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 Numerous bone disorders and injuries, such as osteoporosis, are among 

the most  spreading types of human tissue injuries worldwide, and the 

available treatments for these injuries are often insufficient and 

inefficient. Nowadays a lot of attention has been paid to the regenerative 

medicine, specifically tissue engineering because of its unique features. 

The extracellular matrix is a key component in tissue engineering 

because it must have specific properties to support cell survival and 

proliferation. Natural and synthetic polymeric hydrogels are among the 

materials commonly employed in tissue engineering. Because the 

extracellular matrix of bone is particularly mineralized and has a high 

elasticity, various nanoparticles are commonly utilized to improve the 

mechanical properties of polymeric hydrogels. In this study, first we 

extracted the collagen type I from rat tail and characterized it with FTIR 

spectrum and self-assembly, second we synthesised the bioactive glass 

nanoparticles and characterized them with XRD and EDAX. Then we 

developed a polymeric collagen hydrogel (3 mg/ml) scaffold, including 

bioactive glass nanoparticles (3 %w/v) which increase the mechanical 

properties of the scaffold (103 pa elastic modulus) in comparison to 

those of the collagen scaffold (0% w/v nanoparticles), that can be used 

for bone tissue engineering applications. 
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1. Introduction 

Bone is a highly mineralized tissue that plays 

important roles in the body, including 

facilitating movement, supporting soft tissues, 

regulating hormones, and serving as the 

supplier of bone marrow [1]. Additionally, 

bone is referred to as a dynamic organ because 

it undergoes a process known as "remodeling" 

throughout the lifespan in which osteoblast 

and osteoclast cells respectively form new 

bone and resorb aged bone during growth and 
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injury [2]. Osteoporosis, which typically 

affects women over the age of 50, is one of the 

most frequent disorders caused by an 

imbalance in the remodeling process [3]. 

According to available statistics, this condition 

will cause around three million bone fractures 

and a total yearly cost of $25.3 billion by 2025 

[4]. Bone is the third most common location of 

cancer metastasis and is the most common site 

for breast, prostate, and lung cancer 

metastases. Other malignancies, such as 

thyroid and kidney cancers and skin 

melanoma, can also spread to the bone [5]. To 

reconstruct and mimic the bone physiological 

microenvironment, biomimetic hydrogels, 

including type 1 collagen hydrogel, which 

makes up 90% of the bone matrix, can be 

combined with different nanoparticles or other 

natural and synthetic polymers to create proper 

scaffolds.  In some studies, type I collagen has 

been used as a hydrogel scaffold for 

osteogenesis. In 2021, Simorgh et al. isolated 

type I collagen from rat tail and synthesized 

collagen hydrogels with varying 

concentrations as the scaffolds to study 

osteogenesis and implanted the scaffolds in the 

mouse [6].   

Nanoparticles such as hydroxyapatite [7], 

bioactive glass [8], gold [9] and graphene 

oxide [10] have been used to improve the 

mechanical properties and strength of 

hydrogels, and for better mimicking the bone 

microenvironment. Bioactive glass (BG) is an 

amorphous silicate-based material that is 

compatible with the human body and can bond 

with bone and stimulate osteogenesis through 

its dissolution over time [11]. The bioactive 

glass was first discovered in 1969 by Larry 

Hench and colleagues at the University of 

Florida, and it was the first material that had 

the ability to be grafted on to the host's bone 

[12]. The percentage composition of the first 

biological glass was: 46.1% SiO2, 24.4% NaO, 

26.9% Cao and 2.6% P2O5 (molar percentage), 

and that glass became known as 45S5 

biological glass which is still known by the 

same name in the world markets today. The 

discovery of Hench and his colleagues has 

opened a new window to the clinical uses of 

ceramics and bioactive glasses since 1985. 

Subsequent studies in the field of biological 

glasses showed that by changing the 

constituents of glasses, they can be used for 

soft tissues as well [13]. Currently, researchers 

are focusing on improving the properties of 

these biomaterials in osteogenesis and their 

potential in developing different structures to 

stimulate the body's spontaneous repair 

mechanism [14]. In general, the bioactive glass 

has a great ability to stimulate osteogenesis 

and generally stimulate the spontaneous repair 

of other body tissues through two mechanisms. 

