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1.1. Poly(vinyl alcohol) 

 

Poly(vinyl alcohol) (PVA) is recognized among the largest volume of synthetic polymers that have 

been produced worldwide for almost one century, and it has attracted considerable research interest [1]. This 

is due to its exceptional properties which decided for its widespread use, especially in medical and 

pharmaceutical fields [2]. However, several researches revealed that PVA-based biomaterials have some 

limitations that may limit their use or performance [3, 4]. To overcome these limitations, various methods have 

been reported [5-7]. 

 

 

Figure 1-1. Application of PVA as biomaterials in many fields. 

 

1.1.1. Application of PVA as biomaterial 

 

Polyvinyl alcohol (PVA), a hydrophilic, biodegradable and biocompatible polymer, has been widely 

used in various areas including the biotechnological and biomedical field due to its excellent chemical and 

physical properties, easy processing technique and high cytocompatibility [8]. Applications of PVA in the 

biomedical field include contact lenses [9], wound dressing [10], coatings for sutures [11] and catheters [12] 

as shown in Figure 1-1. Among these, skin adhesives, antithrombogenic coatings, bone fillers and aneurysm 

embolism materials using PVA have attracted attention. 

 

1.2. Application of PVA for skin adhesives 

 

1.2.1. The importance of skin adhesives 
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 With the aging society, the importance of wearable sensors is increasing. Wearable sensors are 

integrated into soft materials directly contact with the body in order to monitor health condition and provide 

clinically relevant data for care [13]. To date, common approach to fabricating soft sensors consisted of 

integrating conducting material patterns onto a stretchable substrate [14-17]. However, these materials do not 

possess adhesive property to skin and need to fix onto skin with commercially available adhesives.  

 

1.2.2. Classifications of skin adhesives 

 

Currently, acrylic-based medical bandages that are commercially available are widely used [18]. 

Although acrylic-based adhesives have high adhesion strength, massive exfoliation of the stratum corneum 

that occurs when exfoliating causes great pain to the patients [19, 20]. Chemical substances remaining on the 

skin surface can cause allergic and inflammatory reactions [21]. In addition, silicone pressure sensitive 

adhesives with low exfoliation of the stratum corneum have been developed [22, 23], however, they are prone 

to shifting since weak retention to skin [24]. Furthermore, silicone adhesives are relatively expensive. Recently, 

bioinspired skin adhesives with various multiscale architectures have been reported, including patches with 

gecko's feet [25, 26], mussel [27], and octopus's suckers [20] (shown in Figure 1-2). However, such adhesives 

are complicated in production process and not suitable for mass production. 

 

Figure 1-2. Different types of biomimetic adhesives. 

 

1.2.3. The performance of PVA as skin adhesive 

 

At present, there is an urgent need to develop adhesives having strong adhesion, low exfoliation and 

low allergic reaction. PVA has been extensively studied as a potential skin adhesive. However, as shown in 

Table 1-1, adhesion strength of PVA film to skin is not strong enough compared with the commercial adhesives 

since its high hydrophilicity and solubility. 

Table 1-1. Adhesive types and their properties. 

Adhesive Adhesion 
Stratum corneum 

exfoliation 
Allergic reaction 

Acrylic-based adhesive Strong High High 

Silicone-based adhesive Moderate Low Low 

Biomimetic 

adhesives 

Gecko Moderate Low Low 

Mussel Strong High High 

Octopus Moderate Low Low 

PVA-based adhesive Weak Low Low 
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1.3. Application of PVA for antithrombogenic coating 

 

1.3.1. The importance of antithrombogenic materials  

 

 Along with the aging society, patients with vascular and cardiovascular diseases are increasing. These 

patients often require surgical treatments for implanting stents, artificial heart machines, and hemodialyzers. 

Since these medical devices directly contact with blood, they are easily recognized as foreign bodies by the 

biological defense system. Under this circumstance, hemostasis, inflammation, and thrombus formation are 

evoked [28-30]. When thrombus formation is formed on the surface of the device, problems occur such as a 

reduction in the performance of the device. In order to minimize the biological defense reactions, the surface 

of blood-contacting devices should be antithrombogenic to ensure normal blood flow. 

 

1.3.2. Thrombus formation 

 

 Thrombus formation depend on the several factors. The medical devices contact with blood, an 

immediate local cellular response takes place [31]. Platelets migrate to the surface of medical device, where 

they secrete several cellular factors and mediators. These mediators promote clot formation. Figure 1-3 shows 

the mechanism of thrombus formation on the device surface which contacts with blood. 

 

 Figure 1-3. Mechanism of thrombus formation on the device surface. 

 

1.3.3. Different antithrombogenic materials 

 

As shown in Figure 1-4, there are three major types of antithrombogenic materials. The first type is 

to reduce the interaction between the blood components (fibrinogen, albumin, and platelets) and the device 

surface. Various antithrombogenic materials such as poly (2-methacryloyloxyethyl phosphorylcholine) (MPC) 

brushes [32-34], poly (2-methoxyethyl acrylate) (PMEA) coatings [35], and poly (ethylene glycol) (PEG) 

brushes [36, 37] have been reported. These materials are hydrophilic, which can inhibit the protein and platelet 

adhesion. Besides, PMEA coating with a massive amount of intermediate water (IW) on the surface can reduce 

the adhesion of blood components.  

The second type is to immobilize the biologically active substances (heparin and urokinase (UK)) on 

the device surface [38, 39]. Heparin activates the anticoagulant function of antithrombin and thus suppresses 

blood coagulation. By taking into consideration the fibrinolytic activity of UK, which is a plasminogen 

activator, an antithrombogenic material has been developed by immobilizing it on a material surface. 

Immobilized UK can catalytically transform plasminogen into plasmin in the blood, which shows 

antithrombogenicity by constantly dissolving the fibrins produced on the material surface. 

The third type is to cover the biomaterial surface with endothelial cells [40]. This kind of surface can 

resist the interaction between blood protein effectively because of mimicking the structure of blood vessel.  
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Figure 1-4. Several kinds of antithrombogenic materials. 

 

1.3.4. The relationship between intermediate water and antithrombogenic property 

 

 According to the strength of water-polymer interaction, the hydration water can be classified into 

three kinds of water [41]. Figure 1-5 shows the hydration structure of PMEA coating. The water which strongly 

interacts with polymer is nonfreezing water (NFW), and another one weakly interacts with polymer is free 

water (FW). Between the NFW and FW is intermediate water (IW), and it is known as minimum requirement 

to cause the polymers to be antithrombogenic. IW on the surface can reduce the adhesion of blood components 

[42, 43]. 

 

Figure 1-5. Hydration structure of PMEA surface. 

 

1.3.5. The relationship between γ chain activity and antithrombogenic property 

 

 Platelet adhesion is the most crucial step for the thrombus formation. The platelet adhesion can be 

stimulated by adsorption and conformational alteration of fibrinogen which has a platelet bonding site at c 

terminus in the γ chain. Therefore, inhibiting the adsorption or conformational alteration of fibrinogen is a 

facile approach to improve antithrombogenicity on device surfaces [44, 45]. In general, fibrinogen adsorbed 

to a hydrophobic surface remains linear and there are few RGD units on the surface. On the other hand, 

fibrinogen adsorbed on a hydrophilic surface has a three-dimensional structure, and many RGD units are 

present on the surface (Figure 1-6). These results indicate that platelet activity is strongly related to 

hydrophobicity of material surface. 
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Figure 1-6. The relationship between γ chain activity and thrombus formation. 

 

1.3.6. The performance of PVA as antithrombogenic coating 

 

 PVA is known as an antithrombogenic material. The low protein adsorption and the good blood 

compatibility of PVA can be attributed to the hydrophilic surface. However, PVA coating is not stable in blood 

due to high water solubility. As shown in Table 1-2, PVA has low antithrombotic durability compared with the 

other antithrombogenic materials. To overcome this drawback, some researches on modified PVA were 

conducted.  

 

Table 1-2. Antithrombogenic materials and their properties. 

Antithrombogenic 

materials 

Fibrinogen 

adhesion 
Platelet adhesion 

Antithrombog-

enic property 
Endurance 

Cover endothelial cells Low Low Excellent Long 

Immobilize heparin Moderate Moderate Normal Short 

Coating 

PEG Low Low Excellent Long 

MPC Low High Excellent Long 

PMEA Low Low Excellent Long 

PVA Low Low Normal Short 

 

1.4. Application of PVA for bone filler 

 

1.4.1. Vertebral compression fracture  

 

 Along with a growing elderly population, there is an increase in cases of osteoporotic compression 

fractures of the vertebrae [46]. Vertebral compression fracture (VCF) occurs when the bony block or vertebral 

body in the spine collapses, which can lead to severe pain, deformity and loss of height [47]. These fractures 

more commonly occur in the thoracic spine (the middle portion of the spine), especially in the lower part 
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(Figure 1-7). While osteoporosis is the most common cause, these fractures may also be caused by trauma or 

metastatic tumors. VCF can lead to the deterioration of pulmonary function and the compression of abdominal 

organs, which impair the daily life of elderly patients [48]. 

 

 

Figure 1-7. Vertebral structure and vertebral compression fracture site. 

 

1.4.2. Vertebral augmentation  

 

 Vertebral augmentation, which includes percutaneous vertebroplasty (PVP) and Balloon 

Kyphoplasty (BKP) [49], are similar spinal procedures in which bone cement is injected through a small hole 

in the skin into a fractured vertebra to try to relieve back pain caused by a vertebral compression fracture 

(Figure 1-8). For elderly patients, PVP surgery, a minimally invasive treatment, is most acceptable with 

injection by a relatively small needle.  

 

Figure 1-8. Two mainstream vertebroplasties. 
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1.4.3. Classifications of bone fillers  

 

  Currently, a bone cement composed of poly (methyl methacrylate) (PMMA) is widely used in 

clinical treatment. However, PMMA-based bone cement generates heat of at least 80 ℃ during the 

polymerization process of methyl methacrylate (MMA), causing severe damage to the tissue around the 

injection site [50]. In addition, some unreacted MMA monomer or oligomer elutes from the injection site 

before completely solidifying, then diffuses into the lungs inducing an adverse effect [51, 52]. Furthermore, 

PMMA cement shows a high compressive strength of over 80 MPa which greatly exceeds the average strength 

of vertebrae in the elderly (2.37 MPa), and its Young's modulus (1 GPa) is also higher than average (0.35 GPa) 

[53]. For these reasons, patients who undergo vertebral dilatation surgery are inclined to refracture around the 

injection site [54, 55]. 

To overcome the risks of refracture, an elastic material composed of silicone and barium sulphate has 

been applied in vertebral dilatation surgery [56, 57]. The greatest feature of this material is low stiffness [58]; 

however, it is also compromised by its polymerization reaction, and the diffusion of the monomer or oligomer 

still pose health hazards to patients [59]. 

Calcium phosphate-based bone pastes are also commercially available biomaterials for bone defects 

[60]. The application of calcium phosphate paste relies on the hydration reaction of calcium phosphate instead 

of a polymeric reaction [61, 62]. Generally, α-type tricalcium phosphate (α-TCP) is used due to its high curing 

rate and strength compared to that of another crystal form, β-type tricalcium phosphate (β-TCP) [63]. However, 

the possibility of diffusion leakage from the bone fracture site is also a problem in the practical application of 

calcium phosphate paste. Furthermore, components of calcium phosphate paste gradually dissolve in water, so 

it is difficult to cure in a bleeding site and to maintain adequate strength. Therefore, the use of calcium 

phosphate pastes alone in vertebroplasty is limited [64]. Also, preparation processes of bone cements as well 

as calcium phosphate pastes are complex and time-consuming [65].  

