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Abstract

It has been well recognized that Silicon is an essential trace element in the living body in
respect of osteogenesis and connective tissue metabolism of bone. Also, silicon or silica-based
biomaterials have proved clinically to be excellent candidates to repair the damaged bone
tissue. So far, how silicon interacts with the living tissues and cells to achieve this great
osteogenic ability is still unknown. In our world, silicification does occur to form a strong
bone structure to some marine organisms with available SiO: in the ocean and some proteins
play important role in that process. Continuing to Search for more osteogenic effects of
silicon on the living bone, this work utilized pure silica to fill the sheep femur bone defects to
provide a certain available level of silicon or silica. A significant silicification of living bone
was indeed observed inside the living bone tissue of the grafted boney defect area in 3
months. Computational modeling using Molecular Orbital Package (MOPAC) indicated the
nucleation sites for the formation of silicification could be the same sites for the nucleation of
calcification, which are located at the “gap zone” of type I collagen. This preliminary work
opens a question if the living bone with mineralization by silicification is as normal as
mineralization by calcification, or even better. That will leave to be further evaluated in future
works along with continuous searching of the osteogenic ability of silicon in molecular and
cellular level and its mechanism.
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1. Introduction

Silicon, an element from any silicates or soluble SiO», that is silicic acid, in solution, has been
long studied and reported as an essential trace element in the living body in respect of
osteogenesis and connective tissue metabolism of bone!2. Effects on bone formation were
noted for chickens maintained on silicon diets which was reported by Carlisle®*, and he
showed that minor silicon greatly promoted the bone growth and found the silicon was even
present at the mineralization front in growing bone. Also, many studies reported that the
dietary Silicon intake would improve the density, regeneration and health of human
bone>:6-7:89.
Also in 1970s, silica based Bioglass was invented by Hench as a bioactive material being able
to form a chemical bonding with living bone!®. When Bioglass containing 45% SiO», presents
at physiological environment, or simulated body fluid, a series of surface reactions happen to
result in the formation of hydroxy-carbonate-apatite(HCA), a mineral phase of living bone, on
its surface!!"!2. The surface binding with collagen of connective tissue, plus the formation of
HCA, contribute the strong bonding of Bioglass with living bone'*. Furthermore, the
dissolution products of this silica based Bioglass at physiological environment medium can

tlS

proliferate bone cell growth'4, active gene expression of osteoblast'>. These bioactive

properties make Bioglass an ideal bone graft material to promote new bone growth fast and
repair the bone defects rapidly'®!”. The bone graft products made from Bioglass have been
wildly used clinically in the world over 30 years.

18,19

The clinical success of Bioglass'®'” made a number of researches to incorporate silicon, that

is in the form of silica, into some other biomaterials, such as calcium phosphate etc. Some
works published that the silicon-incorporated biomaterials demonstrate an enhanced

osteogenic ability?*212223,



However, how silicon interacts with the living tissues and cells to achieve great osteogenic
ability in molecular level or cellular level no matter it presents in minor level as an essential
trace element or a quite large amount level such as dissolved from Bioglass inside bone still
remains to be understood to date.

Mineralization by calcification is critical to health bone. As is well known, calcification is the
process by which bone’s organic tissues incorporate Ca** and PO4>" to form mineralization
phase, resulting in high mechanical strength of bone to become structure and support of living
body. In comparison, silicification can be thought as a process by which matters incorporate
silica, Si0., by the polymerization of silicic acid, Si(OH)4, from a solution, or in a simply

description, a precipitation of SiO; into matters. Many publications**?°

called this process as
Biosilicification if it occurs in organisms.
In our world, silicification or biosilicification does occur to form a strong bone structure to

26.27 and sponges® etc. Ocean, of cause, contains

some marine organisms such as diatoms
soluble SiO2 and some proteins inside these marine organisms play major role in the
biosolicification process. So far, no reports have been found on the occurrence of silicification
in the living body. Here it comes out a question, given a certain level of silicon or silica inside
the living bone tissue or boney defect area, does silicification take place along with the usual
bone remodeling?

