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Abstract

an alternative candidate to the bone regeneration field.

Biomaterials to regenerate bone have been gaining great visibility in tissue engineering. The design of a material like bone is a great challenge,
especially when combining the ideal mechanical strength, porosity, and bioactivity. This work focused on the development of a new candidate
for bone substitute combining hydroxyapatite (HAp) and silk fibroin (SF). The silk fibroin, obtained from the cocoons of the silkworm (Bombyx
mori), was dissolved using a ternary solution of calcium, ethanol, and water. HAp was co-precipitated dropping phosphate solution (Na2HP04)
in SF at a constant stirring. The final composite, 75%HAp/25%SE, were framed using a hydraulic system varying the pressure to find the best
candidate. Physical and chemical characterizations were evaluated, as well as the bioactivity and cytotoxicity. Results showed excellent chemical
and physical properties, like the trabecular bone. The 75%HAp/25%SF biocomposite was safe to CHO cells and presented great bioactivity being
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Introduction

Tissue engineering is a promising strategy for the field of
bone regeneration. Only in 2020, approximately 6.6 million of
orthopedic surgeries were performed worldwide due to the bone
fractures, disease, or malformation. As the world population
grows at a fast rate, there is a huge need on developing substitutes
able to mimic the structure and function of the original bone [1-
3]. The current focus on bone substitute is on bioactive materials,
where the material can interact to biological molecules and cells,
and, simultaneously, regenerating the bone tissue. The ideal
material for bone regeneration should present osteoconduction,
osteoinduction and osteointegration; as well as good mechanical
strength, porosity, and biocompatibility [2,4,5].

Hydroxyapatite (HAp) has been attracting a lot of attention as
bone substitute biomaterial because of high porosity and three-
dimensional porous structure, which provide optimal conditions
for the growth and proliferation of cells. Furthermore, its
porosity allows oxygen and nutrients diffusion, creating vascular
integration. However, HAp is naturally fragile making it not
suitable to be framed by itself [2,3,5]. To increase the mechanical
properties of HAp different strategies have been applied, as such
as the incorporation of natural polymers (collagen, chitosan,

and silk fibroin). Silk fibroin (SF), has been widely used in the
biomedical field due to excellent biocompatibility and mechanical
properties, in addition, it presents excellent thermodynamic
properties (degradation>150°C) when compared to the available
biopolymers, such as collagen [6,7].

Current, there are several research combining HAp and SF in
different proposals, such as gel, sponges, cements, etc. However,
the current methodologies involve expensive and time-consuming
techniques and cannot reach the perfect balance between
mechanical strength and porosity [8]. Here we designed a simple
and cost-effectiveness strategy able to create HAp/SF scaffolds
with ideal porosity and mechanical strength.

Materials and Methods

All chemicals were obtained from Sigma. Silk fibroin solution
was prepared following Ajisawa protocol [9]. Briefly, 5g of
Bombyx mori silkworm cocoons (donated by Bratac, Brazil) were
degummed for 30 minutes in a boiling 0.02M sodium carbonate
solution to remove sericin. The degummed silk was rinsed 3
times in deionized water and dried overnight at 45°C. The dried
silk fibers were dissolved in a 0.1M CacCl,/0.2M ethanol/0.8M H,0
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solution at 70°C for 4h. The final silk fibroin solution was filtered
(MF-Millipore™ MCE Membrane Filters - Sigma) to remove
impurities. We designed a co-precipitation technique to prepare
HAp/SF composites. Briefly, we prepared a solution containing
0.12 mol of Na,HPO, in 150mL of 0.5M Tris-HCI solution at pH
9.0. The concentration of phosphate was proportional to Ca
concentration to obtain 1.67 ratio of Ca/P. The final solution
was slowly dropped into the silk fibroin solution with intense
mechanical stirring (10,000 RPM) for 30 minutes. To obtain the
best candidate, different ratios of HAp/SF were studied (65/35%,
75/25%,85/15% e 95/5%). The best candidate was molded using
a hydraulic system (Prensa MAXX - 3ton, Essence Dental) using a
circular stainless frame (#9mm x10mm) and dried at 60°C for 48h.
Two different pressures (50 MPa and 100 MPa) were studied to
get the desired mechanical resistance and porosity characteristic.
Finally, the molded composite was washed in distillated water for
48h (changing water every 4h) and dried at 60°C for 48h.