 

1.4.4. The performance of PVA as bone filler  

 

  In the previous study, bone paste composed of α-TCP and PVA was prepared. Both of α-TCP and 

PVA dissolve in water, so this kind of bone paste it is difficult to cure in a bleeding site. Furthermore, as shown 

in Table 1-3, this bone filler has a hydrophilic surface, so osteoblasts are not able to adhere.  

 

Table 1-3. Bone fillers and their properties. 

Bone filler Injectability 
Compressive 

strength 
Young's modulus 

Osteoblasts 

adhesion 

Endurance High Strong Strong Moderate 

VK100 High Weak Weak Moderate 

Biopex-R High Moderate Moderate Excellent 

α-TCP/PVA High Moderate Moderate Poor 
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1.5. Application of PVA for cerebral aneurysm embolization material 

 

1.5.1. Cerebral aneurysm 

 

A cerebral aneurysm is an abnormal focal dilation of an artery in the brain caused by weakening of 

the inner muscular layer (the intima) of a blood vessel wall. The vessel develops a "blister-like" dilation that 

can become thin and rupture without warning. 

 

1.5.2. Subarachnoid hemorrhage 

 

The resultant bleeding into the space around the brain is called a subarachnoid hemorrhage (SAH) 

[66]. In fact, the most common cause of SAHs is attributed to ruptured cerebral aneurysms [67, 68]. Further, 

SAHs can lead to stroke, coma, and/or death. Although urgent therapy can save the lives of patients when SAH 

occurs, only about 1 in 3 people can restore their cerebral function after treatment [69]. 

 

1.5.3. Treatment options for people with cerebral aneurysm 

 

Generally, there are three treatment options for people with cerebral aneurysm, including 

conservative management, surgical therapy (clipping), and endovascular therapy (coiling) [70] (Figure 1-9). 

The mechanical sophistication of available clips, along with the advent of the operating microscope in the 

1960s, have made surgical clipping a standardized treatment of both ruptured and unruptured cerebral 

aneurysms [71]. However, the invasive and technically challenging process makes surgical clipping not an 

ideal treatment for patients [72]. The development of Guglielmi detachable coils (GDCs) approved by FDA in 

1995 revolutionized endovascular treatment of cerebral aneurysms [73], advancing development of 

endovascular therapy with a microcatheter. 

 

 

Figure 1-9. Cerebral aneurysm treatment. 

 

1.5.4. The performance of PVA as cerebral aneurysm embolization material 

 

Previous studies demonstrated embolization by injection of ethylene vinyl alcohol dissolved in 

dimethyl sulfoxide (DMSO) into aneurysm, which formed aggregates in that area [74, 75]. However, as shown 

in Table 1-4, injection of an organic solvent into the blood vessel limited its clinical application as it can cause 

side effects on cranial nerves [76]. On the other hand, PVA particle was used as cerebral aneurysm embolization 

material. However, the curative of cerebral aneurysm treated with PVA particle is worse than that of GDCs. 

The main reason is that embolization with PVA is temporary and the cerebral aneurysm may reopen.  
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Table 1-4. Cerebral aneurysm embolization materials and their properties. 

Bone filler Surgery operability 
Volume 

embolization ratio 
Toxicity 

Curative of 

cerebral aneurysm 

Coil Moderate Moderate No toxicity Excellent 

Onyx-R Excellent Excellent No toxicity Moderate 

PVA particle Moderate Moderate Toxic Moderate 

 

1.6. Application of PVA for submucosal injection material 

 

1.6.1. Endoscopic submucosal dissection 

 

Endoscopic resection of various gastrointestinal (GI) lesions has changed dramatically since the 

emergence of endoscopic submucosal dissection (ESD) in the 1990s which is developed from endoscopic 

mucosal resection (EMR). This kind of therapeutic modality is less invasive and relies on flexible, tube-like 

imaging tools called endoscopes to remove neoplasms formed at GI mucosa and submucosa. Currently, ESD 

technique is widely used in Japan as the first-line treatment for early-stage GI cancer with low risk of lymph 

node metastasis. 

 

1.6.2. Submucosal injection material 

 

Since early GI tumor does not clearly protrude on the surface of mucosa, serious situations such as 

inadequate resection, perforation, or bleeding may occur during surgical operation. To minimize these damages, 

submucosal injection material (SIM) has been applied to separate the mucosa and muscularis layers which 

then enables safe circumferential mucosal incision and submucosal dissection by electrosurgical knife (Figure 

1-10).  

 

Figure 1-10. The application of submucosal injection material during ESD surgery. 

 

1.6.3. Commercial submucosal injection material 
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The normal saline is the commonly used SIM as it is cheap and easy to use. However, the cushion 

created by normal saline is sustained for a short period due to the rapid resorption by surrounding tissue. As a 

result, repeated injections are needed which may compromise the efficiency of ESD. To overcome the 

limitation of normal saline, several SIMs have been investigated including polysaccharides (such as glucose) 

and charged molecules that are more viscous and less easily resorbed than normal saline (Table 1-5). Of all, 

only sodium hyaluronate solution and sodium alginate solution are approved as material for submucosal 

injection in Japan. 

 

Table 1-5. Submucosal injection materials and their properties. 

SIM Component Concentration Injectability 
Submucosal 

cushion formation 

normal saline NaCl 0.9 w/v% Excellent Poor 

sodium 

hyaluronate 

sodium 

hyaluronate 
0.8 wt% Excellent Moderate 

sodium alginate sodium alginate 1.2 wt% Excellent Moderate 

PVA  PVA 10 w/v% Poor Moderate 

 

1.7. Amphiphilic polymers 

 

Well-defined amphiphilic polymers consisting of hydrophilic and hydrophobic components have 

complex structural designs and are well controlled in the self-assembly of molecules. It is also at the forefront 

of smart materials research due to the multifunctionality of material engineering and medicine [77]. More 

importantly, these materials show high performance in various applications, including advanced delivery 

carriers [78], tissue engineering [79], template-directed colloidal self-assembly [80], surface modification, 

and many other applications throughout industry. 

 

1.8. Purpose and objective of this study 

 

1.8.1. Hydrophobically modified poly(vinyl alcohol) 

 

 The hydrophobically modified poly(vinyl alcohol) (hm-PVA) was prepared via the reaction between 

the hydroxy groups of PVA and an aldehyde according to a procedure reported previously. In this study, we 

report five works using hm-PVA. 

 

1.8.2. Enhance the skin adhesion property by hydrophobic modification 

 

 In our previous study, hydrophobically modified biopolymers were used to prepare surgical sealants, 

films, porous membranes and nano particle to adhere biological tissue in order to accomplish soft tissue 

adhesion. It was demonstrated that hydrophobic modification could effectively enhance the bonding strength 



Chapter 1 

 

12 

to soft tissues even under wet conditions. The most important factors to enhance the interfacial strength include 

anchoring effect of hydrophobic groups to phospholipid membrane of cells and enhanced interaction of 

amphiphilic polymers with extracellular proteins. We hypothesized that hydrophobic modification of PVA 

would also increase the adhesion onto soft tissue such as skin (Figure 1-11). 

 

Figure 1-11. Skin adhesion property of hm-PVA. 

 

1.8.3. Enhance the antithrombogenic property by hydrophobic modification 

 

 It was reported that alkylated surface could improve the platelet compatibility. The surface grafted 

with alkyl chains could adsorb albumin from blood, and at the same time inhibit adsorption of fibrinogen, 

which will also inhibit the adhesion of platelets. Moreover, previous research indicated that polymers such as 

PMEA and PEG contain methoxy group (C-O-C structure) showed good antithrombogenicity because of high 

amount of the IW. However, detailed research of antithrombogenic property of hm-PVAs with acetal group 

(C-O-C structure) has not yet been reported. In this study, we synthesized hm-PVAs with 3, 6, 9, and 12 

methylene carbons to examine the prediction that PVA with alkyl group and acetal group will show good 

antithrombogenicity (Figure 1-12).  

 

Figure 1-12. Antithrombogenic property of hm-PVA. 

 

1.8.4. Enhance the property of bone filler by hydrophobic modification 

 

 The ideal bone filler has to meet the requirements of clinical practice such as having an injectable 

property, curability in a water/blood environment, non-diffusibility and biological safety. Focusing on the 

water-insoluble characteristic of hm-PVA, we developed an injectable, non-diffusible and pre-filled type bone 

paste composed of α-TCP and hm-PVA. Using dimethyl sulfoxide (DMSO), which is used as a solvent of a 

non-adhesive liquid embolic agent for cerebral arteriovenous malformations, we successfully prepared a pre-
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filled type bone paste that did not require mixing before injection (Figure 1-13).  

 

Figure 1-13. A novel bone paste composed of hm-PVA. 

 

1.8.5. Enhance the volume embolization ratio by hydrophobic modification 

 

Focusing on the water insolubility of hydrophobically modified poly(vinyl alcohol) (hm-PVA) [11, 

81] and the inclusion ability of α-cyclodextrin (α-CD) to hydrophobic groups, we developed an inclusion 

complex composed of α-CD and hm-PVA without using any organic solvent as a cerebral aneurysm 

embolization material (Figure 1-14). In this study, fundamental properties of the α-CD/hm-PVA inclusion 

process as well as potential applications of the resulting complex as a material for cerebral aneurysm 

embolization were evaluated. 

 
Figure 1-14. Schematic illustration of cerebral aneurysm embolization using α-CD/hm-PVA inclusion 

complex. 
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1.8.6. Preparation of SIM with multi-function for ESD by hydrophobic modification 

 

Focusing on the water insolubility of hm-PVA, in which alkyl group (nonanal, C9) is introduced 

into PVA, and the hydrophobic groups inclusion ability of α-cyclodextrin (α-CD), an inclusion complex (α-

CD/C9-PVA) was fabricated in aqueous solution (as potential submucosal injection and wound dressing 

material). After the injection of α-CD/C9-PVA inclusion complex, the submucosal cushion formation, tissue 

adhesion, burst strength of perforation site, blood and wound sealing effect were evaluated. 
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2.1. Abstract 

 

Hydrophobically modified poly(vinyl alcohol) (hm-PVA) films with various alkyl chain lengths were 

prepared. Their surface/mechanical properties, cytocompatibility, and porcine skin adhesion strength were 

evaluated. Hm-PVAs had 10 °C higher glass transition temperature than poly(vinyl alcohol) (PVA) (33.4 ± 

2.5 °C). The water contact angle (WCA) of the hm-PVA films increased with alkyl chain length and/or 

hydrophobic group modification ratio. The tensile strength of the hm-PVA films decreased with increasing 

alkyl chain length and/or hydrophobic group modification ratio. Hm-PVA with short chain lengths (4 mol% 

propanal-modified PVA; 4C3-PVA) had low cytotoxicity compared with long alkyl chain length hm-PVAs (4 

mol% hexanal and nonanal-modified PVA; 4C6-PVA and 4C9-PVA). The 4C3-PVA film had the highest 

porcine skin adhesion strength. Thus, 4C3-PVA film is promising as an adhesive for wearable medical devices. 
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2.2. Introduction 

 

Wearable sensors are integrated into soft materials. They directly contact the body to monitor the 

health condition and provide clinically relevant data [1]. Most research in this field has involved testing rigid 

electronic devices developed by the semiconductor industry [2]. Recently, the research focus has shifted 

towards wearable sensing platforms with stretchable and flexible electronics and excellent mechanical 

properties. A typical method of fabricating soft sensors consisted of integrating conducting material patterns 

into a stretchable substrate [3-6]. However, these materials do not adhere to skin and must be affixed with 

commercially available adhesives. 