This work has been specifically designed by using an animal defect model to examine if
silicon contained materials does really initiate silicification at the grafted area, which could
contribute another major factor to promote new bone growth. If this silicification really
happens it could give us a new idea of a possible new structure of living bone and may lead to

a new guideline for the design of new regeneration biomedical materials. Also, an early study

reported®’ that the average failure stress of diatom frustule, a silicified bone structure, would



reach to 1.1 GPa, over 4 times higher than human cortical bone. Hence, the silicification could
open a possible route to greatly improve the mechanical strength of living bone.

2. Materials and Methods

In this study, in attempt to examine if the silicification could happen inside the living bone, a
sheep femur defect model has been used with 2 selected testing materials to fill the defects
and empty defects as control. With the consideration to provide high level of silicon, one of
the 2 testing materials was pure silica(100% Silica) gel, and another, 45S5 Bioglass. The pure
silica gel (G1) was made from sol-gel process (www.angstompore.com, Particle Solutions,
LLC, Alachua FL, USA). In details, TEOS was hydrolyzed by D.I. water, followed by
condensation to form silica gel and the gel then was dried and heated for stabilization with
final average pore size, 75 A°. The silica gel then was ground to particles with particle size
range from 200-750 um.

45S5 Bioglass was invented in 1971 and the composition in weight percent is 45.0% of SiO»,
24.5% of Ca0, 24.5% of Na;O and 6.0% of P,0s'°. Many animal defect models study have
proved that Bioglass can stimulate new bone formation and growth!!"!7. In this study 90-
710um particles of Bioglass((G2) have been used to fill the defects. This particle size range
product is a commercialized bone graft product with trade name NovaBone
(www.novabone.com, NovaBone Products, LLC, Alachua FL, USA).

3 plus 1 extra health male mountain sheep with weight from 30-41 Kg have been raised at the
testing center for 7 days before implant surgery. Then a 3 months study has been conducted to
verify if the silicification occurs. 2 defects would be created at each side of sheep’s femur
with one defect created in the condyle of femur and another in the Greater Trochanter, as
demonstrated in Figure 1. Each animal has one empty defect without any material implanted
as control. 5 defects were for G1 material while 4 defects for G2 material and the total defects

would be 12 for 3-month testing.
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Fig. 1 Macro-CT graphs of defects created at a), the Condyle, and b), the Greater Trochanter,
of the sheep femur

During the implant surgery, a standard anesthesia was used and standard skin hair shaving and
incising through skin and mussel were conducted to expose the femur bone. A defect with
8mm in diameter and 20mm in depth was created by electronical drills for each defect.
Around 1.0-1.1 cc testing materials has been filled to each defect, followed with closure and
suturing.

At 3 months, the animals were sacrificed and the all-tested sections were obtained followed
by standard procedures to prepare the specimens for the histological analysis and SEM
examination. The obtained sections were socked in 10% pH neutral formalin, followed by
dehydration. Then, each section was first sliced with one thin piece which was slowly dried in
an oven at 37 °C for 10 hours for SEM examination. For the histological analysis, each
section tissue continued normal procedures by embedding them with methyl methacrylate
(MMA). After embedding procedures each specimen was sliced to 3 pieces with one also for
SEM examination, second for HE dyeing for soft tissue pathological evaluations, and third for
methylene blue fuchsin dyeing for new bone formation analysis.

3. Results

The visual observation of follow up after surgery indicated all animals behaved normal with

no any wound infection. Soft tissue pathological analysis also shows no inflammation or



infection inside the grafted defects.

Fig. 2 demonstrates the histological results of the testing, and empty groups in 3 months. No
bone formation has been observed for the testing G1 (silica gel) group. For the G2 (Bioglass)
group it looks like very normal as always demonstrated in previous works!'®. Empty group
showed little bone formation as usual. Since there is no bone could be observed for the G1

group, no statistical analysis has been conducted in this study.

4

a) Silica Gel b) Bioglass ¢) Empty

Fig. 2 Histological Examination of a) Silica Gel (Testing G1), b) Bioglass (Testing G2), and c)
Empty group implanted for 3 months. Blue Bar in all graphs: 300 pm

Scanning Electron Microscopy (Low-Magnification model Phenom XL, Thermo-Fisher
Scientific, Inc.) examination was performed for further analysis to the histological samples
from both of testing G1 and G2 groups. For the embedded samples, the preparation was the
same as for the histological analysis, just without dyeing. Then, samples would be examined
under SEM right after standard Au coating.

