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จิราภรณ์ สินนา : การพัฒนาไฮโดรเจลแบบฉีดจากพอลิไวนิลแอลกอฮอล์และไหมไฟโบรอิน 
โดยใช้แสงเพ่ือให้เกิดโครงสร้างร่างแหส าหรับใช้ในวิศวกรรมเนื้อเยื่อหมอนรองเข่ า          
(DEVELOPMENT OF POLY (VINYL ALCOHOL)/ SILK FIBROIN INJECTABLE 
HYDROGELS BY PHOTO CROSSLINKING FOR MENISCUS TISSUE ENGINEERING).                        
อาจารย์ที่ปรึกษา : รองศาสตราจารย์ ดร.ยุพาพร รักสกุลพิวัฒน์ , 88 หน้า 

ค าส าคัญ : พอลิไวนิลแอลกอฮอล์ ไหมไฟโบรอิน ไฮโดรเจลแบบฉีด วิศวกรรมเนื้อเยื่อหมอนรองเข่า 

 จุดมุ่งหมายในการศึกษานี้คือ การพัฒนาไฮโดรเจลแบบฉีดโดยใช้แสงยูวีท าให้เกิดการเชื่อม
ขวางแบบร่างแหโดยสารจะเปลี่ยนสถานะจากของเหลวกลายเป็นของแข็งคล้ายเจลโดยใช้วัสดุจากพอ
ลิไวนิลแอลกอฮอล์และไหมไฟโบรอินเพ่ือใช้เป็นโครงร่างเลี้ยงเซลล์ในหมอนรองเข่า ซึ่งจะน าไป
ประยุกต์ใช้ในการผ่าตัดแบบส่องกล้องในข้อเข่า (Arthroscopic Surgery) และศึกษาสมบัติทาง
กายภาพ สมบัติทางกลของวัสดุและทดสอบความเป็นพิษต่อเซลล์ เพ่ือน าไปใช้เป็นไฮโดรเจลแบบฉีด
รักษาส่วนที่ฉีกขาดในหมอนรองเข่าในอนาคต 

 พอลิไวนิลแอลกอฮอล์เป็นหนึ่งในวัสดุที่ใช้งานบ่อยที่สุดในวิศวกรรมเนื้อเยื่อ มีคุณสมบัติ
เชิงกลสูง ไม่เป็นพิษ มีความเข้ากันได้ทางชีวภาพที่ดี และย่อยสลายได้ในทางชีวภาพ แต่มีข้อด้อยคือ
เซลล์ไม่สามารถยึดติดได้ ส่วนไหมไฟโบรอินมีความเข้ากันได้ของเซลล์ที่ดีเยี่ยม เช่น การยึดเกาะเซลล์
ได้ดแีละการเพ่ิมจ านวนเซลล์ที่ดี รวมถึงสมบัติทางกลและการย่อยสลายได้ในชีวภาพ วัสดุทั้งสองนี้จึง
ถูกน ามาใช้กันอย่างแพร่หลายในฐานะโครงร่างเลี้ยงเซลล์ส าหรับวิศวกรรมเนื้อเยื่อ ถึงแม้วิศวกรรม
เนื้อเยื่อจะได้ผลที่ดีในการทดลองในหลอดทดลอง แต่ยังไม่สามารถใช้งานในทางคลินิกได้ จึงขอเสนอ
โครงร่างเลี้ยงเซลล์แบบการขึ้นรูปสองเฟส (Biphasic) ที่สามารถฉีดผ่านการผ่าตัดแบบส่องกล้องเข้า
ไปในหมอนรองเข่า ซึ่งสามารถเปลี่ยนจากของเหลวให้กลายเป็นของแข็งคล้ายเจลโดยใช้แสงยูวี  
ไฮโดรเจลจึงเป็นวัสดุที่ถูกเลือกน ามาพัฒนาเป็นไฮโดรเจลแบบฉีดได้ เพ่ือปรับปรุงคุณสมบัติของวัสดุ
ให้มีการยึดเกาะเซลล์ที่ดีขึ้น รวมทั้งความเข้ากันได้กับสภาพแวดล้อมทางชีวภาพในร่างกายของพอลิ
ไวนิลแอลกอฮอล์และไหมไฟโบรอิน โดยไหมไฟโบรอินถูกเตรียมด้วยกระบวนการละลายโดยใช้
ไมโครเวฟเป็นตัวช่วยให้สามารถลดเวลาในการเตรียม รวมทั้งได้น้ าหนักโมเลกุลที่สูง  การกราฟต์ด้วย
ไกลซิดิลเมทาคริเลท ลงบนสายโซ่ของพอลิไวนิลแอลกอฮอล์ (PVA-g-GMA) ผ่านปฏิกิริยาทรานส์เอ
สเทอริฟิเคชัน และไหมไฟโบรอิน (SF-g-GMA) ผ่านปฏิกิริยาการเปิดวงแหวนของอีพอก เพ่ือปรับปรุง
หมู่ฟังก์ชันที่สามารถเกิดกระบวนการพอลิเมอไรเซชันด้วยแสงยูวีได้  (Photopolymerization) 
สภาวะที่ดีที่สุดของ PVA-g-GMA ถูกเตรียมที่ความเข้มข้น 10 เปอร์เซ็นน้ าหนักโดยปริมาตร และ SF-
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The aim of this research is to develop photocrosslinking of a biphasic injectable 
hydrogel material that can be injected into the human body as liquids and cure to 
form an in situ solid hydrogel. A biphasic injectable hydrogel material with a modified 
chemical structure derived from poly (vinyl alcohol) (PVA) and silk fibroin (SF) for 
meniscus tissue engineering that is applicable to arthroscopic surgery. 

PVA is one of the most commonly used materials in tissue engineering because 
of its high mechanical properties, non-toxic nature, good biocompatibility, and 
biodegradability. But the disadvantage is that the cells cannot adhere. As for SF, it has 
excellent cell compatibility, such as cell adhesion and cell proliferation, as well as 
mechanical properties and biodegradability. Thus, these two materials have been 
frequently used as cytoskeletons in tissue engineering. Although tissue engineering 
works well in in vitro experiments, it is not yet clinically viable. We therefore propose 
a biphasic scaffold that could be injected via an arthroscope portal during the liquid 
phase and become solid after injection into the meniscus and can be injected into the 
human body as liquids and cure to form an in situ solid hydrogel. To improve the 
properties of the material to have better cell adhesion as well as the biocompatibility 
of polyvinyl alcohol and silk fibroin. The silk fibroin was prepared by a microwave-
assisted dissolve process to reduce the preparation time and obtain a high molecular 
weight. Grafting glycidyl methacrylate (GMA) onto PVA (PVA-g-GMA) chains via 
transesterification reaction and SF (SF-g-GMA) via epoxy ring opening reaction to 
improve functional groups capable of polymerization with UV light. The best condition 
of PVA-g-GMA was prepared at a concentration of 10% w/v and concentrated at 50%
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CHAPTER I 

INTRODUCTION 

1.1  Background 
The meniscus, a fibrocartilage tissue of the knee joint that aids in body weight 

distribution, lubrication, and nourishment for the knee joint, is a crucial crescent-
shaped component of the knee joint. An injury to the meniscus can result from 
overuse, sports, mishaps, or aging. Surgery to remove the damaged meniscus in its 
entirety or in part is frequently the result of this. Increased stress on the joint cartilage, 
which might eventually result in osteoarthritis, is a typical issue when part of the 
meniscus is removed (fMakris, Hadidi, & Athanasiou, 2011). The meniscus consists of 3 
zones: the outer zone (red-red zone), which contains 80% of collagen I; aggrecan and 
fibroblast-like cells are the component and vascular region; the middle zone (red-
white zone); and the inner zone (white-white zone), which contains 60% of collagen II, 
aggrecan, avascular tissue, and fibrochondrocyte or chondrocyte-like cells. The 
meniscal tears of the inner zones cannot be repaired easily due to their avascular 
nature, and articular cartilage has a limited regenerative and self-healing capacity (Fox, 
Bedi, & Rodeo, 2012) (Numpaisal, Rothrauff, Gottardi, Chien, & Tuan, 2017).  

Tissue engineering (TE) consists of three keys: scaffold, cells, and bioactive 
molecules (A. X. Sun et al., 2016). These approaches constitute the currently available 
option that meniscal repair is a biological augmentation, which is a method that helps 
the meniscus' excellent self-healing ability and decreases the need for meniscus 
surgery (Liu et al., 2017). Nowadays, meniscus surgery for athletes is minimally invasive; 
these are small wounds, but applying tissue engineering techniques must be done 
during surgery, and meniscal surgery is performed by opening the knee joint. To 
overcome these problems, surgery was performed once by cells rapidly digesting the 
meniscus but has not yet been completely replace with arthroscopic meniscus repair 
(Jinglei Wu et al., 2015).  
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Hydrogels 3-dimensiomnal (3D) polymer network in which the water swelling and 
porosity allows solvents and nutrients to diffuse homogeneously. Hydrogels can be 
fabricated in different forms depending on individual cell types (Pyarasani, Jayaramudu, 
& John, 2018). The hydrophilicity of hydrogels is primarily caused by the distribution of 
hydrophilic functional groups throughout the polymeric chain's backbone, including 
amide, carboxyl, amino, and hydroxyl groups (El-Sherbiny & Yacoub, 2013).  

Poly (vinyl alcohol) (PVA) has gained popularity as a scaffold supporting material 
for tissue engineering applications due to its high mechanical properties, non-toxic 
nature, good biocompatibility, and biodegradability (Chocholata, Kulda, Dvorakova, 
Kolaja Dobra, & Babuska, 2020). However, it does not efficiently support cell adhesion 
on its surface owing to the hydrophilic moieties provided by the hydroxyl group (–OH) 
on its backbone. PVA has been applied to several advanced biomedical applications 
(Baker, Walsh, Schwartz, & Boyan, 2012)   

Silk fibroin (SF) is a natural polymer that consists of two main parts: silk fibroin (SF) 
and silk sericin (SS). There is 66.5–73.5 %wt silk fibroin and 26.5–33.5 %wt sericin (H. Y. 
Wang, Zhang, & Wei, 2021). SF has high mechanical strength, flexibility, light weight, 
and excellent biocompatibility, such as adherence and proliferation of various cells. 
Arginine-Glycine-Aspartate (RGD) tripeptide, which is found in silk fibroin, can encourage 
cell attachment (W. Sun, Gregory, Tomeh, & Zhao, 2021). Recently, the application of 
silk fibroin in biomedical materials has received great attention, especially in the 
application of tissue engineering (Das et al., 2015). 

These factors have led to a lot of interest in injectable hydrogel due to its tissue 
engineering capabilities for healing. These healing gels are injected into the body in 
liquid form, and upon physical or chemical crosslinking, they rapidly transform into a 
solid hydrogel. Because of configurational changes, the chemical covalent crosslinking 
is permanent and irreversible; yet, it is mechanically durable, and the rate of the 
polymer network's biodegradation is often under control (Chenga et al., 2021). 
Photocrosslinking has been used to prepare synthetic covalent hydrogels because 
polymer solutions easily undergo chemical crosslinking upon irradiation to create a 
hydrogel (Parhi, 2017). The radiation approach, also known as photocrosslinking, is an 
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effective pathway for the synthesis of polymer hydrogels. A good option to produce 
injectable hydrogels is photocrosslinking (Alonso, Andrade Del Olmo, Perez Gonzalez, 
& Saez-Martinez, 2021). 

There are two basic methods for using scaffolds for tissue engineering: (i) seeding 
cells onto porous scaffolds that have already been constructed, or (ii) encapsulating 
cells within the scaffold while it is being formed (Nicodemus & Bryant, 2008).  

A biphasic injectable hydrogel is a type of biomaterial that can be injected as a 
liquid and later transitions into a gel-like state once inside the body. This type of 
hydrogel has two distinct phases: a liquid phase for easy injection and a gel phase that 
provides a stable and biocompatible matrix (Liu et al., 2017) (Piantanida, Alonci, 
Bertucci, & De Cola, 2019). The injectable biphasic hydrogel has significant applications 
in regenerative medicine, tissue engineering, and drug delivery. When administered as 
a liquid, it can easily fill irregularly shaped defects or target specific areas within the 
body. After injection, it undergoes a gelation process, transforming into a semi-solid or 
gel-like substance that supports cell growth and tissue regeneration and provides 
mechanical stability (J. Wu et al., 2020). The ability to inject the hydrogel minimizes 
the need for invasive surgical procedures and allows for localized and targeted 
therapeutic applications (Ketabat, Khorshidi, & Karkhaneh, 2018). These properties 
make injectable biphasic hydrogels promising candidates for a wide range of medical 
applications, including wound healing, cartilage repair, and controlled drug release 
systems. 

The requirements of this study were to (i) evaluate the effect of PVA-g-GMA/SF-g-
GMA injectable hydrogel on the compressive properties compared with the human 
meniscal properties at compressive modulus 0.10-0.15 MPa (Sweigart et al., 2004) and 
(ii) determine the pore size diameter of PVA-g-GMA/SF-g-GMA injectable hydrogel so 
human chondrocyte cells can be seeded into the pore. The greatest diameter of the 
chondrocyte cells, which make up articular cartilage, ranges from around 10 μm. to 
about 30 μm. (Wehland et al., 2020). 
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Therefore, the study's goal is to develop a poly (vinyl alcohol)/silk fibroin biphasic 
injectable hydrogel that mimics the meniscus and evaluates its potential for use as a 
meniscus tissue engineering. 

1.2  Research objectives 

The main purpose of this research is to develop photocrosslinked biphasic 
injectable hydrogel from poly (vinyl alcohol) and silk fibroin and diagnose their 
potential use for meniscus tissue engineering and study the materials factors as 
followed. 

1.2.1 To study the effect of the grafting conditions of GMA onto PVA (PVA-g-GMA) 
and SF (SF-g-GMA) and optimize the grafting reaction through the grafting conditions. 