Commercially available acrylic-based medical bandages are currently used to affix wearable sensors 

[7]. Acrylic-based adhesives have high adhesion strength. Nevertheless, they may cause massive exfoliation 

of the stratum corneum and severe pain [8, 9]. Moreover, the chemical residues they leave on the skin surface 

may induce allergic and inflammatory reactions [10]. Pressure-sensitive silicone-based adhesives were 

developed that have a low propensity for inducing exfoliation of the stratum corneum [11, 12]. On the other 

hand, their skin retention is weak and they shift easily [13]. Furthermore, they are relatively expensive. 

Bioinspired skin adhesives with various multiscale architectures were recently reported. They include patches 

simulating gecko feet [14, 15], microneedles [16], octopus suckers [17], and mussel [18]. However, their 

fabrication processes are complex and impractical for mass production. 

Polyvinyl alcohol (PVA) is a hydrophilic, biodegradable, and biocompatible polymer. It has been 

widely used in in biotechnology and biomedicine as it has excellent physicochemical properties, is easy to 

process, and is highly cytocompatible [19-21]. PVA has been used to fabricate contact lenses, wound dressings, 

and suture and catheter coatings [22]. It has excellent film-forming and adhesive properties on soft tissues [23]. 

It is, therefore, biocompatible and non-irritating to skin [24]. However, the skin adhesion strength of PVA film 

is low relative to commercial adhesives as it is highly hydrophilic and water soluble. Various techniques for 

insolubilizing PVA have been reported. One method applying a crosslinking agent to the hydroxyl groups in 

PVA [25, 26]. Another involves serially freeze-thawing the PVA to form hydrogels with strong hydrogen 

bonds [27-29]. Insoluble PVA film was also produced by modifying a hydrophobic functional group [30]. 

In our previous studies, we used hydrophobically modified biopolymers to prepare surgical sealants 

[31-33], films [34, 35], porous membranes [36], and nanoparticles [37] for adhesion to soft biological tissue. 

Hydrophobic modification enhances bonding strength even to wet soft tissues. The most important factors 

increasing the interfacial strength are the anchoring effect of the hydrophobic groups to phospholipid 

membranes [38] and enhancement of the interactions between amphiphilic polymers and extracellular proteins 

[31]. We hypothesized that the hydrophobic modification of PVA should strengthen its adhesion to soft tissue 

such as skin. The hydrophobic group could anchor phospholipid membranes of corneocytes on stratum 

corneum and enhance the interactions with keratinocyte lipids (ceramide, fatty acid, cholesterol). 

Here, we synthesized hydrophobically modified poly(vinyl alcohol) (hm-PVA) with various alkyl 

chain lengths (3, 6, and 9 methylene carbons). We tested the theory that PVA with alkyl groups will be adhesive. 

Bonding, shearing and peeling of hm-PVA and cell adhesion to hm-PVA films were also evaluated. 

 

2.3. Materials and methods 

 

2.3.1. Materials 

 

Ethanol (EtOH, 99.5%), dimethyl sulfoxide (DMSO), 6N hydrochloric acid (HCl), 10% (v/v) 

formalin in neutral buffer solution, Dulbecco's phosphate buffered saline (D-PBS), and 99.9% dimethyl 
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sulfoxide-d6 (DMSO-d6) with 0.05% (w/v) tetramethylsilane (TMS) were purchased from Wako Pure 

Chemical Industries Ltd. (Osaka, Japan). Otsuka normal saline 2-port was acquired from Otsuka 

Pharmaceutical Co., Ltd. (Tokyo, Japan). PVA (MW = 88,000; saponification degree > 98.5%) was procured 

from Nacalai Tesque, Inc. (Kyoto, Japan). Propanal (C3), hexanal (C6), and nonanal (C9) were obtained from 

Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan). Normal human dermal fibroblasts (NHDF) were purchased 

from Lonza Biologics (Invitrogen, Portland, OR, USA). Triton X-100 stock solution was acquired from 

Cayman Chemical Co. Ltd. (Biomol GmbH, Hamburg, Germany). The nuclear stain 4’,6-diamidino-2-

phenylindole dihydrochloride (DAPI) solution was procured from Dojindo Laboratories (Tokyo, Japan). 

Medium 106 and TrypLETM Express were obtained from Thermo Fisher Scientific (Tokyo, Japan). Low-serum 

growth supplement (LSGS), penicillin/streptomycin solution, and phalloidin-tetramethyl rhodamine B 

isothiocyanate peptide from Amanita phalloides were purchased from Sigma-Aldrich Corp. (St. Louis, MO, 

USA). Porcine skin was acquired from Tokyo Shibaura Organ Co. Ltd. (Tokyo, Japan). The porcine skin was 

washed and shaved with a clipper (Thrive MODEL 515R, Daito Electric Industry, Osaka, Japan). 

 

2.3.2. Synthesis of hm-PVA 

 

The hm-PVAs were prepared by nucleophilic substitution reaction between aldehydes and the PVA 

hydroxyl groups following a previously reported procedure [25, 39]. PVA (10 g) was dissolved in 98 mL H2O 

at 80 °C for 60 min. Then 100 mL DMSO and 2 mL of 1 N HCl were added to the solution to form a 200-mL 

solution comprising 5% (w/v) PVA and 1% (v/v) 1 N HCl. Various amounts of aldehyde groups (C3, C6, and 

C9) were added to the solution and the mixtures were stirred at 50 °C for 1 h. A reflux condenser was used in 

all processes. The hm-PVA (H2O/DMSO = 50/50 (v/v)) product was added to 600 mL cold ethanol and the 

mixture was stirred for 1 h. The precipitated hm-PVAs were washed at least thrice with 300 mL EtOH to 

remove any unreacted aldehyde and DMSO. The solvent was evaporated under vacuum to obtain purified 

white hm-PVAs crystals which were then finely ground in a mill (Wonder Crusher WC-3; Osaka Chemical, 

Osaka, Japan). 

 

2.3.3. Characterization of hm-PVAs 

 

The chemical structures of the hm-PVAs were analyzed by nuclear magnetic resonance (1H-NMR) 

spectroscopy (AL300; JEOL Ltd., Tokyo, Japan) using a 0.5% (w/v) hm-PVA/DMSO-d6 solution at 25 °C. 

Each sample was scanned 8 times. Fourier transform-infrared spectroscopy (FT-IR; 8400S, Shimadzu Corp., 

Kyoto, Japan) was conducted to confirm the presence of acetal groups in the hm-PVAs. The scan range was 

700–4,000 cm-1 and each sample was scanned 64 times. The hydrophobic group modification ratios of the hm-

PVAs were determined by 1H-NMR spectroscopy. The modification ratios were calculated as follows: 

 

Modification ratio (mol%) = [{Integral area (CH3 proton)/3}ｃ/Area (αCH proton)] ×100      (1) 

 

where the integral area (αCH proton) is the area of the peak at 3.87 ppm corresponding to the αCH proton in 

the PVA and hm-PVA backbones and the integral area (CH3 proton) is the area of the peak at 0.85 ppm assigned 

to the CH3 proton in the hydrophobic groups of the hm-PVAs. 

 

2.3.4. Glass transition temperature of hm-PVAs 
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In this study, PVA and hm-PVAs powders were dried at 40 ℃ under vacuum for 24 h before DSC 

measurement. The glass transition temperatures (Tg) of the hm-PVAs were determined by differential scanning 

calorimetry (DSC) based on the technical standards established by the American Society for Testing and 

Materials (ASTM) E1356-03 [40]. Briefly, approximately 15 mg of each hm-PVA was placed in an aluminum 

pan and sealed with an autosealer. Thermograms were recorded in the range of -50 °C to 100 °C by DSC 

(Thermo Plus EVO 8230; Rigaku Corporation, Tokyo, Japan) at a heating rate of 10 °C min-1 under a N2 

atmosphere.  

 

2.3.5. Preparation of hm-PVA films 

 

Hm-PVAs were dissolved in 40% (v/v) aqueous EtOH to obtain a 1% (w/v) solution. The hm-PVA 

solutions were then poured into silicone moulds 1 mm thick. These were dried on a clean bench (As One, 

Osaka, Japan) at 25 °C overnight. The dry hm-PVA films were peeled off from the silicone sheets. Surface 

morphology was observed by scanning electron microscopy (SEM, S4800, Hitachi Co., Tokyo, Japan). And 

the thickness of hm-PVA films was measured with a coolant proof micrometer (MDC-MX, Mitutoyo 

Corporation, Kanagawa, Japan).  

 

2.3.6. Tensile strength of hm-PVA films 

 

The tensile strengths of the hm-PVA films were determined according to the Japanese Industrial 

Standard (JIS) K 7161. Briefly, hm-PVA films were cut into standard rectangles 150 mm long and 15 mm 

wide. The tensile strengths of the hm-PVA films were measures with a texture analyzer (TA-XT2i; Stable 

Micro Systems, Godalming, UK) at a tracking speed of 5 mm min-1. 

 

2.3.7. Surface wettability measurement of hm-PVA films 

 

The water contact angles (WCA) of the hm-PVA films were measured with a contact angle meter 

(sessile drop method) (CAM; DM700; Kyowa Interface Science, Saitama, Japan). The hm-PVA films were 

placed on a glass sheet and deionized (DI) water was added to them dropwise to evaluate their water wettability. 

 

2.3.8. Cytocompatibility test of hm-PVAs 

 

Normal human dermal fibroblasts (NHDF) were cultured in Medium 106 (Thermo Fisher Scientific, 

Waltham, MA, USA) supplemented with 10% (w/v) low-serum growth supplement (LSGS) (Sigma-Aldrich 

Corp., St. Louis, MO, USA) under standard cell culture conditions (sterility; 37 °C; humidified 5% CO2 

atmosphere). One hundred microliters culture medium containing 5 × 103 NHDF cells was placed in each well 

of 96-well plates and incubated for 24 h to ensure cell adhesion to the polystyrene surface. The culture medium 

in each well was then removed. Then 100-μL culture medium aliquots containing various hm-PVA 

concentrations were added to each well. After incubation for an additional 24 h, 10 μL cell count reagent 

(WST-8) was added to each well followed by incubation for 2 h. The absorbances of the well contents were 

measured at 450 nm in a microplate reader (Spark10M; Tecan, Osaka, Japan). All operations were conducted 

on a clean bench (As One, Osaka, Japan). The actin cytoskeletons of the NHDF cells were stained with 

phalloidin-tetramethyl rhodamine B isothiocyanate peptide and their nuclei were stained with DAPI. Briefly, 

the media was removed and the wells were washed with phosphate-buffered saline (PBS) solution. Then 100 

µL fresh fixative solution (4% (v/v) paraformaldehyde (PFA) in PBS) was added to each well and the cells 
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were fixed at room temperature for 15 min. The fixative solution was then removed and the wells were washed 

with PBS. Then 0.2% (v/v) Triton X-100 solution was added to each well and left for 10 min at room 

temperature. The Triton X-100 was then removed by washing thrice with PBS. Blocking solution (1% (v/v) 

BSA in PBS) was added to each well and left for 1 h. After removing the blocking solution, 400 µL phalloidin-

tetramethyl rhodamine B isothiocyanate peptide in 1% (v/v) BSA (1:100 dilution) was added to each well and 

left for 1 h. Each well was then washed at least thrice with PBS. DAPI in PBS (1:100 dilution) was added to 

each well, left for 10 min, and washed thrice with PBS. The stained cells were then observed under an inverted 

fluorescence phase contrast microscope (BZ-X700; Keyence Co., Tokyo, Japan). 

