil-ma hydrogel after photocuring, which is the self-assembly behavior of the photoinitiator Sil-ma hydrogel, the Sil-ma model
construction, and the molecular dynamics simulation after the model construction.

2.1 Model construction

The space group of HA is P21 / b and its lattice parameters a =b =9.432 A and ¢ = 6.881 A 4151 In HA crystals, OH
ions form arrays in a direction parallel to the ¢ axis; each OH ion is coordinated with three Ca atoms that form tritriangle in the
same plane. Looking along the c-axis, each of the two adjacent Ca atoms can be matched together after 60° of rotation, located
in two different planes. All force field parameters of the atoms in HA are assigned under the Dreiding force field and assigned
to the atoms in HA: Ca+ 2.0, P+ 2.6, H + 0.6, and O-1.44 and-1.6 indicate O in OH. The HA crystal surface was cut along the
(001),(100)and (11 0) planes and then minimized under periodic boundary conditions with a non-bond cut-off distance of
9.5 A . The minimization process includes the steepest descent method 1 A that converges to 1000 kcal / mol™!, Which was
followed by a conjugate gradient of 1 A that converged to 10 kcal / mol™!, Finally finally the BFGS algorithm 1 A  with
convergence of 0.1 kcal / mol™!, see Figure 1-3.

Figure 1 100 for the surface
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Figure 1,2, and 3 shows the surface ball-and-stick model of HA. Figure 1:100, Figure 2:110, and Figure 3:001. Color
represents: calcium atoms (green), hydrogen atoms (white), oxygen atoms (red), phosphorus atoms (purple).

The B -tcp whose space group is 1 P1 and its lattice parameters are a =b = 10.5492A, ¢ =37.6776 A. In the B -tcp crystal,
three calcium ions are coordinated to each phosphate ion. All force field parameters of the atoms in B -tcp are assigned under
the Dreiding force field, and the B -tcp crystal surfaces are cut along (0 0 1), (1 0 0) and (1 1 0) planes and then minimized
under periodic boundary conditions with a non-bond cutoff distance of 9.5 A.as shown in the figure 4-6:
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Figure 4 001 Surface model

Figure 6 110 surface model
Figure 4,5 and 6 show the surface-ball-stick model of  -TCP. Figure 4:001, Figure 5:100, and Figure 6:110. Color represents:

Vol: 2025|Iss: 1|2025| © 2025 Fuel Cells Bulletin 370



Fuel Cells Bulletin
ISSN: 1464-2859

calcium atoms (green), oxygen atoms (red), phosphorus (purple).

The SF molecular chain is a structure constructed and optimized by using a protein model using the MD calculation under
the chimera software to obtain a stable configuration of 300ps under the NVE ensemble SOK parameter.sil-ma hydrogel
obtained by GMA methacryloylation SF has more stable physical and chemical properties, high elastic modulus is a good
carrier of cells, and adding LAP light initiator can be applied to DLP printed light curing hydrogel, the formation principle is
on SF molecules by GMA modification, epoxy group of GMA molecule ring ['%], while alcohol for CHOH stretching behavior,
under the action of light cross-linking agent LAP, self-assembly behavior formed light curing sil-ma, see Figure 7-10.
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Figure 7 Preparation principle of Sil-MA

Figure 8 The molecular structure of GMA

Figure 9 Structural model of Sil-MA
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Figure 10 Structural model of the SF
2.2 Model optimization
The blend model for sil-ma, HA and f -tcp was optimized under the Dreiding force field with the number of iterations set
to 600000. Then the annealing simulation was conducted at 300 K, the NPT ensemble (that is, the setting conditions of the
number of atoms, pressure and temperature), the number of cycles was 5, the total number of steps is 50000, a total duration of
500ps, one conformation per 1000 steps, and the structure of the resulting model was optimized as shown in Figure 11.
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Figure 11 Hybrid system model

Figure 11a shows the blend model for sil-ma and HA and B -tcp, and b shows the blend model for SF and HA and B -tcp