1.2. 2 To study the physical and mechanical properties of PVA-g-GMA injectable 
hydrogel and SF-g-GMA injectable hydrogel 

1.2.3 To study the effect of the ratio between PVA-g-GMA and SF-g-GMA on the 
physical and mechanical properties of biphasic injectable hydrogel 

1.2.4 To study the potential use of photocrosslinked PVA-g-GMA/SF-g-GMA biphasic 
injectable hydrogels for meniscus tissue engineering scaffold.   

 

1.3  Scope of research  
Poly (vinyl alcohol) was synthesized by using glycidyl methacrylate (GMA) grafts 

at various GMA content levels of 50, 100, 150, 200, 250, and 300 mM, which is called 
PVA-g-GMA. 100 mM PVA-g-GMA was the optimal condition by degree of methacrylate 
substitution (DM%) using Nuclear Magnetic Resonance (NMR), and it was chosen to 
prepare PVA-g-GMA hydrogel at a 10% w/v concentration. 

Silk fibroin (SF) was extracted from Bombyx mori silk cocoons by using microwave 
irradiation, and GMA was grafted onto SF at various GMA content levels of 70, 210, 350, 
and 490 mM, which is called SF-g-GMA. 490 mM SF-g-GMA had the highest degree of 
methacrylate substitution (DM%) of GMA by NMR and was used to prepare a 50% w/v 
concentration.  
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The PVA-g-GMA/SF-g-GMA biphasic injectable hydrogel was fabricated at different 
ratios of PVA-g-GMA to SF-g-GMA: 100/0, 75/25, 50/50, 25/75, and 0/100, by using 
Lithium phenyl (2,4,6- trimethylbenzoyl) phosphinate (LAP) as a free radical 
photoinitiator, for 10 minutes at low UV intensity (365 nm, 6 mW/cm2). 

The chemical interaction of PVA-g-GMA/SF-g-GMA biphasic injectable hydrogels 
was confirmed by FTIR. The PVA-g-GMA/SF-g-GMA biphasic injectable hydrogel 
morphology and pore size were observed by field emission scanning electron 
microscopy. The mechanical properties of PVA-g-GMA/SF-g-GMA biphasic injectable 
hydrogel were determined by a Texture analyzer machine. The degradation of PVA-g-
GMA/SF-g-GMA biphasic injectable hydrogel was studied by immersing it in PBS 
solution, and the percentages of weight loss were calculated. The biocompatibility of 
PVA-g-GMA/SF-g-GMA biphasic injectable hydrogel was assessed by human 
chondrocyte cells seeded with the PVA-g-GMA/SF-g-GMA biphasic injectable hydrogel 
by photocrosslinking to assess cellular compatibility and cell growth and calculate 
chondrocyte cell survival. 

 



 

CHAPTER II 

LITERATURE REVIEWS 

2.1 Meniscus 
2.1.1 Anatomy and cellular components 

The knee consists of a meniscus structure. It consists of both the medial 
and lateral parts that lie between the femur and the tibia. Each is a complex, glossy 
white tissue composed of cells. Extracellular matrix (ECM) molecules, region-specific 
innervation, and blood vessels in both menisci are important components of a healthy 
knee. The main ligament is the medial ligament transverse tendon the ligaments of 
the femur and the anterior and posterior attachments (fMakris et al., 2011). 

 

 

Figure 2.1 Illustration of the medial and lateral menisci on the tibial plateau from 
above (Svensson, 2019) 

 

Normal human meniscal tissue consists primarily of water, extracellular 
matrix, and cells compose the majority (72%) of the meniscus. Collagen fibers comprise 
approximately 70% of the remaining dry material, followed by proteoglycans (17%), 
non-collagenous proteins (8%), deoxyribonucleic acid (DNA) (2%), and adhesion 
glycoproteins (1%)
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The meniscus is made up of three zones: the outer zone (red-red zone), 
which contains 80% of collagen I and is composed of aggrecan and fibroblast-like cells, 
the middle zone (red-white zone), and the inner zone (white-white zone), which is 60% 
collagen II, aggrecan, avascular tissue, and fibrochondrocyte or chondrocyte-like cells. 
Due to their avascular character, the meniscal rips in the inner zones cannot be easily 
mended, and articular cartilage has a limited ability for regeneration and self-healing 
(Numpaisal et al., 2017). 

 

 

Figure 2.2 Schematic illustration of approaches to make injectable hydrogels for 
cartilage and bone tissue-engineering applications (H. Li et al., 2021).  

 

The meniscus is resistant to several forces, including compression, and 
tension. In addition, it is crucial for the articular cartilage's nourishment, lubrication, 
shock absorption, load bearing, and load transfer. A specific form is necessary for these 
numerous and complicated activities. The wedge-shaped tissue excels at supporting 
the bent femoral condyle during articulation with the flat tibial plateau because of its 
form (H. Li et al., 2021). 

The characteristics of human tissue have been characterized by several 
investigations. The tissue's tensile modulus, which ranges from 90 to 300 MPa for 
circumferentially, changes accordingly between the circumferential and radial 
directions (fMakris et al., 2011). With an aggregate modulus of 100–150 kPa (0.10-0.15 
MPa), the meniscus resists axial compression (Chia & Hull, 2008). 
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2.1.2 Meniscus repair 

If a meniscus tear is in a repairable region of the meniscus and meets 
certain criteria, the surgeon may choose to repair it using sutures or specialized devices. 
The torn edges are brought together and secured, promoting healing and restoration 
of the meniscus (de Albornoz & Forriol, 2012). 

2.1.2.1 Open surgery 

Open surgery for meniscus refers to a traditional surgical 
approach where a larger incision is made to directly access and repair or remove the 
damaged meniscus (Z. Wang et al., 2019). While open surgery may be necessary in 
certain cases, it generally has some disadvantages compared to minimally invasive 
arthroscopic surgery, such as a larger incision and increased trauma, prolonged healing 
and rehabilitation, and an increased risk of infection (Vaquero & Forriol, 2016). 

2.1.2.2 Minimally invasive surgery 
Arthroscopic surgery is a minimally invasive surgical procedure 

commonly used for the treatment of meniscus tears (Treuting, 2000). It involves the 
use of an arthroscope, which is a small, flexible tube with a camera and light attached 
to it. The surgeon makes small incisions near the knee joint and inserts the arthroscope 
to visualize the interior of the knee (Z. Wang et al., 2019). 

One of the most promising approaches to treating meniscal 
damage in a clinical setting has arisen through the use of tissue engineering and 
meniscus scaffolds. An approach that could be minimally invasive is meniscal 
scaffolding by arthroscopic surgery. 

 

2.2 Tissue engineering 

Tissue engineering is a combination of several academic fields that aims to 
establish functional three-dimensional (3D) tissues. The three pillars of tissue 
engineering, which are cells, bioactive molecule, and scaffolds, are founded on 
knowledge of tissue structure and development. Chemicals, cell types, and biologically 
appropriate signaling structures are all utilized (A. X. Sun et al., 2016). Tissue 
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engineering's study of the interactions of cells with materials and their surface 
properties is to maintain, improve, or repair tissue function. It is also designed to repair 
organs or tissues that have been injured. (El-Sherbiny & Yacoub, 2013). 

 

 

Figure 2.3 Schematic representation of methods of meniscus tissue engineering 
(Liu et al., 2017) 

 

2.2.1 Cell 

Cells need to be applied to populate matrices and create a matrix that 
matches characteristics of the natural tissue in order to develop an engineered tissue 
in vitro (Howard, Buttery, Shakesheff, & Roberts, 2008). The most significant 
developments in this field have been the creation of tissue for reimplantation using 
primary cells obtained from the patient and combined with scaffolds (Howard et al., 
2008). The three main cell therapy approaches for healing patients' damaged or injured 
tissues are: implanting a construct composed of cells and scaffolds; implanting isolated 
cells; and allowing native cells to regenerate tissue in place (C. M. Murphy, O'Brien, 
Little, & Schindeler, 2013).  Cells utilized in tissue engineering can come from a variety 
of sources, including autologous (from the patient), allogenic (from another human 
donor), and xenogeneic (from a donor of a different species) (Ikada, 2006). 
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2.2.2 Bioactive molecule 

The potential for improving bone tissue production requires 
considerable attention to bioactive molecules like mechanical stimulation, ECM, and 
fluid flow. Through ECM-cell interactions, such signals can significantly modify the 
shape, activity, and gene expression of cells, which consequently controls cell 
migration, proliferation, and differentiation (Bonnans, Chou, & Werb, 2014). In addition, 
in the bioactive molecule, biophysical cues such as the mechanical forces that tissues 
and cells are exposed to are essential in regulating cellular behavior such as 
proliferation and differentiation and maintaining tissue and organ function over the 
course of organisms' lives (Y. Zhang & Habibovic, 2022). 

2.2.3 Scaffold 

The primary goal of tissue engineering is to develop scaffolds strategies 
for regenerating live, healthy, and useful tissues that may be used as tissue transplants 
or even organ substitutes. The overall strategy is to use three-dimensional (3D) 
scaffolds as support structures for cell proliferation and the formation of new tissues 
(Peretti et al., 2006). The scaffold may be designed to function only as a structural 
support, giving cells passive signals, or it may integrate biological cues to direct the 
development of cells and tissues. When using scaffolds for tissue engineering, there 
are two basic methods: (i) seeding cells onto porous scaffolds that have already been 
constructed, or (ii) encapsulating cells within the scaffold while it is being formed 
(Nicodemus & Bryant, 2008). 

 

2.3 Hydrogel 

Three-dimensional (3D) crosslinked networks are composed of hydrogels that 
can take up a great deal of water or other biological fluids. The hydrophilic 
components included in the core polymer, such as carboxyl, hydroxyl ether, and 
amino groups, play a significant role in maintaining ownership of the 3D architecture 
(El-Sherbiny & Yacoub, 2013). Due to any adsorption, the hydrogel will continue to 
swell. Low surfaces due to fluidity, softness, and rubbery conflict with biological fluids, 
including water. The fact that swelling decreases the mechanical resistance between 
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the tissues of elastic flexibility in the implanted hydrogel in the case of the body's 
goals (Samadian, Maleki, Allahyari, & Jaymand, 2020). 

2.3.1 Natural hydrogel 

Natural hydrogel producing polymers have frequently been employed 
in tissue engineering applications because they are either components of or have 
macromolecular characteristics akin to natural ECMs. Collagen, gelatin, chitosan, 
hyaluronic acid, chondroitin sulfate, agarose, alginate, and fibrin are examples of 
natural polymers that are representative of nature (Awad, Wickham, Leddy, Gimble, & 
Guilak, 2004). Natural materials have the advantage of being biodegradable and having 
good compatibility with cells. Mimic the environment in which the cell is located. 
However, natural materials There is a limit to rapid degradation rates and poor 
mechanical properties. Because it is a substance that comes from nature. It is also 
difficult to control the chemical structure. (Kaith, Singh, Sharma, & Sud, 2021). 

2.3.2 Synthetics hydrogel 

Synthetic polymers are intriguing for hydrogel because of their often 
predictable and controlled chemical and physical characteristics. With appropriate 
molecular weights, block chain polymers, and degradable connections, synthetic 
polymers may be made repeatedly. Synthetic hydrogels provide better matrix design 
and chemical composition control than natural hydrogels, but they often have poorer 
cell adhesion, cell proliferation, and biological activity. Incorporating bioactive 
components for improved cellular bioactivity into synthetic hydrogels is one method 
for developing an optimal hydrogel for tissue engineering applications. Among the 
most often utilized synthetic polymers for hydrogels are poly (ethylene glycol), poly 
(vinyl alcohol), poly (propylene fumarate), PNIPAAm, Pluronic F-127, and polypeptides, 
all of which are synthetically generated materials. (Teh & Goh, 2017) (Ye, Wu, Su, Sun, 
& Guo, 2022). 

 

2.4 Injectable hydrogel system 

Injectable hydrogel has greater advantages than premade scaffolds in terms of  
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patient compliance and simplicity of clinical application for the treatment of 
geometrically difficult and big lesions using minimally invasive techniques as 
arthroscopy. Injectable hydrogel can be injected into the human body as liquids and 
cure to form an in situ solid hydrogel due to physical or chemical stimuli  (Hou, De 
Bank, & Shakesheff, 2004) (Tan & Marra, 2010). 

 

 

Figure 2.4 The cross-section demonstrates injection of various biological materials 
into a meniscus defect. 

 

2.4.1 Injectable hydrogel via physical crosslinking 

Physical crosslinking refers to the formation of temporary, reversible 
crosslinks within hydrogels without the involvement of chemical reactions. These 
physical interactions can be disrupted or reformed under certain conditions, allowing 
for changes in the gel's properties. Here are some common physical crosslinking 
methods used for hydrogels (Naeem et al., 2017): 

2.4.1.1 Temperature-Induced 

Temperature-Induced Injectable hydrogel: Some hydrogel 
systems exhibit a sol-gel transition based on temperature changes. Below a specific 
temperature, the hydrogel is in a liquid or sol state, but when the temperature is 
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increased, it undergoes gelation and forms a solid gel. This process is reversible, and 
the gel can revert to a sol state upon cooling (Xue et al., 2022). 

2.4.1.2 pH-Induced 

pH-sensitive hydrogels can undergo gelation or dissolution in 
response to changes in the surrounding pH. By adjusting the pH within a specific range, 
the gelation can be triggered or reversed, allowing for control over gel formation and 
dissolution (Naeem et al., 2017). 

 

 

Figure 2.5 Schematic mechanism of hydrogel driven by (a.) changing temperature 
(b.) pH-inducing (c.) ionic interaction (Nguyen, Huynh, Park, & Lee, 2015) 

  
2.4.1.3 Ion-Induced 

Hydrogels that contain charged groups can form physical 
crosslinks through ionic interactions with oppositely charged ions. By altering the 
concentration or type of ions in the environment, the gelation properties of the 
hydrogel can be manipulated (Xue et al., 2022). 