 

2.3.9. Bonding strength measurement of the hm-PVA films 

 

Bonding strengths of the hm-PVA films on porcine skin were determined according to ASTM F2258-

05. Briefly, porcine skin was cut into 25 mm × 25 mm squares and placed on the surface of a heater set to 

37 °C. A sterile cotton surgical gauze was used to remove excess moisture from the skin surfaces. The hm-

PVA films (25 mm × 25 mm) were applied to the skin and 50 μL of 40% (v/v) EtOH was dropped on the film 

surfaces to induce them to swell. The bonding energy of hm-PVA films was measured by texture analyzer 

(TA-XT2i; Stable Micro Systems, Godalming, UK) at 2 N applied force, 3 min waiting time, and 10 mm min-

1 tracking speed. 

To elucidate the adhesion mechanism, a cross-section of the porcine skin was observed after the 

bonding test. It was fixed in 10% (v/v) formalin neutral buffer solution, stained with hematoxylin and eosin 

(H&E), and examined under an inverted fluorescence phase contrast microscope (BZ-X700; Keyence Co., 

Tokyo, Japan). 

 

2.3.10. Lap-shear strength measurement of hm-PVA films 

 

The lap-shear strengths of the hm-PVA films were evaluated according to ASTM F2255-05. Briefly, 

porcine skin was cut into 50 mm × 25 mm rectangles and placed on the surface of the heater set to 37 °C. A 

sterile cotton surgical gauze was used to remove excess moisture from the skin surfaces. The hm-PVA films 

(length 25 mm, width 10 mm) were applied to skin rectangles. Then, 20 μL of 40% (v/v) EtOH was dropped 

on the film surface and other pieces of skin were superimposed on them. A 200 g weight was placed on each 

composition and left there at 37 °C for 3 min. The lap-shear strengths of the hm-PVA films were measured by 

texture analyzer at 5 mm min-1 tracking speed. 

 

2.3.11. T-peel strength measurement 

 

The T-peel strengths of the hm-PVA films on porcine skin were determined according to ASTM 

F2256-05. Briefly, porcine skin was cut into a 150 mm × 15 mm rectangles and excess moisture was removed 

from them with a mesh. The hm-PVA films were applied to the skin rectangles and 40% (v/v) EtOH was 

sprayed onto them. After drying at 25 °C for 1 h, the peeling strengths of the hm-PVA films (150 mm × 15 

mm) were established by texture analyzer at 200 mm min-1 tracking speed. The average values of the peeling 

force were calculated over a 40–100 mm displacement range. 

 

2.3.12. Statistical analysis 
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Statistical analysis was carried out using Tukey-Kramer test with KyPlot software. Statistically significant 

differences were accepted when p < 0.05. Data were presented as means ± standard deviations (SD). 

 

2.4. Results and discussion 

 

2.4.1. Synthesis and characterization of hm-PVAs 

 

The chemical structures of hm-PVAs with various alkyl chain lengths (C3, C6, and C9) are shown 

in Figure 2-1a. From the SEM images, it was indicated that the light transmissive hm-PVA films were flat. 

The hm-PVAs were prepared via the reaction between the hydroxy groups of PVA and aldehydes (Figure 2-

1b) according to a previously reported procedure [25, 39]. Under acidic conditions, aldehydes react with 

hydroxyl groups by nucleophilic substitution and rapidly form stable hexagonal ring structures [39]. Figure 2-

1c shows the 1H-NMR spectra for hm-PVAs with different numbers of methylene carbons. The chemical shifts 

at 0.85 ppm and 1.26 ppm were assigned to the CH3 and αCH2 protons, respectively, in the hydrophobic groups 

of the hm-PVAs. Thus, the aldehyde groups were successfully introduced into the PVA molecules. The hm-

PVA structure was also analyzed by FT-IR spectra (Figure 2-1d). The peak at 2,930 cm-1 was attributed to the 

C-H stretching vibration of αCH2 in the acetal groups of the hm-PVAs. Therefore, hm-PVAs with different 

numbers of methylene carbons were successfully synthesized. The modification ratios of the hydrophobic 

groups (Table 2-1) were calculated from the 1H-NMR data. 

 

Figure 2-1. a) Photographs and chemical structures of various hm-PVA films. b) Synthesis of hm-PVAs. c) 
1H-NMR and d) FT-IR spectra for the hm-PVAs. 
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Table 2-1. Modification ratios of the hm-PVAs. 

Abbreviation 
Hydrophobic group 

reagent 

Hydrophobic group 

reagent addition 

(mol%) 

Hydrophobic group 

modification 

(mol%) 

4C3-PVA Propanal 10 4 

12C3-PVA Propanal 25 12 

23C3-PVA Propanal 50 23 

4C6-PVA Hexanal 10 4 

4C9-PVA Nonanal 10 4 

 

2.4.2. Glass transition temperature of hm-PVAs 

 

The glass transition temperatures (Tg) of the hm-PVAs were determined by DSC as previously 

reported [40]. The results shown in Figure 2-2b and 2-2d were obtained from the thermal analysis curve (Figure 

2-2a and 2-2c). In Figure 2-2a, Tg is represented by the intersection of the two dotted lines. In general, Tg of 

polymer increases with an increasing of molecular weight [41]. The Tg of PVA (Mw = 89,000-98,000; 

saponification degree = 99%) is 28.9 ℃ [40]. This result is close to the Tg (33.4 ± 2.5 °C) of unmodified PVA 

(Mw = 88,000; saponification degree > 98.5%) measured in this study. However, the Tg of PVA (Mw = 

115,000; saponification degree = 100%) increases to 80 ℃ due to higher molecular weight [42]. Interestingly, 

the unmodified PVA had the lowest Tg whereas the Tg for 4C3-PVA, 4C6-PVA, and 4C9-PVA rose to 47.1 

± 0.3 °C, 45.7 ± 2.2 °C, and 44.5 ± 3 °C, respectively (Figure 2-2b). However, there were no significant 

differences among the hm-PVAs of varying alkyl chain length in terms of Tg. In contrast, the Tg of 12C3-

PVA and 23C3-PVA were 43.8 ± 0.6 °C and 51.3 ± 0.7 °C (Figure 2-2d). The Tg of the hm-PVAs was 10 °C 

higher than that of PVA as a consequence of hydrophobic modification resulting from alkyl chain (C3, C6, 

and C9) aggregation. These findings also confirmed the successful integration of the alkyl groups into the PVA 

molecules. 

 
Figure 2-2. Thermal analysis of hm-PVAs. a), b) Glass transition temperatures of hm-PVAs with different 

alkyl chain lengths. c), d) Glass transition temperatures of C3-PVAs with various hydrophobic modification 

ratios. Data are means ± S.D. (**P < 0.01, n = 3). 
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2.4.3. Tensile strength of hm-PVA films 

 

Figure 2-3a shows the tensile strengths of hm-PVA films with various alkyl chain lengths. The tensile 

strengths decreased with increasing alkyl chain length. The stretching strength of the original PVA film was 

105.5 ± 6.7 MPa. The tensile strength of pure PVA film is reported to be 40-90 MPa [43, 44]. These values 

are lower than PVA film used in this study. The reason for this phenomenon is that PVA (saponification degree 

> 98.5%) used in this study has higher saponification degree compared with previous reports (88%-98%). For 

the 4C3-PVA film it was 96.9 ± 4.3 MPa and the values for the 4C6-PVA and 4C9-PVA films were 66.0 ± 7.7 

MPa and 51.5 ± 9.8 MPa, respectively. A similar trend was observed for the Young's moduli of the various 

films. For the PVA and 4C3-PVA films, the Young’s moduli were 4.5 ± 0.22 GPa and 4.6 ± 0.56 GPa, 

respectively. In contrast, they were 3.7 ± 0.08 GPa and 2.0±0.24 GPa for the 4C6-PVA and 4C9-PVA films, 

respectively. Long alkyl chains in the PVA molecule inhibit intermolecular hydrogen bonding. Figure 2-3b 

shows the ratios of hydrophobic modification to tensile strength. Here, C3-PVA with various modification 

ratios were used as typical hm-PVA films. The tensile strengths of the C3-PVA films decreased with increasing 

hydrophobic modification ratio. Relative to 4C3-PVA film, the tensile strengths of the 12C3-PVA and 23C3-

PVA films were much lower (47.4 ± 1.6 MPa and 24.3 ± 2.1 MPa, respectively). A similar trend was observed 

for the Young's moduli of the C3-PVA films with various hydrophobic modification ratios. The Young's 

moduli for 4C3-PVA, 12C3-PVA, and 23C3-PVA were 4.6 ± 0.56 GPa, 2.5 ± 0.09 GPa, and 1.8 ± 0.04 GPa, 

respectively. Higher hydrophobic modification ratios inhibit intermolecular hydrogen bonding in C3-PVA. 

 

Figure 2-3. a) Tensile strengths of hm-PVA films with different alkyl chain lengths. b) Tensile strengths of 

C3-PVAs films with various hydrophobic modification ratios. c) Water contact angles of hm-PVA films with 

different alkyl chain lengths. d) Water contact angles of C3-PVAs films with various hydrophobic modification 

ratios. Data are means ± S.D. (**P < 0.01, ***P < 0.001, n = 3). 

 

2.4.4. Surface wettability of hm-PVA films 

 

The surface wettability of the films differs between the side exposed to air and that in contact with 

the substrate [45]. Here, we measured the WCA of hm-PVA films exposed to the air. Figure 2-3c shows the 
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WCA of hm-PVA films with various alkyl chain lengths and modification ratios. The WCA for the original 

PVA film was lower (59.4 ± 6.8 °) than those of the hm-PVA films with different alkyl chain lengths (62.8 ± 

4.9–83.3 ± 0.6 °). The WCA of the hm-PVA films increased with alkyl chain length. The longer alkyl chains 

incorporated in the PVA molecule integrated on the surfaces of the hm-PVA films. Figure 2-3d shows that the 

WCA of the hm-PVA films increased with hydrophobic modification ratio. Film surface hydrophobicity 

increases with the number of alkyl groups introduced into the PVA molecule. 

 

2.4.5. Cytocompatibility of hm-PVAs 

 

To evaluate hm-PVA cytocompatibility, NHDF cells were cultured under various concentrations of 

hm-PVAs. Figure 2-4 shows cell viability and conditions after 24 h incubation. Figure 2-4a indicates that the 

NHDF cells spread over the tissue culture polystyrene (TCPS) surfaces. Cell density decreased with increasing 

hm-PVA concentration. However, the morphology of the surviving cells did not change. Figure 2-4b shows 

cell viability at various hm-PVA concentrations. NHDF cell viability was over 80% in medium with low (0.1 

mg mL-1) concentrations of all hm-PVAs except 4C3-PVA. Cell viability decreased with increasing hm-PVA 

concentration. In contrast, NHDF viability was highest at all 4C3-PVA concentrations (0.1–10 mg mL-1). The 

hm-PVAs with comparatively longer side chains (4C6-PVA and 4C9-PVA) were more toxic than that those 

with no or shorter side chains (PVA and 4C3-PVA). Thus, 4C3-PVA is relatively nontoxic to skin cells. 