3 Results and Discussion

3.1 Radial distribution function
The radial distribution function g (r) is the characteristic physical quantity reflecting the microstructure of the material,

representing the ratio of the probability density of another molecule at a distance of r relative to the randomly distributed
probability density. The radial distribution function g (r) analysis of the entire equilibrium trajectory can reveal the way and

nature of the material interaction.
The atomic types in the molecular chain of Sil-ma hydrogel include main chain C atom, hydroxyl O atom, hydroxyl group
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H atom and H atom connected to main chain C, surrounded by H atoms and amino group, which is difficult to interact with HA.
Therefore, we only consider the remaining three types of atoms and record them as O 1 and H1 in turn. Similarly, the atomic
types in HA molecules are C, H, O, P, Ca atoms, which P atoms by 3 O atoms isolation, so only consider Ca, H and O, the
three types of atoms as HA-O, HA-H, here the g between oxygen and oxygen atoms, oxygen and hydrogen interaction g (r) ~ r
relationship is analyzed, as shown in Figure 12.

Forcite Analysis - ROF (01 - HA-0) Forcite Analysis - RDF (01 - HAH)

(@ (b
Figure 12 Radial distribution function plot

Figure 12a shows the radial distribution function of Sil-MA oxygen atoms and HA oxygen atoms in the hybrid system, and b is
the radial distribution function between Sil-MA oxygen atoms and HA hydrogen atoms in the hybrid system

The intermolecular radial distribution function can reveal the interaction mode and essence of non-bonded atoms.
Generally speaking, the peaks within 0.35 nm in the radial distribution function diagram are mainly composed of chemical
bonds and hydrogen bonds, while the 0.35 ~ 0.50 nm are mainly van der Waals (vdw) force components. The radial
distribution function of O 1-Ob in Figure (a) achieves a peak near r = 0 nm, Mainly because of the strong covalent bonding
interaction between Ol and HA-O, Thus draws the distance between O 1 and HA-O; the radial distribution function of
O1-HA-H in Figure (b) obtains the first peak near r=0.1nm, This is the hydrogen bond formed between the O atom and the H
atom in the sil-ma; The radial distribution function analysis showed that, The interaction between sil-ma and HA is mainly
through the formation of covalent bonds with O in the sil-ma and O in the sil-ma molecular unit, O in the sil-ma molecular unit
forms an oxygen-hydrogen bond with H in HA, Bond formation indicates that a chemical crosslinking of the material occurs,
The material with a more stable nature, The mechanical strength further reveals the nature of the chemical bond between the
two materials.

2.2 Interface binding energy
The adhesion between HA, B -tcp and organic polymer materials can be evaluated by the interfacial binding energy
between HA, P -tcp crystal surfaces and organic polymer materials, so as to analyze the microscopic factors of the changes in
the mechanical properties of the materials.
Calculated by the following formula ['7):

E =E +E E

binding HA/ B-tcpsurface polymer~ '—HA/ B-tcp-+poly mer

E

among Enappls the energy of the HA / B -tep surface, and the Epoiymer 0 PPOYMerg the energy of the protein
molecular chain, is the energy of the HA or B -tcp surface with the protein molecule, and M is the number of atoms in each
molecular chain. Note that the high binding energy indicates a high bond strength between the polymer material and the HA /
-tcp surface.
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Through the comparative analysis of the interface binding energy of SF and Sil-MA hybrid systems, we found that the
interface binding energy of Sil-MA with HA and B -tcp is much higher than that of SF hybrid system, indicating that the
stability of Sil-MA hybrid system is higher than that of SF hybrid system. In the study, through the analysis of the three
surfaces of HA and B -tcp crystals, we found that the highest binding energy in the 110 plane, which is in line with the
conclusion of other researchers and further verified the correctness of the study model (See Figure 13).