The microstructure morphology of G1 sample has been demonstrated in Fig. 3 a) and b), in
different magnification. The white parts are grafted particles and the white thin line located at
the low left side is the scale bar of this SEM graph. The EDX element analysis of G1 sample
qualitatively demonstrated only Si element on particle in b1). The region between particles

demonstrated Si element along with some majority of organic components in b2). The



microstructure morphology of G2 sample has been demonstrated in Fig. 4 a) and b), in
different magnification with the EDX qualitatively element analysis demonstrating normal Si,
Ca, P, and Na elements on Bioglass particle in bl). The region between particles demonstrated
Ca, P, and Si also along with some majority of organic components in b2). It can be assumed

that the majority of organic components would come from bone organic tissue and embedding

material, MMA.
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Figure 3 SEM Examination of Histological Microstructure of Silica Gel in Sheep Femoral Condyle
Defect in 3 months (Embedded Sample), a) morphology at 17x (Bar in the Graph: 2000 um); b)
morphology at 200x (Bar in the Graph: 200 um); b1) EDX on particle; b2) EDX on the space
between particles. (P — Particles, T — Tissue)
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Figure 4 SEM Examination of Histological Microstructure of Bioglass in Sheep Femoral Condyle
Defect in 3 months (Embedded Specimen); a) morphology at 17x (Bar in the Graph: 2000 pum); b)

morphology at 200x (Bar in the Graph: 200 um); b1) EDX on particle; b2) EDX on the space
between particles. (P — Particles, T — Tissue)

Since the deep level of microstructure could not be examined with the embedded histological samples
the prepared unembedded samples were used. As showed in Figs. 5 and 7, low magnification
SEM, 40x to high magnification SEM (Phenom Pharos G2, Thermo-Fisher Scientific, Inc.)
100,000x have been used to examine the microstructure of the grafted defect zone. By any
magnification, the grafted particles and the extracellular matrix could be clearly identified for
both of the testing cases. With the magnification increasing, more microstructure detail could
be observed. Although sharp images could not be obtained even at high magnification of
100,000x due to the limited resolution of SEM, nano-sized particles could be identified. Figure
5 a), b), ¢), d) (low magnification SEM), e), f) (high magnification SEM) demonstrated the
microstructure morphology of the unembedded sample from G1 group in an order of increased
magnification. EDX element analysis qualitatively demonstrated only Si element on particle in
g) and EDX element analysis qualitatively demonstrated Si, Ca and P with dominantly Si
element on the space between particles in h). At the high magnification of 100,000x of Fig 5 €) and f),
the nano particles can be observed with a round shape estimated ranging 10-20 nm in length

and EDX analysis on this zone demonstrated dominantly Si as showed in h).
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Figure 5 SEM Examination of Histological Microstructure of Silica Gel(G1) in Sheep Femoral
Condyle Defect in 3 months(Unembedded Sample);

a) By low-magnification 31x (Bar in the Graph: 1000 pm);

b) On a particle 200x (Bar in the Graph: 200 pm);

¢) From white square area between particles of a) 200x (Bar in the Graph: 200 um);

BEE [keV]

d) From blue square area of ¢) 2000x (Bar in the Graph: 20 um);
e) By high-magnification of the white square area of d) 100,000x (Bar in the Graph: 300 nm);

f) Enlarge of the white square area of e), the nano-particles estimated ranging from 10-20 nm;
g) EDX on particle of blue square area of b);
h) EDX on the blue square area between particles of c).



In order to confirm if the Si distributed over the whole area mapping was conducted on the Fig 5 c)(at
200x magnification) of this G1 sample and mapping included Si, Ca and P as showed in Fig 6.

Mapping proved that the Si distributed over the whole area.

Si Ca P
Figure 6 Si, Ca and P Mapping on the whole area of Fig 5 c) (at 200x magnification) of the
G1 sample (Bar in Graphs: 200 um).