 

Figure 2-4. Cytocompatibility test of hm-PVAs. a) Staining of NHDF cells with phalloidin-tetramethyl 

rhodamine B isothiocyanate peptide (red) and DAPI (blue). b) Viability of NHDF cells at various hm-PVA 

concentrations after 24 h incubation (**P < 0.01, n = 4) 

 

2.4.6. Adhesion test of hm-PVA on porcine skin 

 

We determined the adhesive properties of hm-PVA films by measuring bonding, lap-shear, and T-

peel strength. Bonding strength was evaluated according to ASTM F2258-05 (Figure 2-5a). Figure 2-5b shows 

the force-distance curve used to calculate bonding strength. The bonding energy of 4C3-PVA film (5.50 ± 1.45 
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J m-2) was nearly 5 times higher than that of the original PVA film (1.10 ± 0.23 J m-2) (Figure 2-5c). The 4C6-

PVA and 4C9-PVA have longer side chains than those of 4C3-PVA. Nevertheless, the bonding energies of the 

4C6-PVA and 4C9-PVA films were 1.94 ± 0.46 J m-2 and 1.09±0.15 J m-2, respectively, which were close to 

that for PVA. The 4C3-PVA film had high wettability and penetrated the gap on the skin surface. Moreover, 

the tensile strength of 4C3-PVA film was as strong as that of the original PVA film. Thus, the 4C3-PVA film 

also had high bulk strength. This property substantially enhances the adhesion of the film to the surface. The 

modified alkyl groups (C3) readily anchored to the skin cell membranes and had strong interfacial adhesion. 

However, interfacial peeling occurred between the porcine skin surface and the PVA film as the latter has no 

alkyl side chains. The 4C6-PVA and 4C9-PVA films were anchored by their alkyl groups to the surfaces. 

Nevertheless, they had low adhesion strength as their wettability was weak and their skin surface gap 

penetration was poor. 

Figures 2-5d-f show the effects of alkyl chain length on hm-PVAs lap-shear strength. This parameter 

was measured according to ASTM F2255-05 (Figure 2-5d). Figure 2-5e shows the force-distance curve for the 

lap-shear strength measurement. Figure 2-5f shows the lap-shear strengths of the hm-PVA films on porcine 

skin. These values were calculated from the force-distance curve (Figure 2-5e). The results indicated that 

hydrophobic modification enhanced lap-shear strength. The lap-shear strength of the 4C3-PVA film was 2.53 

± 0.71 kPa which was over two times higher than that of the original PVA film (1.12 ± 0.10 kPa). However, 

the lap-shear strengths of the 4C6- and 4C9-PVA films were comparatively lower than that of 4C3-PVA (2.24 

± 0.17 kPa and 1.72 ± 0.21 kPa, respectively). The anchor effect of the alkyl groups (C3, C6, and C9) drew 

the hm-PVA films into close contact with the porcine skin surface. Thus, the hm-PVA films had significantly 

greater resistance to transverse stress than the original PVA film. 

Figure 2-5g-i shows the T-peel strength of hm-PVAs after adhesion to porcine skin according to 

ASTM F2256-05. Figure 2-5h shows the force-displacement curve for the T-peel strength measurement. The 

T-peel strengths of the hm-PVA films on porcine skin were calculated from this curve (Figure 2-5h). The T-

peel strength of 4C3-PVA film was 10.4 ± 1.4 N m-1 which was nearly twice that of the original PVA (5.6 ± 

1.5 N m-1). However, the peeling force decreased with increasing alkyl chain length. The values for the C6-

PVA and the C9-PVA were 9.1±0.7 N m-1 and 8.4±1.9 N m-1, respectively. Figure 2-3c indicates that film 

surface wettability increases with decreasing alkyl chain length. Enhancement of the peeling strength is 

determined by the balance between surface wettability and alkyl chain anchoring. 

Figure 2-5j-l shows the influences of the hydrophobic modification ratio on the bonding and lap-

shear strength. Bonding strength decreased with increasing hydrophobic modification ratio because of low 

wettability (Figure 2-5k). Moreover, shearing strength decreased with increasing hydrophobic modification 

ratio because of weak hydrogen interactions among hm-PVA molecules (Figure 2-5l). 

Debonding occurred after the hm-PVA films were applied to porcine skin. Figure 2-6a shows that 

the PVA film peeled off the entire porcine skin surface. Therefore, interfacial adhesion between original the 

PVA film and the skin tissue is weak. In contrast, the 4C3-PVA film strongly adhered to the upper and lower 

skin surfaces. Thus, the alkyl groups (C3) of 4C3-PVA were well anchored to the stratum corneum of the 

porcine skin. Peeling of the 4C6-PVA and 4C9-PVA films from the film-skin interfaces increased with 

hydrophobic modification ratio. The 4C6-PVA and 4C9-PVA films had low wettability and, by extension, 

poor affinity for the porcine skin. Figure 2-6b shows the histology of the hm-PVA film-porcine skin interface 

after bonding strength measurement. No stratum corneum exfoliation was observed on either tissue surface 

when the original PVA film was applied. Thus, interfacial adhesion between the PVA film and the skin was 

quite weak. High stratum corneum exfoliation rates were confirmed for both skin surfaces when 4C3-PVA 

film was applied to them. Therefore, this type of film adhered strongly to porcine skin. For the 4C6-PVA and 

4C9-PVA films, there was partial stratum corneum exfoliation. For this reason, adhesion and penetration of 
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these materials on porcine skin were lower than those for 4C3-PVA. These findings are consistent with those 

shown in Figure 2-6a. 

 
Figure 2-5. Adhesive strength evaluation test. a) Schematic of bonding energy measurement apparatus. b) 

Force-distance curve for bonding strength measurement. c) Bonding energies of hm-PVA films adhering to 

porcine skin. d) Schematic of lap-shear strength measurement apparatus . e) Force-distance curve for lap-shear 

strength measurement. f) Lap-shear strengths of hm-PVA films adhering to porcine skin. g) Schematic of T-

peel strength measurement apparatus. h) Force-displacement curve for T-peel strength measurement. i) T-peel 

strengths of hm-PVA films adhering to porcine skin. j) Structure of C3-PVA with relatively higher 

hydrophobic group modification ratio. k) Bonding strengths of C3-PVAs films with various hydrophobic 

modification ratios. l) Lap-shear strengths of C3-PVAs films with different hydrophobic modification ratios. 

Data are means ± S.D. (*P < 0.05, **P < 0.01, ***P < 0.001, n = 3). 
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Figure 2-6. a) Bonding strength measurements for hm-PVA films (Scale bar = 5 mm). b) Histology of hm-

PVA film-porcine skin interface after bonding strength measurement. Yellow arrow indicates stratum corneum 

exfoliation site (Scale bar = 100 μm). 

 

Based on the foregoing results, we proposed a bonding mechanism for hm-PVA films on porcine 

skin and illustrated it in Figure 2-7. During bonding, the PVA and 4C3-PVA films readily penetrate the gap 

on the skin surface. However, the 4C6-PVA and 4C9-PVA films have low wettability and their penetration in 

the skin surface is weak. The alkyl groups (C3, C6, and C9) easily anchor to the stratum corneum. The 4C3-

PVA film has a large contact surface and numerous alkyl group anchor points. After measuring the bonding 

strengths, we determined that the PVA film readily peels off the skin surface and causes no stratum corneum 

exfoliation as it lacks an anchor effect. In contrast, 4C3-PVA film tightly adheres to the skin surface and 

induces stratum corneum exfoliation as it has a strong alkyl group anchor effect. However, the 4C6-PVA and 

4C9-PVA films partially peel off the skin surface and promote relatively little stratum corneum exfoliation as 

they have low wettability. 



Chapter 2 

33 

 

Figure 2-7. Bonding strength mechanism of hm-PVA films adhering to porcine skin. 

 

2.5. Conclusions 

We prepared hm-PVA films and evaluated their surface properties, mechanical strength, and 

adhesion to porcine skin by measuring their bonding, lap-shear, and T-peel strengths according to ASTM 

methods. We assessed the cytocompatibility of hm-PVAs in physical contact with skin cells. The water contact 

angles of the hm-PVA films increased with alkyl chain length and/or alkyl group modification ratio. The tensile 

strengths of the hm-PVA films decreased with increasing alkyl chain length and/or alkyl group modification 

ratio. The 4C3-PVA film showed excellent cytocompatibility compared to other hm-PVAs with long alkyl 

chain lengths (4C6-PVA and 4C9-PVA). When it was applied to porcine skin, it presented with the highest 

bonding/lap-shear/T-peel strengths. Therefore, 4C3-PVA film may be an effective adhesive or bonding 

material for wearable medical devices. 
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3.1. Abstract 

 

Hydrophobically modified poly (vinyl alcohol)s (hm-PVAs) with various alkyl chain lengths (3–12) 

were synthesized and were coated on poly (propylene) (PP) films. The blood compatibilities of the hm-PVAs-

coated films were evaluated. The C6-PVA-coated PP film showed suppressed platelet adhesion as compared 

to the other hm-PVA-coated PP films, especially the 15C6-PVA-coated PP film, in which 30 mol% of OH 

groups were substituted by C6 groups. The fibrinogen adsorption was also inhibited on this film. The hydration 

water structure of the films was analyzed using differential scanning calorimetry (DSC). 15C6-PVA showed 

the highest (4.8 wt%) intermediate water (IW), and hence exhibited good blood compatibility. The fibrinogen 

γ chain activity of the 15C6-PVA-coated PP film was 18 % lower than that of the PP film, indicating that hm-

PVAs can inhibit fibrinogen γ chain activation. These results showed that by simple hydrophobic modification, 

PVA could be used as a blood contacting material. 
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3.2. Introduction 

 

Along with the aging society, patients with vascular and cardiovascular diseases are increasing. 

These patients often require surgical treatments for implanting stents, artificial heart machines, and 

hemodialyzers. Since these medical devices directly contact with blood, they are easily recognized as foreign 

bodies by the biological defense system. Under this circumstance, hemostasis, inflammation, and thrombus 

formation are evoked [1-3]. In order to minimize the biological defense reactions, biocompatible medical 

devices should be used. Moreover, the surface of blood-contacting devices should be antithrombogenic to 

ensure normal blood flow. 

In general, there are three major approaches to design devices with antithrombogenic surfaces. The 

first approach is to reduce the interaction between the blood components (fibrinogen, albumin, and platelets) 

and the device surface. Various antithrombogenic materials such as poly (2-methacryloyloxyethyl 

phosphorylcholine) (MPC) brushes [4-6], poly (2-methoxyethyl acrylate) (PMEA) coatings [7], and poly 

(ethylene glycol) (PEG) brushes [8, 9] have been reported. The surface of MPC/PEG brushes is super 

hydrophilic, which can inhibit the protein adhesion. PMEA coating with a massive amount of intermediate 

water (IW) on the surface can reduce the adhesion of blood components. According to the strength of water-

polymer interaction, the hydration water can be classified into three kinds of water. The water which strongly 

interacts with polymer is nonfreezing water (NFW), and another one weakly interacts with polymer is free 

water (FW). Between the NFW and FW is intermediate water (IW), and it is known as minimum requirement 

to cause the polymers to be antithrombogenic [10]. So, the materials mentioned above exhibit remarkable 

antithrombogenicity. The second approach is to immobilize the biologically active substances (heparin and 

urokinase (UK)) on the device surface [11, 12]. Heparin activates the anticoagulant function of antithrombin 

and thus suppresses blood coagulation. By taking into consideration the fibrinolytic activity of UK, which is a 

plasminogen activator, an antithrombogenic material has been developed by immobilizing it on a material 

surface. Immobilized UK can catalytically transform plasminogen into plasmin in the blood, which shows 

antithrombogenicity by constantly dissolving the fibrins produced on the material surface. The third approach 

is to cover the biomaterial surface with endothelial cells [13]. This kind of surface can resist the interaction 

between blood protein effectively because of mimicking the structure of blood vessel. Among these approaches 

for the development of antithrombogenic polymeric materials, the first one is the most widely adopted.  

Platelet adhesion is the most crucial step for the thrombus formation. The platelet adhesion can be 

stimulated by adsorption and conformational alteration of fibrinogen which has a platelet bonding site at c 

terminus in the γ chain [14, 15]. Therefore, inhibiting the adsorption or conformational alteration of fibrinogen 

is a facile approach to improve antithrombogenicity on device surfaces. 