Physical and chemical characterizations

SEM images were obtained in a ZEISS LEO 440 (Cambridge,
England) equipment with OXFORD detector (model 7060),
operating with 20 kV electron beam, 2.82A current and 200pA
I probe. The samples were coated with carbon using Coating
System BAL-TEC MED 020 (BAL-TEC, Liechtenstein). Pores size
were measured from SEM images using Image] software. EDX was
performed on Isis System Series 200 equipment, with SiLi Pentafet
detector, ATW II ultra-thin window (ATW II) window, from 133eV
to 5.9keV, coupled to a LEO Electron Microscopy Ltd), using an
Oxford Detector (Oxford Instruments Inc.). Thermogravimetric
analyze (TGA) was performed from 25°C to 8002C, in a synthetic
air, using 10 mg at heating rate of 10°C.min-1 (Q-50 model - TA
Instruments). FTIR spectra were performed using A Shimadzu
[RAffinity-1 spectrophotometer, with 64 scans and resolution of 4
cm™, wave range from 400 to 4000 cm™ on KBr tablets.

X-ray diffraction was applied to verify crystallinity using
a Bruker D8 Discovery Instrument X-ray diffratometer (CuKa
radiation, 26 diffraction). Mechanical compression was performed
using a TIME GROUP 30 KN equipment, with load cells of 5-ton,
speed of 0.5 mm/minute. The total porosity was calculated based
on the Archimedes method (NBR ISO 5017:2015) [10]. Briefly,
samples were dried at 60°C for 24h. After dried, samples were
weighted and recorded as M1. Samples were then placed in a
beaker containing ethanol. Deaeration cycles were applied to

Table 1: Pre-test to evaluate the best candidate for the study.

complete absorption of ethanol inside the samples. After complete
ethanol immersion, the weight was measured and recorded as M2.
Finally, the immersed sample was weighted and recorded (M3)
using mechanical analytical balance. The % of liquid absorption
(%LA) was calculated using equation I and the % of apparent
porosity (%AP) using equation II.

M2-M1
—X

% LA = 100 1)

M2-M1

%AP = %100 (2)
M

Micro computed tomography (micro-CT) was applied to
observe the composite in 3D images, evaluating its volume,
porosity, and pore connectivity. The samples were scanted in
SkyScan 1172 Micro-CT equipment (SkyScan; Kontich, Belgium).
The reconstruction of the images was performed using NRecon
(Version 1.6.2.0; SkyScan). Ct-Vol software (SkyScan, August 2003,
Aartselaar, Belgium) was used to calculate porosity and volume.

In vitro analyses

Cytotoxicity was performed in CHO cells using neutral red
assay (ISO 10993-5 - Test for in vitro cytotoxicity) [11]. Phenol
was used as a positive control (toxic) and alumina as a negative
control (non-toxic). The bioactivity was evaluate based on the
apatite formation using ISO 23317 protocol [12]. Briefly, samples
were incubated in SBF solution at 36.5°C for 0, 14 and 28 days.
After incubated period, SEM was performed to verify visually the
apatite formation.

Results and Discussion
Physical and chemical characterizations

The porosity, mechanical strength and ratio of calcium/
phosphate are essential parameters to analyze the performance
of a bone substitute [13-15]. Here, to assure the best ratio of
hydroxyapatite (HAp) and silk fibroin (SF), we pre-analyzed these
parameters for different ceramic/polymer ratio after manually
framed to find the best candidate for the study. We concluded
that the 75% HAp/25%SF presented more favorable performance
when compared to other proportions investigated (Table 1). In this
way, the hydraulic pressing procedure and others characterization
were evaluated on 75%HAp/25% SF ratio.

Sample Ca/P ratio % Liquid Absorption (g/g) Compressive Strength (MPa)
65%HAp+35%SF 1.89 +0.01 63.8+2.2 0.25+0.11
75%HAp+25%SF 1.67 £0.15 61.4+0.8 0.36 +£0.01
85%HAp+15%SF 2.23+0.23 58.8+ 1.5 0.11 £ 0.05