Figure 7 a), b), ¢), d) (low magnification SEM) e), ) (high magnification SEM) demonstrated
the microstructure morphology of the unembedded sample from Bioglass G2 group in an order
of increased magnification. The EDX element analysis qualitatively demonstrated normal Si,
Ca, P, and Na elements on Bioglass particle in g). The region between particles demonstrated
the mixture of Ca, P, and Si in h), and the nano particles with approximate 16 nm in length
can be observed in that region although it is hard to determine the shape of the nano-sized
particles. It is possible that both of hydroxyapatite particles and silica particles might be

formed.
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Figure 7 SEM Examination of Histological Microstructure of Bioglass(G2) in Sheep Femoral Condyle
Defect in 3 months(Unembedded Sample);
a) By low magnification 39x (Bar in Graphs: 1000 pm);

b) On a particle 100x (Bar in Graphs: 300 pm);

¢) From white square area between particles of a) 200x (Bar in Graphs: 200 um);

d) From blue square area of ¢) 2000x (Bar in Graphs: 20 pm);

e) By high-magnification of the white square area of d) 50,000x (Bar in Graphs: 800 nm);

f) From white square area of ¢), 100,000x (Bar in Graphs: 300 nm), the nano-particles around 16
nm;

g) EDX on particle of blue square area of b);

h) EDX on the blue square area between particles of c).

Here it should be explained that for all EDX results above, the relative counts between
elements are relevant while the total counts are not because the total counts are influenced by



surface roughness, collecting time and other settings.

4. Discussion

Silicification of Living Bone

After 3 months implantation of the silica gel testing sample into the sheep femur defects
significant silicon has been detected on the region between particles as showed in Fig. 5 h)
and the nano-sized silica particles have been observed within the extracellular matrix as
showed in Fig. 5 e) and f). Therefore, we can call this the silicification of living bone.
Silicification has not been found to occur in living body of this world in any published works
yet so far. In this animal study, the silicification of the living bone was indeed observed with
the polymerized silica particles in round shape and length around 19 nm, similar level as usual
mineral hydroxy-apatite particles from the calcification®®?°. At this physiological condition
and body temperature, polymerized silica should be amorphous and the round shape coincides
with many published works which used some proteins to obtain the silica particles by
silicification processing®%3%-31,

For Bioglass sample, the EDX on its particle in Fig. 7 g) showed Ca and P qualitatively with
less Si due to the dissolution of Si and the formation of Hydroxyapatite on the top. On the
region between particles in Fig. 7 h), the EDX demonstrated dominantly Ca and P, the normal
bone mineral phase components. However, the weak signal of Si was also detected on that
region. It can be assumed that silicon based Bioglass could also make the silicification happen
although it might be a small portion compared with the total mineral phase of the new bone.
When we go back to review the histological graph of Fig. 2 a) of silica gel particles grafted
defect in the above Results section, grafted particles can be observed but no new bone tissue
can be observed. Now it can be assumed that it is a silicified bone, instead of calcified bone
and current dye and optical microscopy method is designed to observe mineralization by

calcification, not silicification.



Polymerization of Silica

Bone provides structure and support for the living body, possessing mechanical strength
resulting from the mineralization of living bone by the calcification processing. It has been
well accepted that the calcification derived mineralization is directly related to some physical
and chemical reactions in the extracellular matrix (ECM)*?, and the level of the ionic calcium
and phosphate groups are two critical determinants for bone mineralization®®. Also, as a well-
recognized mechanism, there are some side-chains with negatively charged carboxyl groups
(COO™) on the collagen, especially at the “Gap Zone” (or “Hole Zone”), which serve as
nucleation sites for the mineralization of living bone 3**>%¢, These side chain groups are
mainly from Aspartate and Glutamate etc., the negatively charged amino acids which
collagens contain.

In this in vivo study, the silicification derived mineralization has been found for the living
bone, and there is a good reason to believe this process can be also related to physical and
chemical reactions in the same manner as calcification does*2. Once silica gel particles have
been implanted into the defect, the dissolution would generate soluble silica, or silicic acid in
the surrounding area. Solid silica possesses low solubility in aqueous solution at room
temperature and the polymerization of soluble silica would not occur in the equilibrium
solution, but occur in two conditions: supersaturated silica or the existence of nucleation
sites’’. In the experiment condition of this study, the soluble silica from the silica gel-based
graft particles dissolved into the defect area reaching thermodynamic equilibrium and the
supersaturation of silica in the defect area would not exist. Therefore, the occurrence of
soluble silica polymerization in this experiment should result from the external factor, that is,
the existence of nucleation sites.