PVA is known as an antithrombogenic material [16]. The low protein adsorption and the good blood 

compatibility of PVA can be attributed to the hydrophilic surface. However, PVA coating is not stable in blood 

due to high water solubility. To overcome this drawback, some researches on modified PVA were conducted 

[17-19]. In the previous study, it was reported that alkylated surface could improve the platelet compatibility. 

The surface grafted with alkyl chains could adsorb albumin from blood, and at the same time inhibit adsorption 

of fibrinogen, which will also inhibit the adhesion of platelets [17, 20, 21]. Moreover, previous research 

indicated that polymers such as PMEA and PEG contain methoxy group (C-O-C structure) showed good 

antithrombogenicity because of high amount of the IW [22]. However, detailed research of antithrombogenic 

property of hm-PVAs with acetal group (C-O-C structure) has not yet been reported. In this study, we 

synthesized hm-PVAs with 3, 6, 9, and 12 methylene carbons to examine the prediction that PVA with alkyl 

group and acetal group will show good antithrombogenicity. The antithrombogenicity of the hm-PVAs was 

evaluated after coating them on a polypropylene (PP) film by carrying out platelet adhesion tests. The 
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adsorption behavior of fibrinogen on the hm-PVA-coated PP films was also examined. Furthermore, the 

hydration water structure of the hydrated hm-PVAs was analyzed by differential scanning calorimetry (DSC) 

to elucidate the generation of antithrombogenicity of the hm-PVA-coated PP films. 

 

3.3. Materials and methods 

 

3.3.1. Materials 

 

Ethanol (EtOH, 99.5 %), super dehydrated dimethyl sulfoxide (DMSO), 6N hydrochloric acid (HCl), 

10 % formalin neutral buffer solution, Dulbecco's phosphate buffered saline (D-PBS) without Ca and Mg, 

fibrinogen from human plasma, and 99.9 % dimethyl sulfoxide-d6 (DMSO-d6) containing 0.05 w/v% 

tetramethylsilane (TMS) were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Otsuka 

normal saline 2-port was purchased from Otsuka Pharmaceutical Co., Ltd. (Tokyo, Japan). The Micro BCA™ 

protein assay kit was purchased from Thermo Fisher Scientific Ltd. (Waltham, USA). PVA (Mw = 88,000, 

saponification degree was over 98.5 %), human serum albumin (HSA) from human plasma, and Blocking One 

(5 wt% bovine serum albumin in PBS) were purchased from Nacalai Tesque, Inc. (Kyoto, Japan). Sodium 

dodecyl sulfate (SDS), propanal (C3), hexanal (C6), nonanal (C9), and dodecanal (C12) were purchased from 

Tokyo Chemical Industry Co., Ltd (Tokyo, Japan). Mouse monoclonal anti-human fibrinogen γ antibody and 

hydrogen peroxidase (HRP) conjugated goat anti-mouse IgG antibody were purchased from Abcam Co., Ltd 

(Cambridge, England). ELISA TMB (hydrogen peroxide and tetramethylbenzidine) and stop solutions (1 N 

H2SO4) were purchased from R & D Systems Co., Ltd. (Minneapolis, America). The polypropylene (PP) film 

(thickness = 200 μm) was purchased from Acricaundy Co., Ltd. (Tokyo, Japan). 

 

3.3.2. Synthesis of hm-PVAs 

 

The hm-PVAs were prepared through the nucleophilic substitution reaction between an aldehyde and 

the hydroxy groups of PVA by following a previously reported procedure [23-27]. First, PVA (10 g) was 

dissolved in 98 mL of H2O at 80 ℃ for 1 h. To this solution, 100 mL of DMSO and 2 mL of 1N HCl were 

added to form a 200 mL solution of 5 w/v% PVA and 1 v/v% 1N HCl. DMSO was added to sufficiently 

disperse the aldehyde group into the solution and to prevent product precipitation. Different amounts of 

aldehyde groups (C3, C6, C9, C12) were added into the solution, and the resulting mixtures were stirred at 

50 ℃ for 1 h. A reflux condenser was used in all the processes. After the reaction, the resulting hm-PVA 

(H2O/DMSO = 50/50 (v/v)) solution was added to 600 mL (around 3 times) cold EtOH under stirring for 1 h. 

The hm-PVAs precipitated from the solution. The precipitate obtained was washed with 300 mL of EtOH at 

least three times to remove the unreacted aldehyde and DMSO. Afterwards, the solvent was evaporated under 

vacuum to obtain purified hm-PVAs as white crystals. Finally, the crystals were crushed finely using a crusher 

(Wonder crusher WC-3, Osaka Chemical, Osaka, Japan). 

 

3.3.3. Characterization of hm-PVA 

 

The chemical structures of the hm-PVAs were analyzed by proton nuclear magnetic resonance (1H 

NMR) spectroscopy (AL300, JEOL, Tokyo, Japan) using a 0.5 w/v% hm-PVA/DMSO-d6 solution at 25 ℃. 

The number of scans was 8 times for each sample. Fourier transform infrared spectroscopy (FT-IR, 8400S, 

Shimadzu, Kyoto, Japan) analysis was carried out to confirm the presence of acetal groups in the hm-PVAs. 

The scan range was 700 cm-1 to 4000 cm-1 and the number of scans was 64 times for each sample. Hydrophobic 
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group modification ratios of the hm-PVAs were determined by 1H NMR spectroscopy. The modification ratios 

were calculated by following equation: 

 

Modification ratio (mol%) = [{Integral area (CH3 proton)/3} / Integral area (αCH proton)]×100 

 

where integral area (CH3 proton) is the area of peak at 0.85 ppm assigned to the CH3 proton in the hydrophobic 

groups in the hm-PVAs, integral area (αCH proton) is the area of peak at 3.87 ppm corresponded to the αCH 

proton in the backbone of PVA or hm-PVAs. 

 

3.3.4. Solubility of the hm-PVAs  

 

 The hm-PVAs were dissolved in H2O/EtOH solvent at 80 ℃ to form a 1w/v% solution. Dissolution 

was qualitatively confirmed (○Soluble; △Slightly Dissoluble; ×Insoluble).  

 

3.3.5. Swelling degree of the hm-PVAs 

 

The hm-PVAs were dissolved in H2O/EtOH solvent to form a 5w/v% solution. The solution was 

poured into a mold (4mm×4mm×0.4mm) followed by drying in a clean bench for over 24 h to obtain a hm-

PVA film. The hm-PVA film was cut into small size (ϕ = 10 mm) by punch. The hm-PVA films were then 

accurately weighted and placed in 25 mL centrifuge tubes. 20 mL of MQ water / normal saline / PBS was 

poured into each tube, and the tubes were incubated at 37 ℃. The samples were removed after 1, 3, and 5 min, 

blotted with a soft paper to remove the surface water, and weighted. The degree of swelling was calculated 

according to the following equation: 

 

Ds = (Ws - Wd)/Wd × 100% 

 

where Wd is the weight of the dry film, and Ws is the weight of the swollen film. 

 

3.3.6. Preparation of hm-PVA-coated PP films 

 

The hm-PVA-coated PP films were prepared using the dip coating method. First, the PP film surface 

(ϕ = 10 mm) was exposed to an ultraviolet (UV) light (185 and 284 nm) (MIYATA ELEVAM, Kanagawa, 

Japan) for 30 min to remove the organic pollutants on it and to oxidize it. The film was then dipped into a 1 

w/v% hm-PVA (H2O/EtOH) solution for 5 s, followed by drying in a clean bench for over 24 h. The surface 

of the hm-PVA-coated PP films was characterized using a contact angle meter (sessile drop method) (CAM, 

DM700, Kyowa Interface Science, Saitama, Japan), FT-IR (8400S, Shimadzu, Kyoto, Japan), atomic force 

microscope (AFM, MFP-3D-BIO, Asylum Research, Santa Barbara, USA), and X-ray photoelectron 

spectroscopy (XPS, Quantera SXM, Nippon Steel & Sumikin Technology, Tokyo, Japan). 

 

3.3.7. Stability of hm-PVAs-coated PP films 

 

The PP film surface (ϕ = 10 mm) was exposed to an UV light for 30 min to remove the organic 

pollutants on it and to oxidize it. The film was then dipped into a 1 w/v% hm-PVA (H2O/EtOH) solution for 5 

s, followed by drying in a clean bench for over 24 h. After that, the hm-PVAs-coated PP films were incubated 

in PBS solution at 37 ℃ for 1h and 24 h. The remained membranes were confirmed by FT-IR measurement.  



Chapter 3 

 

42 

 

3.3.8. In vitro platelet adhesion and platelet activation test 

 

Platelet adhesion tests were performed according to a previously reported method [28-32]. First, 

platelet-rich plasma (PRP) was obtained from the whole blood of Wistar rats by centrifugation. Then, the 

plasma solution (200 μL) was seeded on each hm-PVA-coated film. These films were subsequently incubated 

at 37 °C for 1 h. Each hm-PVA-coated PP film was then rinsed with D-PBS and fixed by immersing in 10 % 

neutral buffered formalin for 2 h. Finally, each film was rinsed with Milli-Q water and subjected to critical 

point drying using tert-butyl alcohol. The adhered platelets were observed using scanning electron microscopy 

(SEM, S4800, Hitachi, Tokyo, Japan). Platelet attachment was quantified by acquiring 9 random SEM images 

from three parallel experiments and evaluated by ImageJ software. The shape of platelet is usually used to 

represent the grade of platelet activation [33]. The morphology of the adhered platelets was also investigated 

by SEM observation.  

 

3.3.9. Quantification of protein adsorption on the hm-PVA-coated PP films 

 

The amount of proteins adsorbed on the surface of the hm-PVA-coated PP films was determined by 

conducting a Micro BCATM assay according to a previously reported method [22, 28, 29]. Each hm-PVA-

coated PP film was immersed in a 1 mg/mL human fibrinogen/D-PBS solution or 5 mg/mL HSA/D-PBS 

solution and was then incubated at 37 °C for 1 h. After the incubation, each hm-PVA-coated PP film was 

rinsed thrice with D-PBS. The adsorbed proteins were extracted by incubating the films in a solution of 5 % 

sodium dodecyl sulfate (SDS) and 0.1N NaOH at 37 °C for 1 h in a shaking incubator [34, 35]. The extracted 

proteins were assessed by conducting a Micro BCA assay. In this study, 0.5, 1, 2, 5, 10, and 20 μg/mL protein 

(fibrinogen and albumin) solutions were used as the standard. 

 

3.3.10. Activity of the fibrinogen γ chain 

 

The activities of the fibrinogen γ chains adsorbed onto the hm-PVA-coated PP films were evaluated 

by immunochemistry [33]. In brief, the hm-PVA-coated PP films were immersed in a 1 mL fibrinogen (1 

mg/mL) solution in a tube and were then incubated at 37 °C for 1 h. Subsequently, the hm-PVA-coated PP 

films were rinsed thoroughly with D-PBS to remove any loosely adhered fibrinogen. The surface of the hm-

PVA-coated PP films was then blocked with Blocking One (5 wt% bovine serum albumin in PBS) for 1 h at 

37 °C followed by washed with D-PBS. Then, the hm-PVA-coated PP films were incubated in a 1 mL solution 

of mouse monoclonal anti-human fibrinogen γ antibody (100 μL of antibody was diluted 200 times using D-

PBS) at 37 °C for 1 h. The hm-PVA-coated PP films were then rinsed thoroughly with D-PBS followed by the 

addition of 500 μL of HRP-conjugated goat anti-mouse IgG antibody (diluted 1000 times using D-PBS) and 

incubation at 37 °C for 1 h. The hm-PVA-coated PP film was then washed thoroughly with wash buffer (0.1 

wt% Tween 20/PBS). Finally, 450 μL of a TMB solution was added to the hm-PVA-coated PP films, and the 

reaction was carried out in the dark for 20 min. The reaction was terminated by the addition of 150 μL of 1 N 

H2SO4. The reaction mixture (150 μL) was transferred to a 96-well plate, and its absorbance at 450 nm was 

measured using a microplate reader (Spark10M, Tecan, Osaka, Japan). 