Physical crosslinking has benefitted such reversibility, reactivity 
to environmental factors, and the capacity to modify gel characteristics. In contrast to 
chemically crosslinked hydrogels, nevertheless, physical crosslinked hydrogels often 
show lower mechanical strength and stability (X. Li, Sun, Li, Kawazoe, & Chen, 2018). 
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2.4.2  Injectable hydrogel via chemical crosslinking 

Chemical crosslinking is a method used to create stable, three-
dimensional networks within hydrogels. It involves the formation of covalent bonds 
between polymer chains, which enhances the mechanical properties and stability of 
the hydrogel (Parhi, 2017). There are various chemical crosslinking methods used for 
hydrogels, including: 

2.4.2.1 Crosslinking Agents 

Chemical compounds, known as crosslinking agents or 
crosslinkers, are added to the hydrogel formulation. These agents have reactive 
functional groups that can form covalent bonds with the polymer chains, creating a 
network. Examples of crosslinking agents include glutaraldehyde, genipin, and 
carbodiimides like EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide) (Lim, 2022). 

2.4.2.2 Click Chemistry 

Click chemistry refers to a class of highly selective and efficient 
reactions used for crosslinking hydrogels. Examples include azide-alkyne cycloaddition 
reactions (CuAAC) and thiol-ene reactions. These reactions are known for their high 
reaction rates, biocompatibility, and specific chemistries (Bhattacharya & Shunmugam, 
2020).  

2.4.2.3 Photopolymerization 

Photopolymerization: The primary idea behind this technique is 
to use chemical compounds, such as methacryloyl chloride, glycidyl methacrylate 
(GMA), and methacrylic anhydride, to introduce polymerizable vinyl groups onto the 
polymer (Balakrishnan & Banerjee, 2011). The photopolymerization method, that 
utilizes photoinitiators and light to initiate crosslinking. Photoinitiators, such as benzoin 
methyl ether or Irgacure, and Lithium Phenyl (2,4,6-Trimethylbenzoyl) Phosphinate 
(LAP) are incorporated into the hydrogel formulation. When exposed to specific 
wavelengths of light, the photoinitiator undergoes a reaction that generates free 
radicals. These free radicals then initiate the crosslinking reaction between polymer 
chains, creating a crosslinked hydrogel (for example, methacrylol chloride, glycidyl 
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methacrylate, methacrylic anhydride) (Nguyen et al., 2015).. Photopolymerization, 
which allows for the initiation of gelation precisely when and where it is needed, offers 
spatial control over hydrogel formation, and gelation can be precisely controlled in 
terms of timing (Pamplona et al., 2023). 

 

 

Figure 2.6 Schematic mechanism of an enzymatic reaction with (a.) horseradish 
peroxidase and hydrogen peroxide as catalyst systems; (b.) 
photocrosslinking reaction of vinyl groups bearing polymers; and (c.) 
alkyne-azide click reaction with Cu(I) as catalyst. (Nguyen et al., 2015) 

 

2.5 Silk fibroin (SF) 

Silk fibers produced by silkworms are widely used in our daily lives. While they 
have occupied an important niche in the textile industry for thousands of years, their 
potential as biomaterials has only been recognized and developed over the past 
decade. Silk fibroin (SF) derived from Bombyx mori is formed by the combination of a 
fibrillar protein, composed of about 66.5–73.5 %wt. fibroin as a core, and a glue-like 
protein, named silk sericin, which represents about 26.5–33.5 %wt. of the cocoon mass 
(H. Y. Wang et al., 2021). 
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Figure 2.7 SEM image of (a.) raw silk fiber from silk cocoon and (b.) silk fibroin 
degummed from raw silk fiber  

  
Silk fibroin is composed of three proteinaceous components: the heavy chain 

(350 kDa) fibroin (H-chain), the light chain (25 kDa) fibroin (L-chain) and P25 protein. 
The molar ratios of these three components are 6:6:1 respectively. The first one is 
hydrophobic and responsible of the formation of β-sheet structures, the second one 
is more hydrophilic and elastic and both of them are linked by a disulfide bond, 
meanwhile the P25 protein gives integrity to the complex (Szliszka et al., 2009). 

Bombyx mori fibroin's primary amino acid components are Gly (43%), Ala (30%), 
and Ser (12%). The heavy chain is composed of up of 12 large hydrophobic domains 
that are connected by 11 smaller hydrophilic parts (Pham & Tiyaboonchai, 2020). It 
contains 46% Gly, 30% Ala, 12% Ser, 5.3% Tyr, etc. Gly-Ala-Gly-Ala-Gly-Ser is a repeating 
sequence found in each hydrophobic domain (Szliszka et al., 2009). The less numerous 
amino acids, such as serine (12.1%), tyrosine (5.3%), threonine (0.9%), aspartic acid 
(0.5%), and glutamic acid (0.6%), provide opportunities for chemical reactions and 
crosslinking (Mu, Sahoo, Cebe, & Kaplan, 2020). 
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Figure 2.8 Schematic diagram of the silk structure. (a) heavy chain and light chain 
which linked by disulfide bonds. (b) silkworm thread, fibril overall 
structure and silk fibroin polypeptide chains. (W. Sun et al., 2021) 

  

 

Figure 2.9 Chemical structures of the most reactive amino acids in silk fibroin 
 

Silk fibroin has been demonstrated to contain silk I and silk II kinds of 
crystallinity (W. Sun et al., 2021). Silk I, which is mostly present in the silk glands of 
silkworms, has the least crystallinity and primarily consists of random coils and a-
helices, which makes silk I thermodynamically unstable and water-soluble (W. Sun et 
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al., 2021). However, silk II, which is mostly present in silk fibers, has the highest 
crystallinity, is a member of the monoclinic crystal system, and is mainly composed of 
antiparallel β-sheet components. Silk II forms as the result of the hydrophobic 
interactions between hydrogen atoms and methyl groups, and it is thermodynamically 
stable. Silk II is stable, has excellent thermal and mechanical properties, and is not 
capable of dissolving in water (Xiufang Li, Fan, Zhang, Yan, & You, 2020).  

 

 

Figure 2.10 Silk is primarily composed of (Gly-Ala-Gly-Ala-Gly-Ser)6 amino acid 
repeat units that selfassemble into an anti-parallel β-sheet structure 
(A. R. Murphy & Kaplan, 2009). 

 

2.5.1 Silk fibroin extraction 
2.5.1.1 Silk fibroin fiber degumming 

The degummed method is the first step in removing silk sericin 
from raw silk fiber using chemical agents, which is called degummed silk. The silk sericin 
is dissolved and denatured in a degummed agent. Degumming agents consist of 
alkaline and highly concentrated urea buffer and degumming agents such as sodium 
carbonate (Na2CO3), urea, and neutral soap, respectively.  

Urea buffer was used with 6–8 M aqueous urea (pH 7) for 2-3 h 
at 80–90 °C. Urea buffer can break peptide chains less than Na2CO3. However, urea 
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buffer is a toxic reagent because β-mercaptoethanol makes urea agents unsuitable for 
degumming methods for medical applications (Zongqian Wang, Yang, Li, & Li, 2018). 

Na2CO3 is a conventional degumming/standard method using 
0.5–1% w/v Na2CO3 at a boiling temperature of 90–100 °C for 30–60 min and repeat 2-
4 times that can successfully wash or remove silk sericin from silk fiber. Following 
degumming, the finished items were thoroughly washed with distilled water before 
being dried in an oven set at 40 °C (H. Yang, Wang, Wang, & Li, 2020). 

2.5.1.2 Silk fibroin dissolving 

Dissolving degummed silk fibers is the second step to creating a 
silk fibroin solution. The silk fibroin dissolving method is used to break the hydrogen 
bond of the b-sheet and transform the structure from silk I to silk II. The solubility of 
SF fibers in a variety of solvents, including as inorganic acids or alkalis, proteases, highly 
ionic aqueous or organic salt-containing systems, ionic liquids, and organic solvents, 
has been the object of several evaluations and studies (H. Y. Wang et al., 2021). 

Degummed silk fibers were dissolved in CaCl2: H2O solution by 
stirring at 98 ± 2 °C for 1 h (Sinna, Numpaisal, Ruksakulpiwat, & Ruksakulpiwat, 2021). 
Ajisawa’s ternary solvent consisting of calcium chloride/water/ethanol (CaCl2/ 
CH3CH2OH/H2O). Lithium salt solutions such as lithium bromide (LiBr-H2O) and 
LiBr:CH3CH2OH: H2O (45:44:11). 9.3 M LiBr-H2O and 1:2:8 M CaCl2/ CH3CH2OH/H2O 
(Ajisawa's ternary solvent system) are the two most often applied solvent systems in 
the literature for dissolving silk fibroin fibers. Degummed silk fibers are dissolved in the 
initial process for 4 hours at 60 °C (Miyaguchi & Hu, 2005). 

Additionally, it has been discovered that solutions of 
Ca(NO3)2:CH3OH, Ca(NO3)2: CH3CH2OH:H2O, and CaCl2:CH3CH2OH:H2O (Ajisawa’s ternary 
solvent) may all be used to dissolve Bombyx mori silk. Despite the fact that silk 
dissolves in these systems, there are still certain issues. One big issue is that the 
traditional techniques of disintegration demand a lot of time and energy (X. Chen, 
Knight, Shao, & Vollrath, 2001). 
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The salt solution of silk fibroin must first be desalted in order to 
regenerate it afterwards. Dialyzing the very viscous silk fibroin salt solution against 
ultrapure water for 2–7 days is the most popular technique for removing salt ions 
(Woltje, Kolbel, Aibibu, & Cherif, 2021). 

Microwave assisted method was developed for extraction silk 
fibroin with enhance dissolving rate. The degummed silk was dried overnight at room 
temperature and then dissolved in either Ca(NO3)2:CH3CH2OH:H2O or 
CaCl2:CH3CH2OH:H2O (1:2:8) solutions. The benefits of this novel microwave-assisted 
technique, which include a substantial decrease in time and energy expenditures, have 
been demonstrated, and it currently represents a promising, cost-effective way to 
regenerate silk fibroin. The silk fibroin qualities obtained by the microwave-assisted 
method are comparable to those achieved by the traditional method and demonstrate 
a dissolving time of less than 30 minutes. (S. Li et al., 2018). 

 

2.6 Poly (vinyl alcohol) (PVA) 

In comparison to hydrogels produced from synthetic polymers, particularly 
made from polyvinyl alcohol (PVA), in particular, had greater properties. As shown in 
Figure 3, the synthetic polymer polyvinyl alcohol (PVA) is a water-soluble polymer that 
is produced as the result of partially or completely hydrolysis of polyvinyl acetate to 
remove the acetate groups. 

 

Figure 2.11 (a.) The structure of vinyl alcohol (b.) poly (vinyl alcohol) is 
synthesized by the hydrolysis of poly (vinyl acetate) (Baker et al., 2012) 
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Figure 2.12 Chemical structure of poly (vinyl alcohol) (a) partially hydrolyzed; (b.) 
fully hydrolyzed 

 

The hydrolysis of polyvinyl acetate produces the semi-crystalline polymer PVA 
hydrogel, which has strong solubility, biocompatibility, and biodegradability 
characteristics. It has a substantial swelling capability, which makes it a potential 
adsorbent. It has a high ability to absorb a large number of water molecules due to 
the electrostatic attraction between the hydrophilic functional groups, which 
contributes to its polymeric strength and is the basis for the development of the 
hydrogel connection system (Gaaz et al., 2015). 

Polyvinyl alcohol (PVA), an FDA-approved material, has been widely used in a 
variety of biomedical applications, including implanted medical devices, contact 
lenses, artificial blood vessels, and osteochondral transplants. Due to its beneficial 
characteristics, which include biocompatibility, inertness, lack of biodegradability, 
minimal protein absorption, and readily modifiable mechanical properties (Baker et al., 
2012) 

 

2.7 Poly (vinyl alcohol) modified base hydrogel by photocrosslinking 

(Crispim, Piai, Schüquel, Rubira, & Muniz, 2006) demonstrated the modification 
of PVA with glycidyl methacrylate (GMA) in DMSO under the catalysis of TEMED. Under 
bubbling N2 at 30 °C, the solution was stirred for 24 hours. PVA that had been dissolved 
in DMSO was combined with GMA. The experimental settings were improved by the 
application of response surface approach. The ideal circumstances were 62 C and a 6-
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hour response time. The reactions utilizing the molar ratios [-OH(PVA)/GMA] equal to 
1/0.10, 1/0.25, 1/0.50, 1/0.75 and 1/1 were examined at these optimal circumstances. 
Both FTIR and NMR spectroscopies were used to analyze the process. Methacryloyl 
groups are inserted into PVA chains to cause transesterification, which results in the 
creation of glycidol as a byproduct. Methacryloyl groups are inserted into PVA chains 
to cause transesterification, which results in the creation of glycidol as a byproduct.  
The ratio between the averaged area due to the vinyl hydrogen from methacryloyl 
groups at 5.6 ppm and 6.0 ppm and the total area of the vinyl hydrogen and hydroxyl 
hydrogen of PVA was used to calculate the degree of substitution (DS), which 
represents the number of methacryloyl groups inserted. 

 (Martens & Anseth, 2000) studied acrylate-modified PVA macromers. PVA (10 g) 
was dissolved in DI water, and glycidyl acrylate was added along with HCl to attain a 
pH of approximately 1.5. The photoinitiator D2959 (0.05 wt%) was dissolved in the 
solution. The final solution was photopolymerized using an ultraviolet light source. 
The swelling behavior, where it can be noted that all of the gels rapidly reach their 
equilibrium swelling. In addition, the swelling ratio decreases slightly after reaching 
equilibrium, which is attributed to the relatively high sol fraction in these gels (35%), 
and this sol fraction does not appear to be dependent on the initial macromer 
concentration. The equilibrium degree of swelling, Q, decreases from 18 to 15 to 5.5 
as the macromer solution concentration increases from 20 to 30 to 50 wt%. Since 
these gels underwent the same photoinitiation process and reacted to 100% 
conversion, the differences in swelling behavior were related to differences in the 
network structure.  