The interconnection and distribution of pores are fundamental
to allow cells adherence, proliferation, and differentiation. In
addition, it provides paths to nutrients and oxygen flows, helping

with the growth of the new tissue and blood vessels [15,16]. The
SEM images in Figure 1 show the 75%HAp/25%SF composite
morphology.
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Figure 1: The interconnection and distribution of pores for 75% HAp/25%SF composites pressured at (A) 50 MPa and (B) 100 MPa.
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A similar pore distribution was observed for samples
pressed at 50 MPa and 100 MPa, presenting diameters between
1pum and 50pm. The composite had a homogeneous and well-
interconnect structure. The co-precipitation procedure allowed a
well bound between HAp and SF, especially due to the carbonyl
group present in SF that binds to the Ca+2, that forms carbonyl-
calcium complexes. When dropping the phosphate solution, PO43-

accumulated around the complex and initiated the nucleation of
HAp. Due to the strong chemical interaction between the carbonyl
groups and Ca2+, SF induced the self-organization and orientation
of HAp crystals. Finally, HAp is cross-linked with the SE forming
this homogeneous network [17-19]. EDX analysis showed the
Ca/P ratio of 1.67, like the inorganic bone material [20] (Figure 2).
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Figure 2: EDX analysis for 75%HAp/25%SF composite.
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The thermo behavior of 75% HAp/25%SF is shown in Figure
3A. We observed the water evaporation between 25°C and 120°C.
The SF degradation started around 290°C when it is alone and
shifted to 300°C when it is bound to HAp, indicating the strong

link between SF and HAp [13,18,20,21]. The total weight loss was
35%, where 5% was related to the water evaporation, showing
that the organic/inorganic composition is approximately 70/30,
close to the desired ratio 75/25.
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Figure 3: (A) TGA, (B) XRD and (C) FTIR of 75% HAp/25% SF composite.
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FTIR studies were applied to analyze the structure based on
the functional groups. Figure 3B shows the spectra of the

i, 75%HAp/25%SF,

ii. silk fibroin and
iii. deproteinized bone (donated by biochemistry and
biomaterials group of IQSC- USP/Brazil).

The absorption bands at 1098, 1041, 844, 601 and 568 cm™
are related to PO4-3 present in HAp

(i). Similar bands were identified in the deproteinized bone
(ii) because of the vibrations of phosphate ion [22-24]. The bands
at 1658, 1532 is 1368 cm™ are characteristics of vibrations of the
[, I1, [Il amide groups, respectively, present in silk fibroin (i and ii).
It is important to note a more intense peak for 75%HAp+25%FS
compared to the silk fibroin, indicating an increase in (-
conformation due to the link with HAp [25-27].

XRD spectrum for 75%HAp/25%SF is shown in Figure 3C.
The crystallographic plans at (002), (211), (310), (222), (213)
and (004) represent the characteristic pattern of HAp, showing
no formation of any different calcium phosphate. However,
these peaks are broaded and overlapped (evidenced in the 211

plan) demonstrating the presence of amorphous phase in HAp
precipitated, very similar to biological apatite present in natural
bone [28,29]. The HAp crystallinity is directly affected by the
temperature; low temperature process creates broaded peaks
and amorphous phases, while at higher temperatures, the peaks
are sharper, indicating an increase in the crystallinity. Similar
results were found in different studies with HAp/SF composites.
Different works observed the overlapping at (211) plan, resulting
in low crystallinity and more amorphous phase compared to HAp
synthetic [13,17,18,30].

The % of porosity and % of liquid absorption of 75%HAp
/ 25% SF is described in Table 2. The ideal porosity of a bone
substitute must be greater than 30% to allow interconnection
and provide sufficient opportunities for cell migration and
proliferation [5,14,15]. Through the liquid absorption capacity, it
is possible to preview if the material will be able to guarantee the
diffusion process for cells, nutrients, and oxygen [14,15]. Similar
% of apparent porosity and % of liquid absorption were found
for samples pressed at 50MPa and 100MPa. Samples pressed
at 100 MPa presented an increase of ~5% for these parameters
compared to samples pressed at 50 MPa. Both samples presented
great structure to allow cells adherence and growth, with porosity
above 50%.

Table 2: The porosity of 75%HApP/25%SF shows a great ability to allow the flow of cells, nutrients, and oxygen.