 

3.3.11. Quantification of the amount of hydration water 
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The amount of hydration water was determined by DSC (Thermo plus EVO 8230, Rigaku 

Corporation). Briefly, approximately 5 mg of the hydrated hm-PVAs was placed in an aluminum pan and 

sealed by an auto sealer. The hydrated hm-PVAs were then cooled to -60 °C at a cooling rate of 5.0 °C/min. 

The hm-PVAs were held at -60 °C for 5 min and were then heated to 50 °C at the same rate under a nitrogen 

purge flow. The equilibrium water content (EWC) of polymers was determined using equation: 

 

EWC (wt%) = (Ws − Wd)/Ws × 100 %    

 

where Wd and Ws are the weights of the dry and hydrated samples, respectively. 

The amounts of different types of water in polymers were determined using equation: 

 

EWC (wt%) = Wnf + Wi + Wf    

Wf = (ΔHc/333.5 (J/g)) 

Wi = (ΔHm/333.5 (J/g)) - Wf 

Wnf = EWC (wt%) - (ΔHm/333.5 (J/g)) 

where Wnf, Wi, and Wf are the amounts of nonfreezing, intermediate, and free waters, respectively; ΔHc 

and ΔHm are the enthalpy changes during crystallization (around -25 °C) and ice melting (around 0 °C), 

respectively. 

 

3.3.12. In vitro antithrombogenicity test 

 

The antithrombogenic test was performed according to a previously reported method [36]. Briefly, 

each hm-PVA-coated PP film was placed in a tube and immersed in 1.0 mL of whole rat blood (Wistar rats, 

7–11 weeks old, Charles River, Japan) at 37 ℃ for 30 min. After incubation, the hm-PVA-coated PP films 

were removed and rinsed gently three times with normal saline. The films were then fixed with 10 % neutral 

buffered formalin and were subjected to critical point drying using tert-butyl alcohol. Finally, the formation of 

thrombus was observed by SEM (S4800, Hitachi, Tokyo, Japan). All the animal experiments were approved 

by the Institutional Animal Experiment Committee of the National Institute for Material Science of Japan. 

 

3.3.13. Statistical analysis 

 

Statistical analysis was carried out using Tukey-Kramer test with KyPlot software. Statistically 

significant differences were accepted when p < 0.05. Data were presented as means ± standard deviations (SD). 

 

3.4. Results and discussion 

 

3.4.1. Synthesis and characterization of hm-PVAs 

 

The hm-PVAs were prepared via the reaction between the hydroxy groups of PVA and an aldehyde 

(Figure 3-1a) according to a procedure reported previously [23-27]. Under acidic conditions, aldehydes reacted 

with hydroxyl groups via a nucleophilic substitution reaction to a stable hexagonal ring structure was obtained 

eventually [23-27]. Figure 3-1b shows 1H NMR spectra of the hm-PVAs with different number of methylene 

carbons. The chemical shift at 2.54 ppm and 3.33 ppm were assigned to H2O and DMSO-d6 respectively. The 

chemical shifts ranged from 1.26 ppm to 1.56 ppm corresponded to the βCH2 proton in the backbone of PVA 

and hm-PVA. And the chemical shift at 3.87 ppm corresponded to the αCH proton in the backbone of PVA 
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and hm-PVA [23]. The chemical shift at 0.85 ppm was assigned to the CH3 proton of the hydrophobic groups 

in the hm-PVAs. The chemical shift at 1.26 ppm corresponded to the CH2 proton of the hydrophobic groups 

in the hm-PVAs [25, 37]. Besides, the peak increased in the following order: C3-PVA< C6-PVA < C9-PVA 

< C12-PVA. The longer alkyl group, the higher amount of CH2 proton of the hydrophobic groups in the hm-

PVA. These results indicated that the reaction between the hydroxy groups of PVA and the aldehyde was 

successful. Figure 3-1c shows the FT-IR spectra of the hm-PVAs with different number of methylene carbons. 

The wavenumber at 3180-3550 cm-1 corresponds to the unreacted hydroxy groups of the hm-PVAs. The peak 

observed at 1,080 cm-1 corresponds to the antisymmetric stretch of the C-O-C bonds in the acetal groups of 

the hm-PVAs [24]. The peak at 2,930 cm-1 corresponded to the C-H stretch of αCH2 in the hydrophobic groups 

of the hm-PVA. These results confirmed that the hm-PVAs with different number of methylene carbons were 

successfully synthesized.  

 

 

Figure 3-1. a) Synthesis of the hm-PVAs. 1H NMR b) and FT-IR c) spectra of the hm-PVAs. 

 

The number of hydroxy groups of PVA was same to the αCH proton in backbone of PVA molecule. 

So, it was easy to calculate the hydrophobic modification ratio from equation 1. The modification ratio of the 

hydrophobic groups (shown in Table 3-1) was calculated using the 1H NMR results. As can be seen from Table 

1, the modification ratio increased with an increase in the addition of aldehyde (C3, C6, C9, and C12). About 

50 mol% aldehyde was introduced into PVA molecules. 
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Table 3-1. Modification ratio of the hm-PVAs. 

Abbreviation 
Hydrophobic group 

reagent 

Hydrophobic group 

reagent added (mol%) 

Hydrophobic group 

modification (mol%) 

4C3-PVA Propanal 10 4 

12C3-PVA Propanal 25 12 

23C3-PVA Propanal 50 23 

4C6-PVA Hexanal 10 4 

15C6-PVA Hexanal 25 15 

19C6-PVA Hexanal 50 19 

4C9-PVA Nonanal 10 4 

17C9-PVA Nonanal 25 17 

3C12-PVA Dodecanal 10 3 

 

3.4.2. Preparation of hm-PVA-coated PP films 

 

The hm-PVA-coated PP films were prepared using the dip coating method. As shown in Figure 3-2, 

20C9-PVA, 19C12-PVA, and 23C12-PVA were not soluble in the H2O/EtOH solution. Therefore, these three 

hm-PVAs were not used in this study. Bare PP films (UV(-)-PP) were irradiated with UV light (at 185 and 284 

nm) for 30 min to remove the organic pollutants on their surfaces for obtaining UV-treated PP films (UV(+)-

PP). The hm-PVAs were dip-coated on the UV(+)-PP films to obtain the hm-PVA-coated PP films. The 

formation of these films was confirmed by carrying out sessile drop contact angle measurements.  

 

Figure 3-2. Solubility of the hm-PVAs in an H2O/EtOH solution. 
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Figure 3-3a shows the water contact angles of the hm-PVA-coated PP films. The water contact angle 

of UV(+)-PP in air was smaller (65.3°) than that of UV(-)-PP (102.6°). The PVA-coated PP film showed the 

lowest water contact angle of 48.2°. The water contact angle of the PVA-coated PP films increased with an 

increase in the alkyl chain length. In addition, the water contact angles of the 4C3-PVA-, 12C3-PVA-, and 

23C3-PVA-coated PP films increased with an increase in the modification ratio of the hydrophobic groups. 

Similar trend was observed for the C6-PVA- and C9-PVA-coated PP films. Figure 3-3b Shows the FT-IR 

spectra of the hm-PVA-coated PP films. Due to the structure of the UV(-)-PP film, it was easy to find that the 

peak of stretch of C-H at 2,930 cm-1 assigned to αCH2 in PP. The hm-PVA-coated PP films showed peaks at 

3,430 and 1,080 cm-1 corresponding to the stretching of the hydroxyl groups and antisymmetric stretching of 

the C-O-C bonds in the hm-PVAs, respectively. These results were consistent with those shown in Figure 3-

1c. This confirms that the hm-PVAs were successfully coated on the surface of the UV(+)-PP films.  

 

Figure 3-3. a) Water contact angles of the hm-PVA-coated PP films. b) FT-IR spectra of the hm-PVA-coated 

PP films c) AFM images of the hm-PVA-coated PP films, scale bar: 20 μm. 

 

Figure 3-3c shows the AFM images of the hm-PVA-coated PP films and their root mean square 

(RMS) surface roughness. The UV(-)-PP and UV(+)-PP films showed flat surfaces and similar RMS surface 

roughness values (42.4 and 44.2 nm, respectively). However, the surface features of the hm-PVA-coated PP 

and UV(-)-PP films were significantly different. This indicated that the hydrophobic groups on the hm-PVA-

coated PP films affected their surface roughness. The longer the alkyl length and the higher modification ratio, 

the higher roughness of hm-PVA-coated PP film. The RMS roughness value of the 4C6-PVA-coated PP film 
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was 99.9 nm, while those of the 15C6-PVA- and 19C6-PVA-coated PP films were 101.3 and 169.2 nm, 

respectively. Because of hydrophobic interaction, the hm-PVA with longer alkyl chain was easier to aggregate 

together at hydrophobic unit. The RMS roughness of the films increased with an increase in the modification 

ratio. And the hm-PVA with higher modification ratio also increased hydrophobic interaction to PP film and 

hm-PVA. The hm-PVA-coated PP film with more hydrophobic groups showed rougher surface. This result 

was consistent with those shown in Figure 3-1b.  

Figure 3-4 shows the XPS spectra of the hm-PVA-coated PP films. Figures 3-4a, 3-4c, and 3-4e show 

the C1s spectra of the hm-PVA-coated PP films, while Figures 3-4b, 3-4d, and 3-4f show their O1s spectra. 

The peak at 283.8 eV corresponds to the C-C and C-H bonds on the surface of the hm-PVA-coated PP films. 

In the case of the 15C6-PVA-coated PP film, the peak at 285.3 eV can be attributed to its lesser number of C-

OH bonds than that of the PVA-coated PP film. This indicates that hydrophobic group (C6) was successfully 

introduced in PVA molecule. Similar to the C1s peaks, the O1s peaks of the hm-PVA-coated PP films 

attributing to C-OH bonds showed lower intensities than that of the PVA-coated PP film. The intensity of the 

O1s peak for 15C6-PVA-coated PP film was significantly lower than that of the O1s peak obtained for the 

PVA-coated PP film (at 531.8 eV). This could be attributed to the acetalization of the hydroxy groups in the 

case of the 15C6-PVA-coated PP film (Figure 3-4b). The C/O ratio of the PVA-coated PP film was 1.97, which 

was the same as that of PVA. This confirmed that PVA was successfully adsorbed on the surface of the PP 

film. However, the C/O ratio of the 15C6-PVA-coated PP film was 2.71, confirming the presence of 

hydrophobic C6 groups on the surface (Table 3-2). Interestingly, UV(-)-PP showed a peak at 532 eV attributing 

to the presence of CHO or COOH groups in it. This indicated that the UV irradiation oxidized the surface of 

the PP film (Figure 3-4b). As shown in Figures 3-4c and 3-4d, the intensity of the peak at 285.3eV attributing 

to C-OH bonds decreased with an increase in the hydrophobic group modification ratio. The peaks attributing 

to C-C and C-H bonds were observed at 283.8 eV. It can be clearly observed that the C/O ratio increased with 

an increase in the hydrophobic group (C6) modification ratio. The C/O ratios of the PVA-, 4C6-PVA-, 15C6-

PVA-, and 19C6-PVA-coated PP films were found to be 1.97, 2.43, 2.71, and 3.14, respectively (Table 3-2). 