Although silicification of bone has not been reported to occur in living body to this day,

however it occurs on some of marine organisms such as diatom and sponge etc. as mentioned



above?> 2, Many studies have been conducted on the silicification or biosilicification of
diatom and sponge in attempt to understand the mechanism behind the process. In an early
study in 1973, Hecky reported protein could serve as a template for the Si-deposition in the
diatom walls*®. Later, Perry published that the protein, silaffin would serve as a template and
silicatein as enzyme for the silicification processing®®. Therefore, it can be said the
silicification is protein mediated process. And these proteins serve as the external factors
creating nucleation sites for the polymerization of silica, that is, silicification. So far, the
important findings to explain the process of the biosilicification in diatom could be the
published works from computational modeling. Lobel and Hench*® *! used semi-empirical
Molecular Orbital model (MOPAC) to calculate the soluble silica-proteins reaction at the
interface. They adopted the B-sheet configuration from the protein-rich template to investigate
the polymerization of soluble silica onto the -sheet. The modeling resulted in the formation
of 4-member ring silica stable structure, and the overall reaction was downhill in the heat of
formation, indicating an autopolymerization process. Thus, that work has offered evidence for
the biosilicification process, a low activation barrier reaction pathway for the nucleation and

growth of silica in the diatom.

Molecular Orbital Computational Modeling of Silica Polymerization

In this study, under the direct guidance of Professor James J. P. Stewart, the developer of
Molecular Orbital Computational Modeling Package (MOPAC), a semiempirical
computational program***}, I have used the MOPAC2016 (https://openmopac.com) with
PM6-D3H4 method** to model and calculate the thermodynamic process of the Silicification.
I also used the same nucleation sites of the calcification in the collagen “Gap Zone” with

34,35,36

negatively charged carboxyl groups as the reaction site between the soluble silicas and

the negatively charged carboxyl group. As a common knowledge, Collagen structure consists



of 3 repeated amino acids as Glycine(Gly) always leading this 3 repeated amino acids(called
tripeptides)*. In this modeling, Glycine-Glutamate-Arginine(Gly-Glu-Arg) tripeptide, which
exists in the nature type I collagen®’, has been chosen as the base to simulate the case with
negatively charged carboxyl group from Glutamate. The model designed here is as the 4
silicic acids approaching the Gly-Glu-Arg to eventually form 4 Si-member ring, and the
reactions were modeled by MOPAC PM6-D3H4 calculation. The calculation results are listed
in the Table 1.

When the 1% silicic acid approached the Gly-Glu-Arg, a strong hydrogen bonding occurred

with difference of Heat of Formation AHr reached to -39.81 Kcal/mol, much greater than

usual hydrogen bonding strength from -4 to -20 Kcal/mol **’. McCutchin etc. also reported
that hydrogen bonding between silicic acid and amino acids or polysaccharides promoted the
biosilicification®®. This hydrogen bonding can occur without much energy barrier to
overcome. This strong hydrogen bonding likely hindered the further covalent bonding happen
to form Si-O-C, which was indicated by MOPAC modeling. Once the 1% silicic acid has been
bonded with this tripeptide, then other silicic acid will approach to form silica chain and ring
by polycondensation or polymerization. The modeling has 5 steps of reactions as
demonstrated in Table I, to eventually form 4 Si-member ring. Therefore, this negatively
charged side chain of Glu from collagen serves as nucleation site for the silica. Table |
demonstrates the entire process of the formation of 4 Si-member ring with hydrogen bonding
to Gly-Glu-Arg and all of the thermodynamic data for the reactions. The entire reaction is
downhill thermodynamically indicating the formation of silica ring is stable. During the
modeling the transition highest energy state was calculated by Saddle process, which was the
barrier of each reaction. Then, the activation energy of each reaction was calculated by the

difference between the highest energy and the reactant energy state.