3 Mechanical performance evaluation
3.1 Preparation of the Sil-ma
40g of silkworm cocoons were boiled in 1 L of 0.05 M anhydrous sodium carbonate solution for 30 min at 100°C to remove
sericin, and then washed several times with distilled water. Subsequently, the unglued silk was dried at room temperature and
20g of it was dissolved in 100 mL of 9.3M lithium bromide (LiBr) solution at 60°C for 1 hour. Immediately after dissolving SF
with LiBr, 4 mL of glycidyl methacrylate (GMA) solution (Sigma-Aldrich, St. Louis, USA) was added to the mixture and
stirred at 300rpm for 3 h at 60°C. Then, the resulting solution was dialyzed against distilled water for 4 days using a dialysis
bag. Finally, the solution was frozen in-80°C for 12 hours and freeze-dried for 48 hours. The lyophilized Sil-MA powder was
stored at-80°C for further use.
3.2Preparation of SF

40g of silkworm cocoons were boiled in 1 L of 0.05 M anhydrous sodium carbonate solution for 30 min at 100°C to
remove sericin, and then washed several times with distilled water. Subsequently, the unglued silk was dried at room
temperature and 20g of it was dissolved in 100 mL of 9.3M lithium bromide (LiBr) solution at 60°C for 1 hour. Cooling to
room temperature, and centrifuged at 9,000 r / min for 10 min. The centrifugal filin protein solution was transferred to a

dialysis bag for 4 days. Finally, the dialysis bag containing filin protein solution was concentrated in a polyethylene glycol
solution with 10% mass fraction for 12 h and stored in a 4°C refrigerator.

3.3 Fourier infrared spectrum
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Figure 14
Figure 14a shows the SF IR spectrum, and b shows the Sil-MA IR spectrum
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Comparison of infrared spectra of both SF and sil-ma reveals the characteristic peak of SF amide I band 1638cm-1, while
at 1238cm 1, a weak band is visible for the Sil-ma group, indicating the CHOH stretching of the alcohol group produced after
ring opening of the GMA epoxy group. Therefore, sil-ma is modified to SF; the characteristic peak of peak of Sil-MA amide I
band 1638cm-1 is higher than that of SF, which indicates that the content of secondary conformation B -folded structure in
sil-ma is slightly enhanced, which is most likely due to the higher mechanical performance of sil-ma than sf (See Figure 14).
3.4 Compression test

For macromechanical observation of the SF / Sil-MA hydrogel mixed precursor ceramic material, a cylindrical sample
was prepared by loading the hydrogel composite into a custom PDMS mold (8 mm high; 10 mm diameter) and then 1min
under UV (435n m). Using Instron 5566, the tester performs the compression test at a load rate of 1 mm / min for [ and a 50
N weighing cell, see Figure 15.

Sil-ma/HA/B-TCP
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Figure 15

Testing of mechanical properties of hydrogel composites of SF and Sil-MA systems shows that the compression resistance
of Sil-MA composite systems is higher than that of SF composite systems, and this may be due to the mechanical properties of
SF depending on the B in SF, which is lower than the B in Sil-MA, and thus macroscopically lower mechanical properties than
Sil-MA.

4 Conclusion

In this study, molecular dynamics simulations of SF, Sil-MA, HA, and P -tcp composite models and experimental validation
draw the following conclusions:

(1) The radial distribution function shows that the interaction mode of sil-ma with HA and B -tcp is mainly through O
bonding between O and HA and B -tcp in sil-ma molecular unit, and O and H in HA in sil-ma molecular unit. The electrostatic
power binds the material better, revealing the nature of chemical cross-linking between materials and enhancing the
mechanical properties of materials.

(2) From the molecular level analysis, it is found that the interface binding energy of Sil-MA material and precursor
ceramic mixture is higher than that of SF material, which reflects the stability of Sil-MA material system from the microscopic
point of view, and provides the microscopic theoretical basis for the macroscopic mechanical behavior of the material.

(3) The mechanical performance of Sil-MA system is higher than SF, on the one hand is a verification of the theoretical
analysis, and on the other hand, shows the correctness of choosing Sil-MA as the matrix material in this study.
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