Its first and most important mechanism is 

through the immersion of these particles in an 

aqueous environment which can cause the 

formation of hydroxyapatite on their surface 

that can mineralize the ECM (mainly the 

aqueous environment of the body) [15]. The 

second mechanism, through which the 

bioactive glass has the ability to effectively 

stimulate osteogenesis and repair other body 

tissues such as doing angiogenesis, is the 

mechanism of releasing various ions. For 

example, strontium ion for the bone 

differentiation [16], copper ion for influencing 

endothelial cells and angiogenesis [17], cobalt 

ion for angiogenesis [18] and silver ion for 

antibacterial properties [19] are used. In 2015 

Solgi et al. used the sol-gel process to 

synthesize the bioactive glass that contained a 

four-element blend of silicon, calcium, 

phosphorus, and strontium. In this work, 

bioactive glasses were synthesized in three 

distinct experimental groups using strontium 

ions with the concentrations of 0, 5, and 10 

mole percent. In this work they aim to examine 

how various concentrations of strontium ions 
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affect the activity of osteoblast-secreted 

alkaline phosphatase and cell proliferation. 

The results of this study showed that the glass 

with the concentration of 5% of strontium had 

the best and most optimal effect on the 

proliferation of osteoblast cells and increasing 

the activity of alkaline phosphatase [20]. In 

2012 Wu et al. synthesized the biocompatible 

nanoparticles of the mesoporous bioactive 

glass with copper, silicon, calcium, and 

phosphorus. These nanoparticles have been 

produced using varying quantities of copper 

ions, namely 0, 1, 2, and 5 mole percent. The 

aim in this study was to investigate the impact 

of varying concentrations of copper ions on the 

stem cell differentiation, proliferation, VEGF 

secretion, HIF-α factor expression, and bone 

factor expression. At the end of this study, it 

was reported that copper ions with a 

concentration of 5 mol% inside the bioactive 

glass structure has the most optimal 

concentration to achieve the predetermined 

goals, and the authors state that the use of this 

combination of nanoparticles has a very good 

potential for treating bone injuries [21]. 

 Collagen and the bioactive glass have both 

utilized hydrogel and nanoparticle thus far in a 

variety of studies, particularly those focused 

on bone treatments. However, there hasn't 

been any research done on using these two 

materials together for the bone tissue 

engineering. 

In this study, for the first time, to mimic the 

bone ECM, we used collagen type I which is 

the most common protein of the bone matrix 

(almost 90% of the bone matrix) and we added 

bioactive glass nanoparticles with a distinct 

composition (Sr and Cu together in the glass) 

to the collagen and obtained the hydrogel 

scaffold with proper mechanical and biological 

properties for their application in bone tissue 

engineering.  

2. Materials and methods   

2.1. Synthesis of bioactive glasses  

The composition of elements considered for 

the synthesis of the bioactive glass by the sol-

gel method, for being used in this study and in 

order to create the better osteogenesis and 

angiogenesis, is shown in Table1 as follows: 

Table1. Percentage of the elemental compounds of the bioactive glass along with the precursors and their 

amounts [22]. 
Composition Percentage in total Precursor Brand Amount of precursor 
SiO2 58 TEOS Merck 11.24 ml 
CaO 26 CaNO3.4H2O Merck 2.65 gr 
P2O5 9 TEP Merck 5.31 ml 
SrO 5 SrNO3.2H2O Merck 0.91 gr 
CuO 2 CuNO3.3H2O Merck 0.39 gr 

 

First, we poured 15 ml of pure ethanol and the 

amount of TEOS as mentioned in Table 1, 10 

ml of distilled water and 5 ml of a 2 M nitric 

acid into a beaker and allowed 45 minutes for 

the mixture to mix well on a magnetic stirrer. 

After 45 minutes, in the second step, we added 

the amount of TEP as mentioned in Table 1 

and then waited for another 45 minutes as the 

mixing time. After 45 minutes of mixing in the 

second stage, we added the amount of 

CuNO3.3H2O as mentioned in Table 1 to the 

mixture and mixed it  again for 45 minutes. In 

the same way, we added other precursors, 

namely SrNO3.2H2O and CuNO3.3H2O, with 

their amounts as mentioned in Table 1, and we 

waited for 45 minutes of the mixing time for 

each step. After 45 minutes from the last step 

of mixing the precursors, a mixture is obtained, 

which is called a sol. We neutralized the sol by 
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adding a 1 M ammonia solution drop by drop 

until a gel is formed. We put the created gel in 

an oven at 120 °C for two days to evaporate the 

existing solvents. After two days, we took out 

the dried gel from the oven and placed it in 

another oven at 600 °C for two hours, so that 

the remaining solvents will evaporate, and to 

have a completely dry product. After taking it 

out of the furnace, the glass powder is poured 

into the mortar and pounded until the bioactive 

glass powder is obtained, and at the last stage, 

the final powder is passed through the mesh 

number 325 to obtain the required fine 

particles. For the particle characterization, the 

XRD and EDAX analyses were taken. 