75%HAp/25%SF Apparent Porosity (%) Liquid Absorption (%)
50 MPa 52.23+2.15 34.31+251
100 MPa 56.83 £2.20 40.89 +£5.16

One of the greatest challenges on the development of
bone substitutes is combine the ideal porosity and mechanical
resistance. A structure with the ideal porosity often sacrifices the
mechanical properties and vice-versa. Mechanical compression
tests were performed to evaluate the stress behavior of 75%

HAp/ 25% SF pressed at 50 and 100 MPa (Figure 4). The samples
pressed at 50 MPa and 100 MPa showed compressive stress of
2.62+0.74 and 2.13x0.16 MPa, respectively, like the trabecular
bone. Our composite demonstrated sufficient strength to ensure
the early stabilization right after implant, supporting the first
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compressive stress. Usually, the scaffolds for bone substitutes are
made using hydraulic pressing or freeze-drying methodology. The
first process guarantees a higher compressive strength, sacrificing
the porosity, while the second one, ensure a good porosity but

decrease its strength. Different works involving HAp and SF
observed a significant increase in the mechanical strength when
SF was incorporated to the material [13,15,31-33].
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Figure 4: Compressive strength response in function of pressure applied, 50 and 100MPa, respectively. The 75%HAp/25%SF composite
demonstrated similar behavior to trabecular bone.
N J

Another way to verify the interconnection of pores could be
applying images techniques such as micro computed tomography
(micro-CT). Figure 5 shows 3D images of 75%HAp/25%SF
composite pressed at (a) 50MPa and (b) 100MPa. The complete
analysis is in Supporting information Table 3. Here, according to

the analyses carried out by SEM, we could observe porous from
1pum to 50um, where most pores are ~35 um but not exceeding
50um. This pore size distribution allows the flow of osteocytes,
osteoclasts, and the growth of blood vessels.

e N
Figure 5: Micro-CT 3D images showing a homogenous morphology for 75%HAp/25%SF pressed at (A) 50 MPa and (B) 100 MPA.
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Table 3: CTvol analyses for 75%HAp/25%SF composite pressed at 50MPa and 100MPa

(75%HAp/25%SF) 50 MPa 100 MPa

Total volume (mm?) 404,12 570,45

Filled volume (mm?) 368,19 542,32

Porosity - closed porous (%) 8,89 4,93
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In vitro analyses

The cytotoxicity assay is the first step to prove the
biocompatibility of a new bone substitute. An ideal response
should demonstrate cell viability of 70% or more [11,34]. In
Figure 6 is demonstrated the % of cell viability for 75%HAp/
25%SF, pressed at 50 MPa and 100 MPa. Alumina was used as
a negative control (nontoxic) and phenol as a positive control
(toxic). Our composite showed similar behavior to the negative

control (Alumina), showing % of cell viability above 80% and
no toxicity for CHO cells. We only found toxicity in the positive
control (phenol), as was expected. To investigate the bioactivity of
our composite, we analyzed the ability to form apatite, a thin layer
rich in Ca and P, on the scaffold surface [12,15]. Biomineralization
of apatite on the surface of bioactive scaffolds simulates the real
reaction between the implanted material and the plasma and
other biofluids [35,36]. SEM images (at day 0,14 and 28) for the
75%HAp/25%SF pressed at 50MPa are demonstrated in Figure 7.
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Figure 6: % of cell viability in contact to 75%HAp/25%SF composite, alumina (negative control) and phenol (positive control).
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Figure 7: Bioactivity of 75%HAp/25%SF composite showing the apatite growth on scaffold surface at (A) day 0, (B) day 14 and (C) day
28.
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Clearly, we can see changes in the morphology at day 14 and 28.
In 14 days it is possible to observe a thin layer of apatite growing
on the scaffold surface, and more evident at day 28. This result
showed the higher bioactivity of 75%HAp/25%SF composite to
assist the integration of the implanted material, the new bone
and the host tissue when simulating the body environment (SBF
solution at 37°C and pH 7.4).

Conclusion

We successful developed a new approach to co-precipitate
HAp and SF forming a well homogeneous composite. We studied
two different pressures to assemble the scaffold, but no significant
differences were found, showing similar behavior for samples
framed at 50MPa and 100MPa. The chemical and physical
characterizations demonstrated an ideal set of characteristics,
such as porosity and mechanical strength. In addition, the final
composite presented amorphous structure and inorganic/organic
ratiolike thetrabecularbone. Ourresultsshowed aninterconnected
porous structure allowing the cells, nutrients, and oxygen flows.
The designed co-precipitation method is sustainable, simple and
cost-effectiveness, without the need of high temperatures, and
aggregates values to the discarded silkworm cocoon.
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