 (Kamoun, Omer, Khattab, Ahmed, & Elbardan, 2018) created and improved PVA-
g-GMA hydrogels. DMSO was mixed with PVA to create a 5% (w/v) solution. To obtain 
the PVA/GMA molar ratios of (1/0.025), (1/0.05), (1/0.07), (1/0.09), (1/0.15), and (1/0.25), 
GMA was added to the PVA solution. The PVA-g-GMA solution combination had 1.0 
mol% of TEMED added as a catalyst. In order to photocrosslink the PVA-g-GMA 
macromonomers, Irgacure 2959 (I2959) was used as a UV photoinitiator at 365 nm. The 
degree of swelling (%) of PVA-g-GMA hydrogels with various levels of macromonomer 
GMA It was discovered that when the GMA concentration increased, from 0.025 to 
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0.250 M, the swelling degree varied from 50 to 250 (wt%). These outcomes are brought 
about by the fact that hydrogels with low macromonomer contents (0.025, 0.050, and 
0.070 M) of GMA have bigger pore diameters than those with high GMA concentrations. 
As a result, water is transported through hydrogel networks more quickly and with a 
greater swelling capacity. While PVA-g-GMA hydrogels with various GMA ratios exhibit a 
relatively smooth, uniform surface, compressed, and non-porous surface structure with 
few tiny cracks that clearly appear by increasing the content of GMA in hydrogels, the 
surface morphology of PVA hydrogels without GMA presents a rough, rugged, and 
heterogeneous surface structure. This may be explained by the fact that adding more 
GMA to PVA makes the hydrogel's surface more compact due to an increase in 
crosslinking density. 

 

2.8 Silk fibroin modified base hydrogel by photocrosslinking  

(S. H. Kim et al., 2018) studied biocompatible silk fibroin bioink for digital light 
processing 3D printing. Silkworm cocoon n (Jeonju, Korea) 40 g of sliced cocoons 
removed the sericin with 0.05 M Na2CO3 solution and dissolved degummed silk fibroin 
in 9.3 M lithium bromide (LiBr) solution at 60 °C for 1 h. Added GMA solutions 141, 282, 
424, and 705 mM to the mixture after GMA and Sil-MA solution were filtered, dialyzed, 
and freeze-dried. Freeze-dried Sil-MA prepared with 424 mM of GMA dissolved in water 
at various concentrations of 10–30% w/v, and the LAP photoinitiator was added. Sil-
Ma hydrogels were fabricated by DLP printing with 365 nm. UV-LED and UV light 
intensity of 3.5 mW cm−2 for 3 s. Identification of GMA-related peaks and SF-associated 
peaks and the degree of methacrylation by FTIR spectroscopy and 1H-NMR 
spectroscopy, respectively. The methacrylation degree of Sil-MA was increased from 
22.4% to 42.0% with increasing of GMA from 141 to 705 mM. According to the increase 
in Sil-MA concentration, both the compressive strain and the compressive stress at 
break increased. The compressive modulus at 50 % strain increase from 17.7 to 125.8 
MPa with Sil-MA content from 10%w/v to 30%w/v. The compressive strength (910 MPa) 
and compressive modulus (125.8 MPa) of three-dimensionally printed silk-GMA (30 
w/v%) were greater than those of either polycaprolactone (PCL)-blended gelatin 
hydrogels (75-94 kPa) or 30% Gelatin-MA (88 kPa). The 30% Sil-MA hydrogels were 
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strong enough to support the weight of about 7 kg and returned to their original shape 
immediately after the load was removed. In accordance with the various GMA 
concentrations, the resultant Sil-MA and Sil-MA hydrogel were each given a unique 
characterization. For the in vitro study using human chondrocyte cell concentrations 
of 1–2 x 107 cells/mL, that did not affect the integrity of the final construct. During the 
four weeks they observed, the 30% Sil-MA hydrogel degraded up to 50% and provided 
chondrocytes with a favorable environment. 

(C. M. Yang et al., 2022) prepared a composite hydrogel consisting of SF modified 
by butyl glycidyl ether (BGE), tannic acid (TA), and ZnO nanoparticles for hemostatic 
activity applications. Degummed silk fibroin was dissolved in CaCl2/EtOH/H2O at ratios 
of 1:2:8 M at 70 °C for 1 h, then BGE (20 ml) was added to the SF solution. The mixing 
solution was stirred at 70 °C for 3 h. The SF-BGE solution was dialyzed, centrifuged, 
and freeze-dried at -80 °C for 7 days. The SF-BGE was verified using 1H-NMR. The degree 
of substitution (DS%) of SF-BGE was invested using the proton peak of the aromatic 
ring of the tyrosine, and the DS% of SF-BGE was calculated as 31.6%. The 20% wt SF-
BGE and 1.3% wt TA were mixed in distilled water with a ZnO:TA molar ratio of 10:2, 
and then the composite hydrogel was fabricated for 6 h. SF-BGE and SF-BGE/TA 
solutions and SF-BGE/TA/ZnO hydrogel were tested for cytocompatibility and cell 
viability using L929 cells (1x104 cells/well), and the tests were carried out with a 
LIVE/DEAD assay for imaging and CCK-8 for quantifying after incubation for 24 hours. 
According to the ISO 10993-5 standard, the SF-BGE/TA/ZnO hydrogel was shown to be 
non-toxic (grade 0). All samples had cell viability levels of 90–97% or higher.  

(M. H. Kim & Park, 2016) synthesized of SF hydrogel via a chemical cross-linking 
reaction using gamma-ray irradiation. Degummed B. mori silk fiber (Jinju-si, Korea) is 
dissolved in a ternary solvent system composed of CaCl2/EtOH/H2O whose molar ratio 
is 1:2:8 at 85 C for 4 h. The solution was dialyzed for 72 h. to remove salt, centrifuged 
to remove silk aggregates. The final concentration was 2.3-7.9 %wt. SF C-gel was 
prepared by SF solutions of various doses of 15, 30, 45, 60, 75, and 90 kGy. 
concentrations poured into a petri dish and irradiated with gamma-rays from a Co-60 
source at room temperature, which induced intermolecular cross-linking reactions. SF 
hydrogel started to develop right away after irradiation, and at doses more than 60 
kGy, the hydrogel started to break. A 60 kGy absorption recommended dosage was 
appropriate for an SF solution. It was discovered that the SF C-gel in a deionized water 
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medium had a decreased swelling ratio and had quickly lost its stability, resulting in a 
swelling ratio below 0% because of the physical crosslinking. SEM images were used 
to describe the porous structure of the freeze-dried SF hydrogel. Pre-freezing 
temperatures of -20°C, -50°C, -80°C, and -196°C were used to create three-dimensional 
SF scaffolds, which were then freeze-dried. The hydrogel's porosity structure and the 
amount of SF, radiation exposure, and pre-freezing temperature were all closely 
associated. The SF C-gel had bigger pore diameters than the regular C-gel, which had 
consistent pore sizes and a porous network structure. The cytotoxicity of the SF 
hydrogel was investigated by an MTS assay using human mesenchymal stem cells 
(hMSCs). The SF hydrogel demonstrated no cytotoxicity with hMSCs. For the live and 
dead cells, most cells viability showed green fluorescence. 

(Soon Hee Kim et al., 2020) reported SF modified by methacryloyl as a 
multipurpose medicinal glue that may be used as an adhesive, sealant, or hemostatic 
agent. Sil-MAS was synthesized by using Bombyx mori (B. mori) cocoons. Silk cocoons 
were degummed in 0.05 M Na2CO3 at 100 C for 30 min, the 20 g. silk degummed was 
dissolved in 9.3 M LiBr 100 ml at 60 C for 1 h. The 6 ml GMA solution was solely added 
to the silk solution with continued stir at 60 C for 3 h. The Sil-MAS solution was filtered, 
dialyzed, frozen, and freeze dried at -80 C for 48 h. 1H-NMR spectroscopy was used to 
confirm that GMA modified SF. GMA reacted with SF by an epoxide ring opening 
reaction. The l-Sil-MAS (crosslinked material) was prepared by 25%w/v Sil-MAS 
dissolved in DI water, 0.3% w/v LAP (photoinitiator) was added into Sil-MAS solution. 
The l-Sil-MAS was fabricated to c-Sil-MAS (crosslinked material) by using UV spot-curing 
machine 365 nm., 6 mW/cm2 intensity for 10–30 s at a distance of 5 cm. The viscosity 
of l-Sil-MAS was in the ideal ranges 30–1000 MPa.s for handling and permitted material 
penetration into the tissue locations. The mechanical properties of c-Sil-MAS make it 
an appropriate sealant for internal organs. Additionally, c-Sil-MAS exhibits excellent 
viscoelastic behavior and a high break elongation. 79% of the hydrophobic segments 
in SF are made up of amino acids with hydrophobic residues, whereas the hydrophilic 
segments in SF are made up of amino acids with polar side groups. 
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2.9 Poly (vinyl alcohol) blend with silk fibroin base hydrogel by 
photocrosslinking 

(Parivatphun, Sangkert, Kokoo, Khangkhamano, & Meesane, 2022) presented 
mimicked biphasic scaffolds and assessed them to determine specific uses for oral and 
maxillofacial surgery. The SF cocoon (Thailand) was degummed and dissolved by 
Na2CO3 and 9.3 M LiBr, respectively. The SF solution was then dialyzed and centrifuged. 
The microbubble method was utilized to create biphasic scaffolds that were then 
freeze-thawed and freeze-dried using PVA and various concentrations of SF. The 
molecular organization was confirmed using FTIR. The interaction of the amide I, II, and 
III groups may be attributed to the SF molecules, but the mobility of the -OH group in 
the material was mostly caused by PVA molecules. The -OH, amide I, II, and III groups 
in the PVA/SF sponges demonstrated molecular mobility, indicating the sponges' loose 
structural development. The morphology was observed using scanning electron 
microscopy (SEM). The thin film layer and foam were two separate structures on the 
PVA/silk scaffolds. Without the intervention of any additional chemicals or organic 
solvents, the PVA solution proved stable. The scaffold constructs with varying pore 
diameters were created using various silk solution concentrations. PVA and SF pores 
range in size from 103 to 443 m on average. As the concentration of SF in the solution 
increased, the size of the sub-pores decreased while maintaining the same flow 
velocity. The use of the PrestoBlue reagent for osteoblast cell proliferation and 
fibroblast cell proliferation were assessed on days 1, 3, 5, and 7. From days 1 to 7, the 
overall trend for osteoblast and fibroblast cell growth was upward. As a result of the 
film layer's dense morphological structure and enough stability to promote cell 
adhesion, which in turn improved cell proliferation, the film layer displayed excellent 
fibroblast cell proliferation. 

(Kundu, Poole-Warren, Martens, & Kundu, 2012) synthesized the SF/PVA system 
for macromolecular drugs. 10% w/v PVA was dissolved in DMSO at 80 °C and cooled 
to 60 °C. 2,6-di-tert-butyl-4-methylphenol, 2-ICEMA, was added, and the reaction was 
maintained at 60 °C in a N2 atmosphere for 5 h. Toluene was used to precipitate the 
PVA solution. After being air dried, the precipitate was redissolved in deionized water 
and filtered. To create the finished product, freeze-drying is applied to the filtered PVA 
methacrylate. The final regenerated 6% (w/v) silk solution PVA/SF at ratios of 100/0, 
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90/10, 80/20, 70/30, 60/40, and 50/50 added 0.1 wt% photoinitiator Irgacure. SF 
powder was made by extraction with LiBr. UV light at 365 nm was used to polymerize 
all gels for 15 minutes at a 10 mW/cm2 intensity. After fabrication, the hydrogels' 
equilibrium mass swelling ratio is the hydrophilic gel, which is then dissolved in PBS to 
produce the swollen network structure. The swelling ratio of the PVA hydrogels is 
7.89%, whereas that of the co-polymer gels, 60/40 PVA/SF = 17.56%, is noticeably 
greater. Higher swelling ratios in the gels with more SF and thus wider holes made 
them weaker and more challenging to handle after swelling. Additionally, SF repels 
itself in solution by nature because it is a negatively charged molecule. Both of these 
factors combined account for the increase in swelling ratio as the percentage of SF 
increases. MTT assay of the HaCaT cells following growth in the SF/PVA hydrogel-based 
extraction medium. Similar cell growth characteristics could be seen in all of the 
extract formulations. It was assumed that these hydrogel extracts would be non-toxic 
as SF and PVA have both been shown to be so. 

(Niu et al., 2019) demonstrated the preparation of PVA/SF semi-interpenetrating 
(semi-IPN) hydrogels using horseradish peroxidase (HRP) and hydrogen peroxide (H2O2). 
Raw silk fibers were treated three times in a 0.05 wt% Na2CO3 solution and dissolved 
in the ternary solvent CaCl2 : CH3CH2OH : H2O at a molar ratio of 1:2:8. The combined 
solution was then dialyzed, centrifuged, and finally freeze-dried. PVA (4–16% w/v) and 
SF (8% w/v) solutions were combined in equal volumes to create PVA/SF hydrogels. 
The hydrogen bonds between the hydroxyl groups of PVA and the amide groups of SF 
are primarily responsible for the intermolecular interactions. When phenolic radicals 
develop between SF macromers, the precursor hydrogel solutions go through 
polymerization with HRP and H2O2, which are essential for gel formation. SEM images 
of several hydrogels show that there was no identifiable phase separation and that 
each sample had a unique three-dimensional porous structure. The porous structure 
and uniform dispersion of the hydrogels had a connection. The mass loss rate of 
hydrogel was between 12.63 to 58.45%, but the mass loss rates of PVA/SF hydrogels 
differed with the PVA/SF mix ratio. With the addition of more PVA/SF, the compressive 
modulus of the hydrogels decreased from 3.012 to 0.592 kPa. The trend for 
compression stress at 30% strain was identical. The primary supporting skeleton in this 
kind of gelation system is fibroin, which is crosslinked by HRP and H2O2. As a result, the 
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amount of fibroin in PVA/SF gels determines their mechanical characteristics. The 
cytotoxicity of PVA/SF semi-IPN hydrogel was carried out using L929 cells stained with 
live and dead cells. With the passage of time, each group's cell-normalized vitality 
marginally declined but remained over 75%. These hydrogel extracts would also be 
non-toxic because SF and PVA have been demonstrated to be non-toxic and because 
enzymatic crosslinking does not use toxic substances. 