2.2. Collagen extraction 

To extract type 1 collagen, 12 rat tails 

(obtained from Iran university of medical 

science, Tehran, Iran) were used and all 

procedures were performed on ice. In this way, 

the tails were washed with DI water and then 

the tendons were separated from the rat's tail 

with forceps and scissors. The tendons were 

washed three times in PBS(1X) and then 

placed in acetone then in ethanol for five 

minutes. Finally, the tendons were removed 

from the ethanol and poured into a 0.02 M 

acetic acid and placed on a stirrer in the 

refrigerator for 24 hours to dissolve the 

tendons in acetic acid. After 24 hours, a 

viscous gel solution was obtained, and to 

completely dissolve the tendons, the viscous 

solution was stirred for half an hour using a 

homogenizer to obtain a homogeneous 

solution. Then, the solution was passed 

through the dialysis bag with Kataf 12000. The 

dialysis operation was performed for 5 days 

and dialysis fluid was  removed each day and 

after that the gel was removed from the dialysis 

bag and finally a collagen sponge was obtained 

by gel lyophilization [23]. For the collagen 

characterization, the FTIR spectrum, SEM and 

self-assembly analyses were performed. 

2.3. Preparation of hydrogel 

In order to investigate the effect of BG 

nanoparticles, as shown in Table 2, there were 

two different experimental groups. To prepare 

the collagen hydrogel with a concentration of 

3 mg/ml, first, 9 mg of freeze-dried collagen 

was poured in 1300 µl of a 0.5 M acetic acid 

and mixed for 18 hours on a magnetic stirrer at 

4°C until a clear solution was obtained. Then 

it was neutralized with 560 µl of a 1 M NaOH 

alkaline solution and its pH was adjusted to 

approximately 7.4. It should be noted that all 

neutralization steps were performed on ice in 

order not to damage the collagen structure. The 

volume of the final neutral solution was 3 ml 

with PBS (10X) and it was incubated for two 

hours in the incubator at 37 °C.  For preparing 

the second group including BG, before 

incubation, BG nanoparticles powder was 

added to the solution. For the hydrogel 

characterization, the rheology and porosity 

analyses were performed. 

Table2. Experimental groups of hydrogel 

with/without the bioactive glass 

 Coll3.BG0 Coll3.BG3 
BGs 0 3 % w/v 
Collagen 3 mg/ml 3 mg/ml 

 

3. Results and discussion   

3.1. Bioactive glass XRD 

The X-ray diffraction of nanoparticles was 

done in the range of 3-80 degrees. As it can 

be seen in Figure1, the peaks relate to the 

formation of bioactive glass particles are 

scattered and do not have very sharp 

diffraction, which indicates the shapeless 

or amorphous nature of the particles. The 

peak in the range (2θ=30ͦ-40ͦ) shows the 
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typical characteristic of an amorphous 

silicate glass [24]. 

 

 Figure 1. Analysis of the bioactive glass by the X-ray diffraction  

 

3.2. Bioactive glass EDAX 

According to the percentage composition that 

was stated in the bioactive glass synthesis 

section (Table1), the presence of bioactive 

glass constituents is confirmed by the EDAX 

analysis. As it can be seen in the Figure 2, the 

elements of silicon, calcium, phosphorus, 

strontium and copper are present in the 

structure of our synthesized bioactive glass. 

 

Figure 2. EDAX elemental analysis of the synthesized bioactive glass.  

 

3.3. Collagen FTIR 
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An FTIR spectrum of the isolated collagen is 

shown in Figure 3 which shows the typical 

bands associated with type I collagen: amide 

A, amide B, amide I, amide II, and amide III. 

In all collagen samples, amide A bands are 

observed  between 3320 and 3430 cm-1 and 

amide B bands between 2920 and 2960 cm-1. 

The bands around 1638, 1531, and 1377 cm-1 

are also found to be related to various amides 

I, II, and III [25]. 

 

Figure 3. Collagen bands resulted from the FTIR spectrum 

3.4. Collagen self-assembly 

Figure 4 shows the collagen self-assembly test. 