In the real bone tissue environment, it would be rich with negatively charged side chain

groups in the “Gap Zone” of collagen. The silicic acids would be accumulated there through

hydrogen bonding to the negatively charged group and eventually form the silica networks

with 3, 4, 5 and 6 member rings, the silica polymerization, resulting in the formation of

amorphous silica, that is, silicification.

Table I Molecule Structure and Thermodynamic Data for the Reaction between Silicic Acid and
Negatively Charged Carboxyl Group of ﬁly-GIu-Arg Side Chain to Form 4 Si-Member Ring

(In the molecule structure, n-Si, .-C, -N, .-O, u-H)
Reactants Product Difference [Saddle |Activation
Step # IMolecule Processing Heat Molecule Processing cat of Hr, AH=Point(Kc |[Energy(Ea,
p Formation (Hy, ormation (Hy, |Hy(P)-Hy(R)[al/Mol) [Kcal/Mol)
IKcal/Mol) cal/Mol) (Kcal/Mol)
1 -652.84 -39.81 - N/A
The 1st Si Approaching Gly-Glu-
2 -944.02 -7.53 -904.36 |  32.13
Gly-Glu-Arg Hydrogen Bonding
1st Si with 2nd Si Approaching
3 : -1186.66 -1200.33 -13.67 |-1159.95| 26.71
Gly-Glu-Arg Hydrogen Bonding| - .
2 Sis with the 3" Si Approaching N lsy.-Glu-Arg Hydrogen Bonding
is




4 -1450.77 | wg = " -145406 | -329 |-1419.77| 31.00

Gly-Glu-Arg Hydrogen Bonding|
3 Sis with 4th Si Approaching y
Gly-Glu-Arg Hydrogen Bonding
4 Sis

5 . : Y -1454.06 ki ¢ -1480.63 -26.57 |-1418.00| 36.06

Gly-Glu-Arg Hydrogen Bonding Gly-Glu-Arg Hydrogen Binding
4 Sis 4 Si-Member Ring

5. Conclusion

In this study, grafted with pure silica gel particles to the sheep femur defects, significant
silicification was indeed observed in the grafted defect area. Theoretically, Molecular Orbital
Computational Modeling proved that the negatively charged side groups from type I collagen
would serve as nucleation site for the polymerization of silica, resulting in the silicification of
living bone.

This discovery could provide a new idea for the new biomedical materials selection and new
medical products designing. Meanwhile, this preliminary work opens a question if the living
bone with mineralization by silicification is as normal as mineralization by calcification, or
even better. The future works need to continue to find the answer along with continuous

searching of the osteogenic ability of silicon in molecular and cellular level.
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Methods

Animal Surgery



All animal research was performed in accordance with the guidelines for care and use of animals
including SSMT-PAS-007 - {Use and management of the experimental animals in preclinical animal
study) , SSMT-SEC-001 - {Management of animal facilities and cleanrooms) , SSMT-SEC-003 -

{Laboratory animal feeding and management ) made by Jiangsu Kebio Medical Technology
Group Co., Ltd. with animal study permission # SYXK(Su) 2021-0012. All procedures in this study
were approved by the Institutional Animal Care and Use Committee, Jiangsu Kebio Medical
Technology Group Co., Ltd. with doc # IACUC25-0062. Sheep were raised in the facility at 16-28 °C
and 30-70% humidity.

Preparation prior to Surgery

3 plus 1 extra health male mountain sheep with weight from 30-41 Kg were raised at the testing
center for 7 days and passed quarantine tests and meet the test requirements before implant surgery.
The sheep were fasted for 24 hours with no water for 4 hours before surgery and were anesthesia
induced by intramuscular injection of Xylazine Hydrochloride. And then, endotracheal intubation was
used for continuous anesthesia respiration to maintain anesthesia state during the surgery.

Surgery

Implantation to femur condyle: Sheep was lied on one side and subcutaneous tissue on distal femur
was separated to expose the femur condyle and 8 x 20 mm defect was created as demonstrated in Fig.
1 a. The testing or control materials was filled into the defect to full. And then, the defect was closed
and the wound was sutured in a stand procedure.