 



 

CHAPTER III 

RESEARCH METHODOLOGY 

3.1 Materials 

Raw silk cocoons from the mulberry silkworm Bombix mori cocoons were 
obtained from the Queen Sirikit Department of Sericulture Center, Nakhon Ratchasima, 
Thailand. Poly (vinyl alcohol) (PVA) (Mw 13,000-23,000, 87-89% hydrolyzed), Glycidyl 
methacrylate (GMA, 97 %), N,N,N’,N’-Tetramethyl-ethylenediamine (TEMED, 99%) and 
Lithium phenyl(2,4,6- trimethylbenzoyl) phosphinate (LAP) were purchased from 
Sigma-Aldrich (USA). Anhydrous sodium carbonate (Na2CO3) and Ethanol (EtOH) 
absolute anhydrous were purchased from Carlo Erba Reagenti, Anhydrous calcium 
chloride (CaCl2) were purchased from ANaPURE. Calcium Nitrate 4-Hydrate (Ca(NO3)2) 
was purchased from Kemaus. Dimethylsulfoxide (DMSO) and Acetone were purchased 
from RCI Labscan Limited. Deuterium Oxide (D2O, 99.9%) and Dimethyl Sulfoxide-d6 
(d, 99.9%) were purchased from Cambridge Isotope Laboratories (DMSO-d6, Sigma-
Aldrich). SnakeSkin dialysis tubing (molecular weight cut-off, 10 kDa) was purchased 
from Thermo Scientific. 

 

3.2 Experimental 
3.2.1 Preparation of glycidyl methacrylate (GMA) grafted onto silk fibroin 

(SF-g-GMA) 
Raw silk cocoons were cut into small pieces and degummed with 1% (w/v) 

Na2CO3 at a weight ratio of 1:50, boiled at 98±2°C for 30 minutes to remove sericin, 
and then washed with deionized water several times. Subsequently, the degummed 
silk was dried overnight at 60°C in a hot air oven. 5 g. of degummed silk was dissolved 
in a mixture of CaCl2:Ca(NO3)2:H2O:EtOH (30:5:45:20 weight ratio) in a microwave 
(Samsung, MS23K3513AW, 800 W.) as shown in Figure 1. GMA was added to the SF 
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solution in the grafting process, SF/GMA molar ratio of 1/0.070, 1/0.210, 1/0.350, and 
1/0.490 were prepared. GMA in SF solution was stirred at 300 rpm at 60±2°C for 1 hour.  

The solution was called SF-g-GMA. The SF-g-GMA solutions were then filtrated 
through a filter paper (20–25) and dialyzed with deionized water using SnakeSkin 
dialysis tubing with a molecular weight cutoff of 10 kDa for 3 days, and deionized water 
was replaced every 4 hours to remove salts and non-reactions. After completion of 
the dialyze, the undissolved impurities were removed by centrifugation at 10,000 rpm 
at 4°C for 20 minutes to remove silk aggregates as well as debris from the original 
cocoons. The SF-g-GMA solutions were frozen at -60 °C for 12 h. and freeze-dried at -
70°C for 48 h. The freeze-dried SF-g-GMA was stored at room temperature in a 
desiccator until further use. 

 
Figure 3.1 Scheme of protocols used to extraction the silk fibroin and GMA 

grafting onto SF 
 

3.2.2 Preparation of glycidyl methacrylate grafted onto PVA (PVA-g-GMA) 

PVA was dissolved in DMSO to obtain a 5% (w/v) solution at 60 °C. As the 
solution was clear, a definite amount of GMA was added to the PVA solution with 

Mixing a mixture of CaCl2+Ca(NO3)2+H2O (30:5:45 g.)  
Added 2.5 g. degummed silk into a mixture solution and 

shaked. 

The SF in solution was input in microwave 800W for 10 
second and shaked (3 times). Added EtOH 20 g. into SF 

in solution and shake. 

The SF in solution was input into a microwave machine 
(800 W) for 10 seconds and shaken three times. Added 
2.5 g. of degummed silk to the solution and shaken.

The SF in solution was input in microwave 800W for 10 
second and shake (3 times) 

Cooling SF solution to 60°C and added GMA in solution. 
GMA in SF solution was stirred with the speed of 300 

rpm at 60±2°C for 1 hour.
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stirring. The PVA-g-GMA solution contained 50, 100, 150, 200, 250, and 300 mM of GMA. 
0.17 ml of TEMED was added as a catalyst. The reaction was stirred at 60 °C for 6 hours. 
The PVA-g-GMA solution was allowed to cool to room temperature and precipitate 
with an excess of acetone. The precipitate was air dried at room temperature in a fume 
hood for 24 hours, then dried in a hot air oven at 60 °C for 48 hours, and dried in a 
vacuum oven at 45 °C for 24 hours. 

3.2.3  Characterization for SF-g-GMA and PVA-g-GMA 
3.2.3.1 Nuclear Magnetic Resonance (1H-NMR) 

The 1H-NMR spectra of PVA, PVA-g-GMA, GMA, SF, and SF-g-GMA 
were characterized by Nuclear Magnetic Resonance (NMR) (Bruker AVANCE III 500 MHz). 

The 1H-NMR spectra of PVA, PVA-g-GMA, and GMA were dissolved in 500 𝜇L of dimethyl 
sulfoxide-d6 (DMSO-d6) as the solvent per 7 mg sample. Subsequently, 7 mg of SF-g-

GMA, SF, and GMA were dissolved in 500 𝜇L of deuterium oxide (D2O). 

The degree of methacrylate substitution (DS%) of GMA grafted 
onto PVA was determined with 1H-NMR analysis. It was determined by calculating the 
relative area of the characteristic peaks of PVA, PVA-g-GMA, and GMA. Its value was 
examined using an equation. (1) [(Crispim et al., 2006)].  

DS% = 
(GMA (CH2)/2)

PVA (OH) + (GMA (CH2)/2)
 ×100                                (1). 

 

The degree of methacrylate substitution (DM%) of GMA grafted 
onto SF-g-GMA was determined using the area of the proton peak of the aromatic ring 
in the tyrosine of SF (= 6.7–7.3 ppm) and the proton peak of the vinyl group in GMA 
(= 5.9–6.2 ppm), as follows in equation (2) (Bae, Kim, & Park, 2020). 

 

DM% = 
(GMA (CH2)/2)

(Tyrosine/4) x (
100 

11.11 
)
 x 

100

mole% of reactive group
 x 100                     (2). 

 

Tyrosine was discovered to contain 11.11 mol% of the amino 
acids in SF after their composition was analyzed using an amino acid analyzer (Bae et 
al., 2020).  
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3.2.3.2 Fourier Transform Infrared Spectroscopy (FTIR) 

A Bruker Tensor Fourier-transform infrared spectroscometer 
(FTIR, Bruker, Billerica, MA, USA) was used to characterize the functional groups of the 
PVA, SF, GMA, PVA-g-GMA, and SF-g-GMA. The spectra were obtained in the 
wavenumber range of 4000 and 400 cm-1. At a resolution of 4 cm-1, each run contained 
64 background scans and 64 sample scans. Each sample was measured three times, 
with each run taking place on a different section or side of the same sponge/hydrogel. 
To eliminate any residue from the previous sample, the ATR diamond crystal (TYPE 
A225/QL) was cleaned between samples using ethanol. 

3.2.3.3 Determination of Molecular weight (MW) 

The gel permeation chromatography analysis (GPC) analysis was 
used to determine the weight average molecular weight (Mw), the number average 
molecular weight (Mn), and the polymer dispersity index (PDI). SF pure and SF-g-GMA 
were dissolved in deionized water, and the sample solutions were filtered through a 
hydrophilic 45-l syringe filter. 

Silk fibroin protein electrophoretic mobility was visualized with 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and a 13% 
gradient gel for electrophoresis (Bio-Rad, Mini-PROTEAN® Tetra Cell). A molecular 
marker of 5-250 kDa (Precision Plus Potein Dual Xtra Standard) was used to determine 
molecular weight (MW). The SF freeze-dried was dissolved in ultrapure deionized water 
and mixed with an equivalent amount of loading buffer (created by 4X Solubilizing 
Buffer (SB) and 2-Mercaptoethanol) and boiled for 5 min. Electrophoresis was 
performed for about 1 h. with an electric current of 150 V. After electrophoresis, the 
gel was immersed in 0.1% Coomassie Brilliant Blue R-250 staining solution for 30–60 
min, washed with destaining solution for 1 h. and washed with deionized water for 1 
h. 

3.2.4 Preparation of PVA-g-GMA/SF-g-GMA injectable hydrogel 

The 100 mM PVA-g-GMA was dissolved in 10% v/v DMSO in deionized 
water to obtain a 10% (w/v) solution and stirred at 60 °C until a homogenous solution 
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was obtained. The 490 mM SF-g-GMA was dissolved in deionized water at 50% w/v at 
room temperature. The mixture solutions of PVA-g-GMA and SF-g-GMA were thoroughly 
mixed at different ratios of PVA-g-GMA to SF-g-GMA: 100/0, 75/25, 50/50, 25/75, and 
0/100 (w/w), followed by the addition of 0.3% (w/v) LAP. All gels were polymerized 
with UV light (365 nm) for 10 minutes at an intensity of 6 mW/cm2. The molds were 
used to create a 96-well plate with a well diameter of 6.72 mm. 

3.2.5 Characterization for PVA-g-GMA/SF-g-GMA injectable hydrogel 
3.2.5.1 Gel fraction and Swelling ratio 

Gel fraction can be assumed to be the degree of crosslinking. 
The PVA-g-GMA hydrogels were dried in a hot air oven at 40°C for 24 h. to a constant 
weight and weighed (Wo). The PVA-g-GMA hydrogels were immersed in deionized water 
for 24 h at 37 °C, then dried in a hot air oven at 40°C for 24 h to a constant weight and 
weighed (Wf). The gel fraction was calculated according to the following equation: (3) 

The PVA-g-GMA hydrogels were dried in a hot air oven to a 
constant weight at 40°C for 24 h. After that, it was immersed in deionized water at 37°C 
for 24 h. and weighed (Wd). The PVA-g-GMA hydrogels were dried in a hot air oven to 
a constant weight at 40°C for 24 h. and weighed (W0). The swelling ratio was calculated 
according to the following equation: (4) 

 

3.2.5.2 Compression test 

The PVA-g-GMA solutions were injected into a 96-well plate 
(6.72 mm in diameter and 2 mm in thickness) and crosslinked by UV light. then 
immersed in PBS overnight. The compression test of the PVA-g-GMA hydrogels was 
performed using a TA-XT plus texture analyzer (Stable Micro Systems, TA.XT plus C, 
UK) in compression mode with a load cell of 1 kg. The PVA-g-GMA hydrogels were 

Gel fraction = 
Wf

Wo
 x 100                                      (3) 

Swelling ratio =  
Ws - Wo

Wo
 x 100                                     (4). 
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compressed at a constant rate of 5 mm/min. Three samples were tested for each 
group. 

3.2.5.3 Rheological and viscosity measurements 

The dynamic oscillatory rheology was performed on an MCR52 
rheometer (Anton Paar MCR52, Austria) at 25 °C. The solution samples (PVA-g-GMA, SF-
g-GMA, and PVA-g-GMA/SF-g-GMA) and the hydrogel samples (PVA-g-GMA/SF-g-GMA 
ratio at 100/0, 75/25, 50/50, 25/75, and 0/100) were characterized using conical plate 
geometry (50 mm diameter and 1-degree cone angle) with frequency sweeps from 0.1 
to 100 s-1 and shear rate of 5%. 

3.2.5.4 Morphological structure measurement 

The PVA-g-GMA/SF-g-GMA biphasic injectable hydrogels were 
frozen at -60 °C for 12 h. and then freeze-dried at -70°C for 48 h. The cross-sectional 
morphologies of the freeze-dried PVA-g-GMA/SF-g-GMA biphasic injectable hydrogels 
were examined using a Field Emission Scanning Electron Microscope (FESEM; Carl Zeiss, 
Auriga, Oberkochen, Germany) at an operating voltage of 3 keV. Segments of cross-
sectional surfaces were prepared by the slicing method and then sputtered with gold 
before FESEM measurements. The pore sizes were determined by measuring 100 
random pores from FESEM images of the same sample using ImageJ software. (Wayne 
Rasband NIH, Washington DC, USA). 

3.2.5.5 In vitro degradation 

The biphasic injectable hydrogel with dimensions of 8 mm in 
diameter and 2 mm in thickness (n = 3) was dried in a hot air oven at 40 °C for 24 h. 
After that, biphasic injectable hydrogels were immersed in phosphate buffered saline 
(PBS, pH = 7.4) and incubated at 37 °C for 1, 2, 3, 4, 8, 12, 16, 20, and 24 weeks. The 
PBS solution was exchanged with freshly prepared solution every 3 days. The biphasic 
injectable hydrogels were washed with deionized water, dried, and weighed. The 
degradation rate was calculated by Equation (5) (Promnil, Ruksakulpiwat, Numpaisal, & 
Ruksakulpiwat, 2022): 
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% Residual weight = 100 –[( 
Wi - Wf 

Wi
 ) × 100 ]                     (5) 

Where Wi is the initial dry weight of the sample, while Wf is the 
weight of the sample after immersing it in PBS. 