When we dissolved the dried collagen in acetic 

acid and then neutralized it, by placing the 

solution (3 mg/ml) in a place with the 

temperature of 37 °C, the collagen solution 

was crosslinked and the collagen hydrogel was 

formed, which shows that the collagen 

structure is fine. 

 

Figure 4. Collagen self-assembly test by forming 

the crosslinked hydrogel in 37 °C  

1.1. Porosity and SEM of the 

collagen hydrogel 

The porosity of collagen hydrogel (3 mg/ml) 

was measured by the liquid displacement 

method [26].  Ethanol was used as the 

displacement liquid as it permeates through 

collagen scaffolds without shrinking or 

swelling the matrix. A lyophilized collagen 

was immersed in a graduated cylinder 

containing a known volume (V1) of ethanol. 

During keeping the sample in the ethanol for 7 

minutes, a series of quick evacuation and 

depressurization cycles were carried out to 

drive the ethanol into the scaffold's pores. 

After that, (V2) represents the total volume of 

ethanol and the ethanol-impregnated scaffold. 

After removing the ethanol-impregnated 
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scaffold from the cylinder, the remaining 

ethanol volume (V3) was measured. The 

porosity of the scaffold (ε) was obtained by 

equation1: 

(𝜀)% =
(𝑉1 − 𝑉3)

(𝑉2 − 𝑉3)
× 100 

(1) 

The mean porosity of the collagen scaffold was 

measured five times and obtained as 88 ± 2% 

which means the high porosity hydrogel has 

been obtained. As shown in Figure 5, the SEM 

pictures from dried collagen hydrogel can 

confirm the mean porosity that has been 

obtained by equation 1. 

 

 

Figure 5. SEM pictures of the dried porous collagen hydrogel 

1.2. Rheological behavior of 

hydrogels 

Under tensile strain circumstances, mechanical 

properties such as storage and loss modulus are 

dictated by the rheology of the gel, and the 

point at which the storage modulus and loss 

modulus meet can be used to calculate the 

percentage of the gelation loss [27].  At the 

point where both graphs G' and G" intersect, 

the material's properties tend to range from 

elastic to viscous. Additionally, the higher G' 

indicates better mechanical properties. As it 

can be seen in Figure 6, the Coll3.BG0 with the 

elastic modulus of 102 pa has poor mechanical 

properties but when bioactive glass 

nanoparticles are added, the scaffold 

Coll3.BG3 shows better mechanical 

properties. As shown in Figure 5 (B), the 

addition of 3%w/v of bioactive glass 

nanoparticles causes a significant increase in 

the elastic modulus and increases it to 103 pa 

which means 10 times higher than that of 

Coll3.BG0 and the scaffold Coll3.BG3 loses 

its gelation property at the higher tensile strain 

circumstances than that of Coll3.BG0 which 

means the Coll3.BG3 has more resistance to 

strain and can keep the gel shape. 
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Figure 6. Rheological analysis of the collagen hydrogel scaffold; loss(G") and storage(G') moduli curves 

according to the strain: (A)Coll3.BG0 (B)Coll3.BG3 

 

2. Conclusion 

The extracellular matrix (ECM) is one of the 

major and influential factors in tissue 

engineering. Therefore, the hydrogels should 

play the ECM role in body and provide the 

necessary conditions for the better cell survival 

and proliferation. In this study, a collagen 

hydrogel scaffold with a high porosity (almost 

90%) was obtained. The scaffold's high 

porosity allows the cells to fit snugly inside of 

it, and a successful mass transfer procedure 

ensures that the cells receive the nutrients they 

need. But the porous scaffold usually has poor 

mechanical properties, and since the ECM of 

bone is highly elastic, the scaffold with high 

mechanical properties and stiffness is needed. 

For this purpose, with the addition of bioactive 

glass nanoparticles, not only the elastic 

modulus and mechanical properties of the pure 

collagen scaffold increase significantly, but 

the composition of the bioactive glass, which 

includes copper, strontium, calcium, and 

phosphorus ions, may increase the osteogenic 

properties of the scaffold. The pure collagen 

hydrogel characterization shows 88 + 2% 

porosity and the Coll3.BG3 group (collagen 3 

mg/ml + BG 3%w/v) has 103 pa elasticity 

which means 10 times higher than what 

Coll3.BG0 (pure collagen hydrogel) has and 

also the hydrogel loses its gel property at 

higher strain values. 
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