Implantation to femur Great Trochanter: The same implant surgery was conducted to the Great
Trochanter location as demonstrated in Fig. 1 b

Postoperative care and follow-up

After recovery of consciousness, the animals were moved to the facility and housed in single cage
separately. The intramuscular injections with Ceftiofur Sodium were given for the first 7 days to
prevent postoperative infection, and also intramuscular injection with Tolfenamic Acid for the first 3
days postoperatively to reduce pain. During the period of care time, restricted diets were administered.
The sheep were housed and raised for 13 weeks postoperatively and no restrictions on animal activity
during the period of care time.

General observations were conducted daily before and after surgery with recording. The surgical and
implant sites were observed with recoding after surgery to inspect inflammation, suppuration,
bleeding, chronic nonhealing wound, sample prolapse, tissue necrosis and gangrene.

Animal Euthanasia

At 13 weeks, animals underwent euthanasia in terms of the Standard Operation Procedures with Doc
#SSMT-PAS-009 {Euthanasia, gross anatomy, ex vivo tissue reuse, and cadaver disposal of

experimental animals in preclinical animal study) made by Jiangsu Kebio.

Specimens Preparation
a. Specimens for Histological Analysis

After euthanasia, the bone sections containing the implanted area of each animal were obtained and
the specimens then were soaked in 10% neutral Formalin solution for the fixation for 7 days, followed
by dehydration for 12 days. As an imbedding process after dehydration, the specimens were infiltrated



with gradually concentrated MMA (Methyl Methacrylate) solutions for 14 days, followed by final
light-curing to harden the specimens.

Each imbedded specimen was sliced along cross-section with diamond saw to 3 thin pieces containing
the defect area, and the thin piece specimens then were polished on the surface. One thin specimen
was used by HE(Hematoxylin and Eosin) dye for soft tissue evaluation. Another thin specimen was
dyed with Methylene Blue Acid Fuchsin for bone formation evaluation. The third thin specimen was
just used for SEM examination without any dyeing.

b. Specimens for SEM Examination

For better SEM examination, bone section without imbedding from each group was sliced to obtain a
thin piece of specimen with fresh tissue. The thin specimens were dried in an oven at 37 °C for 10
hours.

SEM Examination

The SEM examination was conducted at Shanghai Testing Center of Phenom China (Shanghai)
Scientific Instruments Co., Ltd. (Room 705, T5, 88 Shenbin Road, Shanghai, China), which is owned
by Thermo-Fisher Scientific, Inc. All specimens were coated by Au to improve the electronical
conductivity as a standard procedure. A clear low-magnification analysis used a Low-Magnification
SEM with model, Phenom XL, and a high-resolution analysis used a High-Magnification (Field
Emission) SEM with model, Phenom Pharos G2.

Molecular Orbital Computational Modeling

The interaction between soluble silica, represented by silicic acid, and a side group of type I collagen
was modeled using MOPAC 2016 with the PM6-D3H4 method. The molecular structures and reaction
steps were constructed using the Avogadro molecular editor. MOPAC, developed by Professor James
J. P. Stewart, together with the PM6-D3H4 method developed and evaluated by Reza¢ and Hobza,
provides a computational framework that accounts for hydrogen-bonding interactions and London
dispersion forces. Geometry optimization of the molecular species involved in each reaction step was
used to determine the corresponding changes in heat of formation. Transition-state calculations were
also performed to identify the saddle point and thereby estimate the activation energy for the reaction.
Because the molecular-orbital calculations are focused on the specific molecular fragments directly
involved in the interaction, it is not necessary to include the complete collagen molecule or entire
collagen helix in the construction and optimization of each reaction step.

During the modeling process, Avogadro was first used to construct the molecule reaction, and generate
an input file. Then, the input file would be used to run the MOPAC 2016 program with PM6-D3H4 as
method resulting in an output file containing the heat of formation and a HTML file with final
molecule structure.

In this work, side group, of type I collagen bonding to 4 Si member ring has been modeled with 5
reaction steps involved. During the modeling when the first silicic acid approached to the negatively
charged side group of type I collagen less than 5A the strong hydrogen bonding formed, which is the
most important reaction as a nucleation site. The outcomes from this modeling calculation are the heat
of formation change, that are, before and after reaction and the activation energy for each step reaction
to form a 4 Si member ring.
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