3.2.5.6 Cell viability and Live/Dead cell in 3D cell culture 

Human chondrocyte cell lines (CSPCs) at 5 x 105 cells/ml were 
centrifuged in medium. PVA-g-GMA/SF-g-GMA solutions (LAP 0.3% w/v) were prepared 
at a ratio of 100:0, 75:25, 50:50, 25:75, and 0:100. Cells were added in a different 
solution ratio of PVA-g-GMA/SF-g-GMA to a density of 5 x 105 cells/ml. 30 μL were 
injected into a 96-well plate, UV photocrosslinking was performed on the hydrogel for 
10 min, and 100 μL of fresh medium were added. The cell culture was incubated for 
1, 3, and 7 days in 37 ◦C with a 5% CO2 humidified incubator.; the medium was 
exchanged every 3 days. The cell viability and live/dead cells in a biphasic injectable 
hydrogel were measured by a Live/Dead assay kit (Calcein AM, 7-AAD, ab270789) Live 
cell-Calcein-AM (Cat.206700) , Dead cell-Ethidium homodimer (ab145323) under a 
confocal microscope (Nikon ECLIPSE Ti ). A green fluorescence signaled the presence 
of living cells, whereas a red fluorescence signaled the presence of dead cells. After 
1, 3, and 7 days, cells were stained with live/dead cell stain and incubated for 10 min 
in a dark room at 37°C. Cell morphology was investigated by the confocal microscope. 
The cell viability was calculated as the survival rate of cells in the encapsulated 
biphasic injectable hydrogel by counting with ImageJ software.  

3.2.5.7 Quantitative analysis for gene expression 

  A 20 μL biphasic solution composed of PVA-g-GMA/SF-g-GMA 
solutions and cells at a density of 5 x 105 cells/mL were injected into a 96-well plate, 
and the biphasic injectable hydrogel was fabricated by UV photocrosslinking for 10 
min. A biphasic injectable hydrogel was cultured at 7, 14, and 28 days. The total RNA 
was extracted from the HCPCs in a biphasic injectable hydrogel with TRIzol reagent 
and the RNeasy mini kit (Qiagen, Hilden, Germany). Quantitative real-time polymerase 
chain reaction (qRT-PCR) was complete with Fluorescein Kit (BIOLINE, London, UK) and 
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the SYBR Green kit (Thermo Fisher Scientific, Waltham, MA, USA). The primer sequences 
for the qRT-PCR test are listed in Table 

 
Table 3.1 Sequences of primer sets for RT-qPCR ((Numpaisal et al., 2017)) 

Gene  Primer sequence (5’ to 3’) 

Type I collagen (COL1A1) 
Sense GGA GGA GAG TCA GGA AGG 
Antisense GCA ACA CAG TTA CAC AAG G 

Type II collagen (COL2A1) 
Sense GGC AGA GGT ATA ATG ATA AG 
Antisense ATG TCG TCG CAG AGG 

Aggrecan (ACAN) 
Sense ATA CCG TCG TAG TTC C 
Antisense TCC TTG TCT CCA TAG C 

 

3.2.5.8 Statistical analysis 

For each the experiments were repeated three times with each 

specimen. Data were reported as mean ± standard deviation (SD.). The data were 
analyzes using one-way analysis of variance (ANOVA) and Tukey test was used to 
determine statistically significant difference with Minitab® 19 software (version 19.1.1). 
The level of significance was set of 95% (p = 0.05)  

 

 

 

 

 

 



 

CHAPTER IV 

RESULTS AND DISCUSSION 
 

4.1 Weight average molecular weight (Mw) of SF unmodified and SF-
g-GMA 

The molecular weight was determined by SDS-PAGE; weight average molecular 
weight (Mw), number average molecular weight (Mn), and polymer dispersion index 
(PDI) were used by GPC. Results are shown in Figures 4.1-4.2, and Table 4.1. The MW 
of SF-g-GMA was measured by SDS-page and GPC at various times during GMA grafting 
at 1, 2, and 3 h.  According to the original silk fibroin molecule characterized by SDS-
PAGE, that was degraded into a variety of polypeptides of various sizes, which were 
then extracted using a salt solution.   

Natural SF in B. mori cocoon is a mainly molecular complex composed of heavy 
chain (H-chain), light chain (L-chain), and glycoprotein P25 proteins of 350 kDa, 26 kDa, 
and 30 kDa molecular weights, respectively (Um, Kweon, Lee, & Park, 2003). The 
average MW of SF-g-GMA at various times during GMA grafting at 1, 2, and 3 h shows 
no difference in a weight molecular, that shows a smear band at heavy chains of about 
more than 250 kDa and two proteins with smaller molecular masses: the light chains 
of about 25 kDa and the smear band at roughly 30 kDa glycoprotein P25. 

   

Figure 4.1 (a.) Raw silk cocoon consist of silk fibroin and silk sericin and (b.) silk 
fibroin degummed by Na2CO3 solution  
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Table 4.1 shows the weight average molecular weight (Mw), number average 
molecular weight (Mn), and polymerdispersity index (PDI) of SF unmodified and SF-g-
GMA at various grafting times at 1, 2, and 3 h. by gel permeation chromatography (GPC). 
A comparison of grafting times showed the Mw, Mn, and PDI of SF-g-GMA at the same 
SF concentration. The Mw and Mn decrease with the increasing time of grafting GMA 
into PVA, from 1 to 3 h. Due to the degradation or denature of amino chains, the use 
of temperature and long periods of time shortened the amino chains (Zengkai Wang 
et al., 2020). As grafting time increased, molecular weight distribution changed along 
with the drop in Mw. The PDI slightly increased, showing that the molecular weight 
distribution broadened a little bit throughout the course of the grafting process. This 
could be attributed to an increase in the number of smaller MW chains (Kavda, 
Micheluz, Elsasser, & Pamplona, 2021).  

Therefore, the low molecular weight and thus the optimal 1 h. grafting 
condition are used to graft GMA onto silk fibroin chains. 

 

 

Figure 4.2 SDS-page analysis of SF-g-GMA prepared with time various at 1, 2, and 
3 h. 
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Table 4.1 Weight average molecular weight (Mw), number average molecular weight 
(Mn), and polymer dispersion index (PDI) of SF unmodified and SF-g-GMA at various 
grafting times. 

 

 

 

 

 

 

4.2 Effect of the grafting conditions of GMA onto PVA (PVA-g-GMA) 
and SF (SF-g-GMA) 
4.2.1 1H-NMR characteristic of PVA-g-GMA and SF-g-GMA  

1H-NMR technique was used for determining the amount of 
methacrylate groups in PVA-g-GMA as well as for identifying the reaction mechanism 
of transesterification and epoxy ring open are report in Figure 4.3, 4.4, 4.5. The 1H-NMR 
spectra of unmodified PVA, GMA monomer, and PVA-g-GMA 100 mM are presented in 
Figure 4.3. The solvents of DMSO-d6 present in the polymer structures gave sharp peaks 
at chemical shifts (δ) of 3.3 ppm. In the spectrum of unmodified PVA, the characteristic 
proton peaks of (CH2-CH-OH) were at δ =4.3-4.7 ppm (H2), (CH2-CH-OH) at δ =3.7-4.0 
ppm (H3) and (CH2-CH-OH) at δ = 1.4 ppm (H5). In the spectrum of GMA monomer, 
the characteristic proton peaks of (-C=CH2) at δ = 6.1, 5.8 ppm (H1), (-CH2-CH-) at δ = 
4.1, 4.5 ppm (H2), (-CH2-CH-) at δ = 3.2 ppm (H3), (-O-CH2) at δ = 2.7, 2.8 ppm (H4), 
and (-C-CH3) at δ = 1.9 ppm (H5) (Shah et al., 2015). In the spectrum of PVA-g-GMA, in 
addition to the peaks of unmodified PVA, new peaks appeared belonging to the 

protons of the vinyl group (-C=CH2), which appeared at δ = 5.6 and 6.0 ppm (H1) and 
were attributed to the distinctive double bond of the methacrylate group, proving the 
methacrylate group was effectively grafted onto the pendant hydroxyl groups of 
unmodified PVA, the CH group of GMA (-CH- of O- methacrylate group) at δ =5.2 ppm 

Sample Mn Mw PDI 

SF unmodified 359,610 444,592 1.24 

SF-g-GMA 1h. 201,895 396,517 1.96 

SF-g-GMA 2h. 113,664 352,535 3.10 

SF-g-GMA 3h. 106,240 342,854 3.23 
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(H2) and the methyl group (CH3-C=C) of GMA unit appeared at δ =1.9 ppm (H6) (Crispim 
et al., 2006) (Erdoğan, Akdemir, Hamitbeyli, & Karakışla, 2019). In addition, without the 
peak (-CH2-CH-) at δ = 4.1, 4.5 ppm (H2) and (-CH2-CH-) at δ = 3.2 ppm (H3), the epoxy 
ring made by GMA It is obvious that the way GMA and PVA interacted was through 
transesterification and epoxy ring opening. 

The 1H-NMR spectra of unmodified PVA, GMA monomer, and PVA-g-GMA 
various GMA contents at 50, 100, 150, 200, 250, and 300 mM are shown in Figure 4.6. 
The results obtained showed that as the amount of GMA was increased throughout 

the chemical modification process, the intensity of vinyl group at δ = 5.6 and 6.0 ppm 
(H1) increased as well. Meanwhile, the intensity of PVA decreases with the amount of 
GMA was increased due to GMA molecule is reactions onto the OH (CH2-CH-OH) at δ 
=3.7-4.0 ppm (H4) of PVA structure occurs by way of the transesterification and epoxy 
ring opening mechanism. 

 

 

Figure 4.3 Purpose of a mechanism for GMA grafting onto PVA: (1) by epoxy ring 
opening; (2) by transesterification 
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Figure 4.4 The 1H-NMR spectra and molecular structure of (a.) GMA monomer, (b.) 

PVA unmodified, and (c.) PVA-g-GMA 100 mM 
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The GMA functional group percentage, or degree of substitution 
methacrylate, DS% of the PVA-g-GMA are show in Table 4.2 was also calculated with 
Eq.1. The DS% of PVA-g-GMA an increased from 5.78% to 26.67%, respectively, when 
GMA concentration increased from 50 mM to 300 mM, as shown by a decrease in the 
hydroxyl group (Table 4.2). 

 

Table 4.2 Degree of methacrylate substitution, DS% of the PVA-g-GMA 

Condition GMA (CH2) PVA (OH) Degree of substitution (%DS) 

PVA-g-GMA 50 mM 0.1225 2.0277 5.78 

PVA-g-GMA 100 mM 0.2395 1.7476 12.06 

PVA-g-GMA 150 mM 0.2918 1.4790 16.77 

PVA-g-GMA 200 mM 0.2326 0.9886 19.34 

PVA-g-GMA 250 mM 0.2615 0.8622 23.82 

PVA-g-GMA 300 mM 0.4438 1.2650 26.67 

 

 

Figure 4.5 Comparison the 1H-NMR spectra of GMA monomer, PVA unmodified and   
PVA-g-GMA 100 mM 
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Figure 4.6 The 1H-NMR spectra of GMA monomer, PVA unmodified and PVA-g-GMA 
various GMA contents at 50, 100, 150, 200, 250, and 300 mM 

 

The GMA modified SF to increase water solubility and determined the 
optimal %DM to improve water solubility without losing the properties of SF. In the 
SF-g-GMA synthesis, the amount of GMA added to the SF solution varied from 70 mM 
to 490 mM, and hence GMA was able to react with amino groups (-NH2), hydroxyl 
groups (-OH), and carboxylic groups (-COOH). The SF-g-GMA was synthesized by the 
ring-open epoxy group at GMA (Figure 4.7). The SF side chain was modified by GMA to 
increase water soluble, and the 1H-NMR spectra of the GMA monomer, SF unmodified, 
and SF-g-GMA are shown in Figure 4.8, 4.9. The solvent of deuterium oxide (D2O) shows 
a peak at δ = 4.7 ppm. From the 1H-NMR spectrum of SF unmodified, the characteristic 
proton peak of the aromatic ring in the tyrosine is at δ = 6.7–7.3 ppm (H1), and the 
lysine methylene is at δ = 2.65-3.05 ppm. In addition, the spectra of SF-g-GMA showed 
a gentle decrease of the aromatic ring in the tyrosine. Specifically, the new peaks 
showed that the characteristic resonance of the methacrylate vinyl group at δ = 5.6-
5.8 and 6.0-6.2 ppm (H1) has been created by the inclusion of the GMA, and the 
integration of these peaks grew as more GMA was added, and the degree of 
methacrylate substitution (DM%) of GMA grafted onto SF-g-GMA increased with 
increasing GMA content. Tyrosine is an amino acid that has reactive groups that GMA 
may modify, and it makes up roughly 11.11 mol% of all amino acids (Bae et al., 2020). 
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As the GMA content increased from 70 to 490 mM, the %DM of SF-GMA increased from 
1.86 to 9.92 (Table 4.3). The greatest %DM was found in SF-g-GMA 490 mM (%DM, 9.92 
%), maybe as a result of the side reactions that the excessive addition of GMA 
generated between the GMA molecules. 

 

 

Figure 4.7 Purpose of a mechanism for GMA grafting onto SF by epoxy ring opening 
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Figure 4.8 The 1H-NMR spectra and molecular structure of (a.) GMA monomer, (b.) 

SF unmodified, and (c.) SF-g-GMA 490 mM 
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Figure 4.9 The 1H-NMR spectra of GMA monomer, SF unmodified and SF-g-GMA 
various contents at 70, 210, 350, and 490 mM  

 
Table 4.3 Degree of methacrylate substitution, DM% of the SF-g-GMA  

Condition GMA (CH2) Tyrosine Degree of methacrylate (%DS) 

SF-g-GMA 70 mM 0.0130 0.6817 1.86 

SF-g-GMA 210 mM 0.0325 0.6771 4.57 

SF-g-GMA 350 mM 0.0400 0.6789 5.56 

SF-g-GMA 490 mM 0.0629 0.5710 9.92 

 
4.2.2 FTIR characteristic of PVA-g-GMA and SF-g-GMA 

The Fourier-transform infrared spectroscopy (FTIR) of PVA unmodified, 
GMA monomer, and PVA-g-GMA 100 mM are shown in Figure 4.10. The FTIR spectra of 
unmodified PVA showed transmittance bands at 842, 1089, 1567, 1731, 2940, 2910, 
and 3298 cm-1, which corresponded to the characteristic vibrations of =C-H stretching, 
C-O stretching, C=C stretching, C=O (ester group), CH2 symmetric stretching, C-H 
stretching, and O-H stretching, respectively (Xiang et al., 2022) (Erdoğan et al., 2019). 
GMA monomer showed a peak at 1255 cm-1 breathing, 908 cm-1 asymmetric 
deformation, and 843 cm-1 symmetrical deformation, which was the characteristic 
vibration of epoxy groups. A strong peak at 1717 cm-1 was attributed to the carbonyl 
group (C=O), a C=C peak at 1636 cm-1 and a strong peak at 1159 cm-1 was attributed 
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to the C-O stretching of the ester group (Erdoğan et al., 2019). The distinctive bands of 
PVA and GMA on PVA-g-GMA, such as the bending of C=O at 1710 cm-1 and C=C at 
1634 cm-1, out-of-plan bending vibration of R2C=CH2 at 949 cm-1, and the stretching 
vibration of the C-O group at 1175 cm-1, could be found in the spectra of PVA-g-GMA. 
In addition, without the bands at 1255 cm-1 (for breathing), 908 cm-1 (for asymmetric 
deformation), and 843 cm-1 (for symmetrical deformation), the epoxy ring of GMA 
clearly implies that transesterification was the mechanism via which GMA and PVA 
reacted (S. H. Kim et al., 2018). 

 

Figure 4.10 Comparison of the FTIR spectra of GMA monomer, PVA-g-GMA 100 mM, 
and PVA unmodified 

 

The FTIR spectra of PVA-g-GMA synthesized using various GMA contents 
at 50, 100, 150, 200, 250, and 300 mM are shown in Figure 4.11. The results pointed 
out that the intensity of these bands was raised by the increasing amount of GMA 
during the chemical modification process. These can be verified by the increase in the 
intensity of the FTIR spectra of C-O, C=O, and C=C at 1175 cm-1, 1634 cm-1, and 1710 
cm-1, respectively. 
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Figure 4.11 PVA-g-GMA 100 mM, and PVA unmodified (A), the FTIR spectra of GMA 
grafting contents at 50, 100, 150, 200, 250, and 300 mM on PVA 

 

Figure 4.12 shows the FTIR spectra of GMA, SF unmodified, and SF-g-
GMA at various GMA contents. The silk fibroin protein has been the most important 
FTIR spectra region in the amide band, with peaks of 1700–1600 cm-1 attributed to the 
C=O stretching of Amide I, 1600–1500 cm-1 attributed to the N-H bending of Amide II, 
and 1400–1200 cm-1 attributed to the C-N stretching of Amide III. There are two types 
of SF molecular structures: Silk I, consisting of random coil and helix peaks at 
wavenumber positions 1648–1554 cm-1 (amide I) and 1535–1542 cm-1, Silk II, consisting 
of sheet peaks at wavenumber positions 1610–1630 cm-1 (amide I) and 1510–1520 cm-

1 (amide II). In the spectrum of SF unmodified, it can be seen that the peaks at 1638 
cm-1 (Amide I), 1517 cm-1 (Amide II), and 1234 cm-1 (Amide III) were observed and are 

correlated to the random coil, β-sheet, and 𝜔 -helix, respectively. In terms of SF-g-
GMA, various GMA contents at 70, 210, 350, and 490 mM demonstrate transmittance 
bands at 1642 cm-1 (Amide I) with the indicated random coil and the bands shifted to 
1638 cm-1 compared with the SF unmodified; the wavenumber at 1514 cm-1 (Amide II) 
was assigned to β -sheet, and the wavenumber at 1234 cm-1 (Amide III) was assigned 
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to ω-helix, respectively. The small peaks ascertained on SF-g-GMA at 949 and 1168 
cm-1 were assigned to R2C=CH2 wagging stretching of the vinyl methacrylate group in 
the GMA.  

 

Figure 4.12 The FTIR spectra of SF unmodified, GMA various contents at 70, 210, 
350, and 490 mM on SF. 

 

4.3 Effect of PVA-g-GMA/SF-g-GMA ratio on physical properties and 
mechanical properties of injectable hydrogel 
4.3.1 Gel fraction and swelling ratio of injectable hydrogel 

Gel fraction was used to determine the insoluble parts of PVA-g-GMA, 
SF-g-GMA, and PVA-g-GMA/SF-g-GMA injectable hydrogels after immersion in deionized 
water at 37 °C for 24 h, and the percentage of gel fraction is shown in Figure 4.13. The 
gel fraction measures the amount of crosslinking created in the hydrogel polymer 
network. Gel fractions and swelling ratio of PVA-g-GMA injectable hydrogel at various 
irradiation times at 1, 3, 5, 7, and 10 min are shown in Figure 4.13(a-b). It demonstrated 
that, the irradiation time not impact to gel fractions and swelling ratio of PVA-g-GMA 
injectable hydrogel.  
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Figure 4.13 (a.) Gel fraction and (b.) swelling ratio of PVA-g-GMA at various 

irradiation times  
 
The effect of SF-g-GMA concentration on gel fractions and swelling ratio 

of SF-g-GMA injectable hydrogel, as shown in Figure 4.14(a-b), indicates that the SF-g-
GMA concentration at 30% w/v is insufficient to fabricate an injectable hydrogel. The 
SF-g-GMA concentration increased from 40% w/v to 60% w/v. The percentage of gel 
fraction slightly increased; however, the swelling ratio evidently decreased. The 
compressive modulus and the compressive strength increased with increasing SF-g-
GMA concentration. We expect that the improved mechanical properties could be 
associated with physical entanglement of silk fibroin molecules, in addition to the 
chemical methacrylation of the silk fibroin. The stimuli from this physicochemical 
entanglement between SF-g-GMA molecules could promote secondary crystalline 

conformation (β-sheet) more likely, generating added strength and new hydrophobic 
regions within the Silk fibroin (S. H. Kim et al., 2018). 

Moreover, the gel fractions and swelling ratios of PVA-g-GMA/SF-g-GMA 
injectable hydrogels at different contents. As shown in Figure 4.15 (a-b), the PVA-g-
GMA/SF-g-GMA injectable hydrogel at ratios of 100:0, 75:25, 50:50, and 25:75 shows no 
difference in gel fraction. However, the PVA-g-GMA/SF-g-GMA injectable hydrogel at 
ratios of 0:100 showed the gel fraction highest (97.60%) than in other condition due to 
the high crosslink density in the silk fibroin structure from the grafting process. In 
addition, the swelling ratio decreased from 322.33% to 59.85% with an increasing SF-
g-GMA content from 0 to 100% w/w because of the increasing crosslink density in PVA-
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g-GMA/SF-g-GMA injectable hydrogel. This outcome showed that a structure with a high 
crosslink density might support a low amount of water inside a gel structure (Nasution 
et al., 2022).  

 

  
Figure 4.14 (a.) Gel fraction and (b.) swelling ratio of SF-g-GMA at various SF-g-

GMA concentration.  
 

  
Figure 4.15  (a.) Gel fraction and (b.) swelling ratio of PVA-g-GMA/SF-g-GMA 

injectable hydrogel at 10 min by photocrosslinked 
 

 

 

 

(a.) (b.) 

 



52 
 

4.3.2 The FTIR spectra of PVA-g-GMA/SF-g-GMA injectable hydrogel 

The FTIR spectra of the different patches were investigated, as shown 
in Figure 4.16. The main characteristic peaks of PVA-g-GMA were observed at 2915 cm-

1, 1725 cm-1, 1660 cm-1 corresponding to CH2 (stretching vibration), C=O (stretching 
vibration), (C=C), respectively. An intense hydroxyl (OH) band observed at 3000–3600 
cm-1 and a band peak at 3370 cm-1 were attributed to hydrogen bonds. Furthermore, 
1246 cm-1 corresponds to -C-O-C- stretching, with peaks at 1092 cm-1 attributed to CO 
stretching and OH bending, 947 cm-1 attributed to bending -CH2, and 838 cm-1 
attributed to -CH rock.  The main characteristic absorption bands of SF-g-GMA are 1641 
cm-1 (for amide I, C-O stretching), 1514 cm-1 (for amide II, secondary N-H bonding, due 
to the β-sheet structure), 1232 cm-1 (for amide III, N-H and C-N functionalities) (X. Wang 
et al., 2015). The amide I peak shifted from 1641 cm-1 to 1628 cm-1 when increasing SF-
g-GMA content in PVA-g-GMA/SF-g-GMA biphasic injectable hydrogel due to the polarity 
of the alcohol group (-OH) in PVA-g-GMA, leading to a conformational change in the 
silk fibroin. The alcohol has interacted with SF-g-GMA and induced the random coil/ 
α-helix to β-sheet conformation. The resulting β-sheet conformation produced a 
physical crosslink in the PVA-g-GMA/SF-g-GMA biphasic injectable hydrogel (Matsumoto 
et al., 2006) (Kaewpirom & Boonsang, 2020). The FTIR result showed the PVA-g-GMA/SF-
g-GMA injectable hydrogel had more β-sheet structure more than the SF pure sample 
(PVA-g-GMA/SF-g-GMA ratio at 0/100). The PVA-g-GMA-SF-g-GMA injectable hydrogel 
ratios at 75:25, 50:50, and 25/:5 have similar peaks (Kaewpirom & Boonsang, 2020). The 
curves are characterized by the presence of transmission bands typical of both 
components. Moreover, the width of the OH region (3000–3600 cm-1) was extended 
by blending PVA and SF, which could characterize the decrease in the intensity of 
hydrogen bonding. FTIR spectral results implied that SF molecules had interactions 
with PVA (Raksa, Utke, Ruksakulpiwat, Numpaisal, & Ruksakulpiwat, 2020). 

Mechanism of PVA-g-GMA/SF-g-GMA biphasic injectable hydrogel, as 
shown in Figure 4.17: the crosslinking of PVA-g-GMA and SF-g-GMA occurs when 
solutions are exposed to UV radiation in the presence of a LAP photoinitiator. The LAP 
photoinitiator generates free radicals upon absorption of UV light. Then free radical 
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interaction occurs at the double bond of methacrylate. PVA-g-GMA and SF-g-GMA are 
subsequently crosslinked to form biphasic injectable hydrogels. 

 

Figure 4.16 FTIR spectra of PVA-g-GMA/SF-g-GMA biphasic injectable hydrogel 
 

 

Figure 4.17 Mechanism of PVA-g-GMA/SF-g-GMA biphasic injectable hydrogel 
 

 

 



54 
 

4.3.3 Rheological and viscosity measurements  

The rheological behavior of the improved injectable hydrogel was 
examined to ascertain flow characteristics. In the rheological property analysis, the 
angular frequency-viscosity (η) of PVA-g-GMA/SF-g-GMA solutions at different blending 
ratios is shown in Figure 4.18. The curves of viscosity-angular frequency showed the 
viscosity decreased with increasing angular frequency, and overall, there was shear 
thinning behavior. This phenomenon is known as shear thinning and is induced by the 
rising molecular chain alignment that is generated by high shear stress or shear rate. In 
other words, the fluid system's macroscopic viscosity decreases as a result of the 
decreased flow resistance between the oriented macromolecules. Shear thinning is 
another important feature in evaluating the injectability of hydrogels due to the fact 
that when stressed, the hydrogel should have a lower viscosity, thus making it easier 
to inject (M. H. Chen et al., 2017). 

 

 

Figure 4.18 The rheological properties of PVA-g-GMA/SF-g-GMA dynamic viscosity 
measurement of PVA-g-GMA/SF-g-GMA solution at different bending 
ratio 

 



55 
 

Dynamic loss modulus (G’’) and dynamic storage modulus (G’) of PVA-
g-GMA/SF-g-GMA biphasic injectable hydrogel as shown in Figure 4.19-4.20. The loss 
modulus (G’’) indicate the viscous of materials and storage modulus (G’) represent the 
elastic materials. The loss modulus (0.54 to 1.08 kPa) and storage modulus (3.84 to 
8.16 kPa) are increased with increasing SF-g-GMA content in PVA-g-GMA/SF-g-GMA 
biphasic injectable hydrogel due to the polarity of the alcohol group (-OH) in PVA-g-
GMA, which caused a conformational shift in the silk fibroin from random coil to β-
sheet. (X. Wang et al., 2015). However, the loss modulus and storage modulus of PVA-
g-GMA/SF-g-GMA biphasic injectable hydrogel at ratio 0:100 (SF-g-GMA hydrogel) have 
the lowest values at 0.07 and 0.40 kPa because the SF-g-GMA hydrogel indicated the 
highest elasticity. Over the whole angular frequency range, the storage modulus (G’) 
values were greater than the loss modulus (G’’) values (G’ > G’’). These findings 
showed the development of a typical gel structure and crosslinking of injectable 
hydrogel (Yan et al., 2023). 

 

Figure 4.19 Comparison of dynamic loss modulus (G’) and dynamic storage 
modulus (G’’) of PVA-g-GMA/SF-g-GMA biphasic injectable hydrogel 
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Figure 4.20 (a.) The dynamic loss modulus (G’) and (b.) dynamic storage modulus 
(G’’) of PVA-g-GMA/SF-g-GMA biphasic injectable hydrogel 
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4.3.4 Mechanical properties of PVA-g-GMA/SF-g-GMA injectable hydrogel 

The mechanical properties of hydrogel play an important role in 
mimicking meniscus tissue (De Rosa, Filippone, Best, Jackson, & Travascio, 2022). As 
cell adhesion and mechanical properties can influence whether cells respond, the 
mechanical environment has an important effect on cellular activities (Wolf et al., 
2012). As a human meniscus, the characterization by compressive modulus of 0.10-
0.15 MPa (Chia & Hull, 2008) (H. Li et al., 2021). In this study, the PVA-g-GMA/SF-g-GMA 
injectable hydrogel was fabricated by photocrosslinking and demonstrated by 
compression stimulation. The stress-strain curve and mechanical properties of the PVA-
g-GMA/SF-g-GMA injectable hydrogel are shown in Figure 4.21.  

 

Figure 4.21 Stress-Strain curve of PVA-g-GMA/SF-g-GMA injectable hydrogel 
 

The compressive modulus of PVA-g-GMA/SF-g-GMA injectable hydrogel 
decreased with increasing SF-g-GMA content. The compressive modulus was 0.17, 0.14, 
0.12, 0.09, and 0.01 MPa, respectively, for the injectable hydrogel with SF-g-GMA 
content of 0, 25, 50, 75, and 100 %w/w. However, when the SF-g-GMA content 
increased, the compressive modulus of the injectable hydrogel dropped from roughly 
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0.17 to 0.01 MPa. The compressive modulus, compressive strength, and toughness 
showed an increasing trend with increasing PVA-g-GMA content blend in PVA-g-GMA/SF-
g-GMA injectable hydrogel. In Figure 4.22(a-c)., the compressive modulus of the PVA-g-
GMA/SF-g-GMA hydrogel ratio at 100:0 (0.17±0.01 MPa) was significantly higher than 
those of hydrogel ratio at 75:25 (0.14 ±  0.01 MPa), 50:50 (0.12 ± 0.01 MPa), 
25/75(0.09±0.02 MPa), and 0/100 (0.01± MPa). It is dominant that the compressive 
modulus properties of hydrogel are much closer and higher than the human meniscus 
(0.10-0.15 MPa) (Sweigart et al., 2004) . The PVA-g-GMA/SF-g-GMA injectable hydrogel 
promotes the mechanical properties and mimics the mechanical characteristics of 
meniscus tissue. 

 

  

 
Figure 4.22 Mechanical properties of PVA-g-GMA/SF-g-GMA injectable hydrogel. (a.) 

Compressive modulus, (b.) Compressive strength and (c.) Compressive 
strain. 

 

(a.) 
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Table 4.4 PVA-g-GMA/SF-g-GMA biphasic injectable hydrogel mechanical properties 
 

PVA-g-GMA/SF-g-GMA 
Compressive 

modulus (MPa) 
Compressive 

strength (MPa) 
Compressive 

strain (%) 

100:0 0.17± 0.01 0.16±0.03 39.61±3.81 

75:25 0.14 ± 0.01 0.11±0.02 37.08±1.41 

50:50 0.12±0.01 0.09±0.01 40.71±1.51 

25:75 0.09±0.02 0.07±0.01 40.33±1.17 

0:100 0.01±0.00 0.05±0.01 62.54±2.43 

Human meniscus 0.10±0.15* - 19.92±1.36** 

(Sweigart et al., 2004) *,  (Sandmann et al., 2013) ** 

 

4.3.5 The morphology and pore size of biphasic injectable hydrogel 

As shown in Figure 4.23, the injectable hydrogel had a cylindrical shape, 
and the morphology of the cross-section of PVA-g-GMA/SF-g-GMA injectable hydrogel 
after fully swelling and freezing was examined by FESEM. Clearly, the morphologies of 
the injectable hydrogel show different pore sizes, which indicates that the three-
dimensional homogeneous porous structures of all the samples varied depending on 
the ratio of PVA-g-GMA and SF-g-GMA. The injectable hydrogels had a homogenous 
distribution and an interconnected porosity structure without phase separation, as 
seen in the magnified FESEM image.  

The compressive modulus and pore size of PVA-g-GMA/SF-g-GMA 
biphasic injectable hydrogels are shown in Figure 4.24; all hydrogels do not show 
significant differences. PVA-g-GMA/SF-g-GMA biphasic injectable hydrogel ratios of 
100:0, 75:25, and 50:50 show increased pore size but decrease compressive modulus. 
In addition, the size of a porous material has a significant impact on mechanical 
properties, and smaller pores improve designed structures compressive properties (Bi 
et al., 2011). The majority of macroporous hydrogels are weak and rapidly breakable, 
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greatly limiting their use as scaffolds (Milner et al., 2018) (Heng Li, Li, Li, Wu, & Zhang, 
2022). 

The PVA-g-GMA/SF-g-GMA at various ratios of 100:0, 75:25, 50:50, 25:75, 
and 0:100 are shown pore size diameter of 27.11, 40.77, 60.49, 30.20, and 155.74 μm, 
respectively are shown in Figure 4.25-4.26. The average pore size of the injectable 
hydrogel increases with an increasing of SF-g-GMA content. The fundamental idea is to 
alter the volume and size of the porous structure in order to alter the pore size. 
Swelling molecules often enter the hydrophilic center of the porous structure and 
extend it, enlarging the pore of the injectable hydrogel (Ahmed, 2015) (Foudazi, 
Zowada, Manas-Zloczower, & Feke, 2023). Hydrogels with smaller pore sizes exhibit 
increased compressive strength (Zhao, Li, Ding, Liu, & Ai, 2018). The smaller pores 
provide a higher density of crosslinking points, resulting in a tighter and more compact 
network structure. This enhances the overall compressive strength and compressive 
modulus of the hydrogel (Bashir et al., 2020; Jang et al., 2014). 

 

 

 

Figure 4.23 The SEM images of PVA-g-GMA/SF-g-GMA hydrogels with different ratios: 
100:0, 75:25, 50:50, 25:75, and 0:100. The scale bar measures 100 um. 
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Figure 4.24 Compressive modulus and pore size of PVA-g-GMA/SF-g-GMA biphasic 
injectable hydrogel 

 

 

Figure 4.25 Pore size box plot of PVA-g-GMA/SF-g-GMA biphasic injectable hydrogel 
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Figure 4.26 Histogram of pore size distribution of PVA-g-GMA/SF-g-GMA injectable 

hydrogel 
 

4.3.6 In vitro degradation of biphasic injectable hydrogel 

Another important consideration for the scaffold is biodegradability. In 
order to make certain that tissue remodeling or regeneration proceeds properly, the 
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scaffold must degrade at a suitable rate (Bitar & Zakhem, 2014). All of the in vitro 
degradation of PVA-g-GMA/SF-g-GMA injectable hydrogel showed relatively little 
degradation in a period of 4 months, as shown in Figure 4.27. After 1 week of injectable 
hydrogel incubation, the hydrogel was extremely degraded. As a result, after 2 weeks, 
it was found that the weight of the hydrogel slightly decreased every week. In 4 
months, the degradation rates of PVA-g-GMA/SF-g-GMA 100:0, 75:25, and 50:50 were 
up to 15.61%, 17.23%, and 18.93%, respectively. PVA-g-GMA/SF-g-GMA 0:100 injectable 
hydrogel had the lowest degradation rate (4.30%) among hydrogels due to the formed 
b-sheet structure in hydrogel from dried hydrogel in the oven at 40 C for 24 h. At high 
temperatures, the conformation change of silk fibroin from a random coil structure to 
a b-sheet is promoted (G. Li et al., 2001). SF degradation depends on the β-sheet 
secondary conformation, which is hydrophilic in silk fibroin and is first degraded during 
the degradation process. (H. Zhang, Xu, Zhang, Li, & Chai, 2022).  

 

 
Figure 4.27 In vitro degradation of PVA-g-GMA/SF-g-GMA biphasic injectable 

hydrogel 
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4.3.7 Live and dead cell of biphasic injectable hydrogel 
Figure 4.28 illustrates the live and dead staining results that 

demonstrated the cell viability (survival rate) and round-like morphology of the 
encapsulated human chondrocyte cells in the biphasic injectable hydrogels after 1, 3, 
and 7 days in culture for potential clinical minimally invasive. Live cells were stained 
green, whereas dead cells were stained red. After 1, 3, and 7 days of culture, most 
chondrocytes in each group were alive (green color), with just a small number of dead 
cells visible (red color).  

The cell viability and cell growth of chondrocyte cells in biphasic 
injectable hydrogel gradually increase from day 1 up to day 7, as shown in Figure 4.29, 
and significant cell growth was demonstrated at day 1, which clearly increases with 
increasing SF-g-GMA content. Three days later, the cell density on all samples 
increased, indicating robust cell growth and proliferation, and the chondrocyte cell 
survival rate on all samples was not substantially different. The viability of the 
chondrocyte cells was greater than 80% at all condition periods by days 7 (Chahine, 
Collette, Thomas, Genetos, & Loots, 2014). The results showed that the chondrocyte 
cells in the injectable hydrogels exhibited great cell viability even after the 
photocrosslinking technique, indicating that the biphasic injectable hydrogels promote 
cell encapsulation for minimally invasive clinical applications (Chahine et al., 2014). 

In the PVA-g-GMA/SF-g-GMA biphasic injectable hydrogel ratios of 75:25, 
50:50, and 25:75, cell viability was highest when compared to the PVA-g-GMA/SF-g-
GMA biphasic injectable hydrogel ratios of 100:0 and 0:100. However, PVA-g-GMA/SF-g-
GMA 75:25 and 50:50 biphasic injectable hydrogels have better properties such as 
compressive modulus, compressive strength, pore size hydrogel, and in vitro 
degradation. Thus, PVA-g-GMA/SF-g-GMA 75:25 and 50:50 biphasic injectable hydrogels 
were used to study gene expression. 
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Figure 4.28 Human chondrocyte cell line growth inside the PVA-g-GMA/SF-g-GMA 

biphasic injectable hydrogel after UV crosslinking. The morphologies of 
the chondrocytes inside the hydrogel were observed using live and 
dead staining at day 1, day 3, and day 7. 
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Figure 4.29 The survival rates of human chondrocytes cell inside the PVA-g-
GMA/SF-g-GMA biphasic injectable hydrogel  

 

4.3.8 Quantitative analysis of gene expression of biphasic injectable 
hydrogel 

According to live and dead cell and survival rates of human 
chondrocyte cell results, PVA-g-GMA/SF-g-GMA biphasic injectable hydrogel ratios of 
50:50 and 75:25 were used to evaluate gene expression. The gene expression analysis 
of human chondrocyte cells inside the PVA-g-GMA/SF-g-GMA biphasic injectable 
hydrogel was investigated to demonstrate cellular phenotypes. Three triplicate sample 
sets were used for each group of scaffolds. The results were displayed in Figure 4.30.  

At day 7, gene expression in both PVA-g-GMA/SF-g-GMA biphasic 
injectable hydrogel ratios of 75:25 and 50:50 showed expression of COL1A1 higher 
compared to controls, whereas the expression of COL2A1 in the PVA-g-GMA/SF-g-GMA 
biphasic injectable hydrogel ratio at 75:25 was higher than 50:50, and there was no 
difference in expression of COL1A1. At day 14, the expression of both ratios showed 
higher expression for both COL1A1 and COL2A1 than the control. The PVA-g-GMA/SF-
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g-GMA biphasic injectable hydrogel ratio of 50:50 for expression of COL1A1 was higher 
than 75:25. Conversely, the PVA-g-GMA/SF-g-GMA biphasic injectable hydrogel ratio of 
75:25 for expression of COL2A1 was higher than 50:50. At day 28, the expression of 
COL2A1 in the PVA-g-GMA/SF-g-GMA biphasic injectable hydrogel ratio of 50:50 was 
higher than 75:25, including both ratios of higher expression than control. As for the 
expression of COL1A1, there is no difference. On the expression of ACAN for both 
ratios, there was no difference on days 7, 14, and 28. In our study, we focused on the 
meniscus repair at the inner zone, the native inner meniscus regions, which carried 
more COL2A1 (collagen types II) and ACAN (aggrecan) than COL1A1 (collagen types I). 
The PVA-g-GMA/SF-g-GMA biphasic injectable hydrogel gene expression essentially 
demonstrated the existence of COL2A1 (Numpaisal et al., 2017) (Numpaisal, Jiang, 
Hsieh, Chiang, & Chien, 2022). 

  

 
Figure 4.30 Gene expression of human chondrocyte cell inside the PVA-g-GMA/SF-

g-GMA biphasic injectable hydrogel analyzed by qRT-PCR of COL1A1, 
COL2A1, and ACAN at days 7(a.), 14(b.), and 28(c.). 

 



 

CHAPTER V 

CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

In the present study, the synthesis of PVA-g-GMA and SF-g-GMA were successfully 
grafted by GMA. The different ratios in biphasic injectable hydrogel formation by mixing 
PVA-g-GMA/SF-g-GMA were studied in ratios of 100:0, 75:25, 50:50, 25:75, and 0:100. It 
was found that all the ratios can be fabricated into injectable hydrogels by using UV 
light with 365 nm, 6 mW/cm2 intensity, and the action of a LAP photoinitiator. SF-g-
GMA changes its chemical structure from random coil to β-sheet conformation, which 
affects its mechanical properties and morphology. The compressive modulus and pore 
size were optimal for human chondrocyte cells of the human meniscus. PVA-g-
GMA/SF-g-GMA biphasic injectable hydrogels have better degradation properties than 
unmixed PVA-g-GMA and SF-g-GMA injectable hydrogels. Additionally, injectable 
hydrogel encapsulation of human chondrocyte cells was also studied. Human 
chondrocytes were mixed in a mixture of PVA-g-GMA/SF-g-GMA solutions and then 
injected into a biphasic hydrogel under UV light. PVA-g-GMA/SF-g-GMA biphasic 
injectable hydrogels, increasing the ratio of SF-g-GMA promoted the viability of human 
chondrocytes with the in vitro cell test.  

The PVA-g-GMA/SF-g-GMA 75:25 biphasic injectable hydrogel has the potential to 
be used as a rapidly photocurable biomimetic biphasic injectable hydrogel for 
encapsulated augmentation based on mechanical properties, cell encapsulation, cell 
viability, gene expression, and in vitro degradation. 

 

5.2 Recommendations 

5.2.1 The mechanical properties of cells encapsulated inside injectable hydrogels 
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for the bioactive molecule (mechanical stimulation). 

5.2.2 In an in vivo study using a mouse or rabbit subcutaneous implantation model 
to evaluate the injectability and in vivo tissue compatibility of the hydrogel. 
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