As the number of hydrophobic groups adsorbed on the film surface increased, the hydrophobicity of the surface 

increased. Therefore, the intensity of the peak at 285.3eV attributing to C-OH bonds decreased with an increase 

the hydrophobic group length (C3 to C9). On the other hand, the intensity of the peak corresponding to C-C 

and C-H groups at 283.8 eV increased with an increase in the alkyl chain length (Figure 3-4e, 3-4f). The C/O 

ratio increased in the following order: PVA- <12C3-PVA- < 15C6-PVA- < 17C9-PVA-coated PP films (1.97, 

2.34, 2.71, and 3.35, respectively.), confirming the presence of hydrophobic groups on the surface of the hm-

PVA-coated PP films. 

 

Table 3-2. Surface atomic composition of the hm-PVA-coated PP films.  

Sample C 1s (Atomic%) O 1s (Atomic%) C/O ratio 

UV(-)-PP 99.70 0.30 332.30 

UV(+)-PP 93.60 6.40 14.62 

PVA 66.36 33.64 1.97 

12C3-PVA 70.10 29.90 2.34 

4C6-PVA 70.80 29.20 2.43 

15C6-PVA 73.02 26.98 2.71 

19C6-PVA 75.83 24.17 3.14 

17C9-PVA 77.02 22.98 3.35 
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Figure 3-4. XPS spectra of the hm-PVA-coated PP films. a), c), e) C1s spectra of the hm-PVA-coated PP 

films; b), d), f) O1s spectra of the hm-PVA-coated PP films. 

 

3.4.3. Stability of hm-PVAs-coated PP films 

 

Stability is important parameter for antithrombogenic coating materials. The hm-PVAs-coated PP 

films were incubated in PBS solution at 37℃ for 1h and 24 h. The remained membrane was confirmed by FT-

IR measurement. Figure 3-5 shows the FT-IR spectra of hm-PVAs coatings on PP films after incubation in 

PBS for 1 h and 24 h. The PVA-, 4C3-PVA-, and 12C3-PVA-coated PP films were unstable since they were 

dissolved in PBS during a short time (1 h). After further incubation for 24 h, 4C6-PVA coated PP film was 

also dissolved. However, 23C3-PVA-, 15C6-PVA-, 19C6-PVA-, 4C9-PVA-, 17C9-PVA-, and 3C12-PVA-

coated PP films were stable in PBS solution in a long period. It was found that the stability of hm-PVA-coating 

was increased with an increase in the length of hydrophobic group and the hydrophobic modification ratio. 

The reason why this phenomenon occurred was that longer hydrophobic group and higher modification ratio 

of hydrophobic group will enhance the hydrophobic interaction between the hm-PVA-coating and PP film.  
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Figure 3-5. Stability of hm-PVAs coating on PP films in PBS at 37℃ for 1 h and 24 h. 

 

3.4.4. In vitro platelet adhesion and activation test 

 

The platelet adhesion/activation of hm-PVA-coated PP films is crucial for the evaluation of thrombus 

formation. They also affect the biological response when such materials contact with blood. Therefore, platelet 

adhesion tests were performed on the hm-PVA-coated PP films to evaluate their thrombogenicity. As shown 

in Figure 3-6a, the number of platelets adhered on UV(+)-PP was 9.95×105 cells/cm2, which is much higher 

than that of UV(-)-PP (3.3×105 cells/cm2). Platelet adhesion was inhibited on the surfaces of the PVA-, 4C6-

PVA-, 15C6-PVA-, 19C6-PVA-, and 4C9-PVA-coated PP films (less than 1.6×105 cells/cm2). On the contrary, 

the surfaces of the 4C3-PVA-, 12C3-PVA-, 23C3-PVA-, and 17C9-PVA-coated PP films showed increased 

platelet adhesion (more than 4.6×105 cells/cm2). The UV(-)-PP and 3C12-PVA-coated PP films showed similar 

platelet adhesion.  

We also evaluated the platelet activation on the surface of the hm-PVA-coated films, as shown in 

Figure 3-6b. The state of activation could be categorized into four main stages: (1) round shaped-adherent, (2) 

dendritic-partially activated, (3) spread-highly activated, and (4) fully spread-fully activated. Therefore, 

platelet activation could be qualitatively assessed by examining the extent of pseudopodia formation. The 

morphology of the platelets adhered on the samples was investigated by SEM (Figure 3-6c). On the surfaces 

of the PVA-, 4C6-PVA-, and 15C6-PVA-coated PP films, round platelets were predominant (72–92 %) and 

no spread platelets were observed. On UV(-)-PP, 4C3-PVA-PP, 12C3-PVA-PP, 23C3-PVA-PP, 17C9-PVA-

PP, and 3C12-PVA-PP, four stages of platelet adhesion were observed. About 45 % of the platelets adhere on 

UV(+)-PP were spread or fully spread, indicating that the adhered platelets were highly activated. Interestingly, 

it was found that the surface roughness affected the platelet adhesion and platelet activation. Compared with 

4C9-PVA-coated PP film (roughness = 169.2 nm), the rougher surface 17C9-PVA-coated PP film (roughness 

= 247.2 nm) adhered 5 times more platelets on the surface. And the spread-highly activated and fully spread-

fully activated platelets were found on the surface of 17C9-PVA-coated PP film, while they were not found 

on the surface of 4C9-PVA-coated PP film. The similar phenomenon was observed on the C3-PVA-coated PP 

films. The platelet adsorption increased in the following order: 4C3-PVA < 12C3-PVA < 23C3-PVA. 
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Interestingly, platelet activation was highly inhibited on the surface of the C6-PVA-coated PP film, indicating 

that C6-PVA exhibited excellent antithrombogenicity. 

 

Figure 3-6. a) Number platelets adhered on the hm-PVA-coated PP films. The data represents the mean ± SD 

(n=9). *p<0.05 versus UV(-)-PP, **p<0.01 versus UV(-)-PP and ***p<0.005 versus UV(-)-PP. b) SEM 

images of the surfaces of the hm-PVA-coated PP films after incubation in platelet-rich plasma, scale bar: 10 

μm. c) Quantitative analysis of morphology of the platelets adhered on the surfaces of the hm-PVA-coated PP 

films. The Label “x” indicates no platelet found. 

 

3.4.5. Quantification of protein adsorption and activity of fibrinogen γ chain 

Platelet adhesion is significantly affected by the amount of proteins adsorbed on the surface. 

Therefore, we evaluated the adhesion behavior of proteins on the hm-PVA-coated PP films using albumin and 

fibrinogen. Albumin is the major protein in plasma, and the total concentration of albumin in human plasma 

is 35–50 mg/mL [38]. On the other hand, fibrinogen is important for evaluating the adhesion behavior of 

platelets. Figure 3-8a shows the amount of fibrinogen adsorbed on the hm-PVA-coated PP films. The amount 

of fibrinogen adsorbed on UV(-)-PP was 1.07 μg/cm2, which is similar to that of UV(+)-PP (1.24 μg cm-2). 

The amount of fibrinogen adsorbed on the PVA-coated PP film was 0.82 μg/cm2, which is 23% lower than 

that adsorbed on UV(-)-PP. In addition, the amounts of fibrinogen adsorbed on the hm-PVA-coated PP films 

were (27–62%) much lower than that adsorbed on UV(-)-PP film. However, there was no significant difference 

between the amount of fibrinogen adsorbed on the 4C3-PVA-coated PP film compared with that of UV(-)-PP 

film, since the stability of 4C3-PVA coating is low. The swelling speed of 4C3-PVA coating was fast (shown 

in Figure 3-7), and the coating was dissolved at early stage (shown in Figure 3-5). The adsorption increased 
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further when the alkyl chain length was increased beyond C6. In addition, all the hm-PVA-coated PP films 

except the C3-PVA-coated PP film showed similar albumin adsorption. It was reported that platelet adhesion 

could be stimulated by conformational alteration of fibrinogen which has a platelet bonding site at c terminus 

in the γ chain [14, 15]. And fibrinogen-γ chain activity showed the amount of γ chains on the fibrinogen 

absorbed surface. The more γ chains on the surface, the more platelet adhesion. The UV(-)-PP and UV(+)-PP 

films showed similar fibrinogen γ chain activities (Figure 3-8b). The structures of the fibrinogen adsorbed on 

UV(-)-PP and UV(+)-PP were similar. While, the fibrinogen γ chain activities of the 15C6-PVA- and 17C9-

PVA-coated PP films were much lower than that of UV(-)-PP (82 and 80%, respectively), indicating that these 

hm-PVA films could inhibit the fibrinogen γ chain activation.  

 

Figure 3-7. Swelling degree of the hm-PVA films with different modification ratios. 
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3.4.6. Quantification of the amount of hydration water 

 

It has been reported that physicochemical properties of a material, such as hydrophilicity [15] and surface 

roughness [39], have influence on interface platelet adhesion behavior. In this study, it was found that the 

surface roughness and modification ratio of hm-PVA-coated PVA affected the platelet adhesion and platelet 

activation. The platelet adsorption increased in the following order: 4C3-PVA < 12C3-PVA < 23C3-PVA and 

4C9-PVA < 17C9-PVA (Table 3-3). However, all C6-PVA-coated PP films showed low platelet adhesion. 

The platelet adsorption on 15C6-PVA-coated PP film was much lower than that of 12C3-PVA- and 17C9-

PVA-coated PP film. In addition, Kobayashi et al. proved that existence of IW was an important factor for 

platelet adhesion inhibition [22, 28, 29]. Poly(ω-methoxyalkyl acrylate) (PMCxA) coated surface they 

prepared showed that number of platelets adhered on its surface decreased with an increase in the amount of 

IW in the hydrated polymer [28]. The generation of IW at interface could be attributed to the introduction of a 

methoxy group into the side chain terminus of PMCxA. In our study, two C-O-C groups in hexagonal ring 

structure in the main chain of hm-PVAs, showed similar structure to methoxy group. Hence, we hypothesized 

that IW may be present in the hm-PVAs as well. We calculated the amount of NFW, IW, and FW in the 

hydrated hm-PVAs.  

 

Table 3-3. The relationship between the physical property (roughness) and hydration structure (intermediate 

water content) to the antithrombogenic property.  

Abbreviation 
Roughness 

(nm) 

Intermediate water 

(wt%) 

Platelet adhesion 

(105 cells/cm2) 

Anti-thrombogenic 

property 

PVA 32.2±0.3 2.9±0.3 1.5±1.0 normal 

4C3-PVA 41.4±0.6 3.2±0.1 4.6±1.2 poor 

12C3-PVA 42.1±0.2 3±0.2 5.4±1.8 poor 

23C3-PVA 133.6±3.9 2.6±0.1 7.6±2.3 poor 

4C6-PVA 99.9±1.7 3.1±0.3 1.5±0.5 normal 

15C6-PVA 101.3±5.6 4.8±0.2 0.7±0.6 excellent 

19C6-PVA 169.2±7.6 4.7±0.1 1.3±0.7 normal 

4C9-PVA 169.2±9.5 3.1±0.3 1.6±0.7 normal 

17C9-PVA 247.2±9.3 0 7.9±2.6 poor 

3C12-PVA 37.5±1.2 3±0.1 2.2±1.4 normal 

 

Figure 3-8c shows the hydration water structure analysis of the hm-PVAs. The NFW content of the 

hydrated hm-PVAs was approximately 35 wt%. In the case of C3-PVA, the FW content decreased with an 

increase in the modification ratio. Similar phenomena were observed in C6-PVA, C9-PVA, and C12-PVA. 

Hydrophobic group modification increased the interaction area (acetal group) which provided the weak 

hydrogen bonding sites for water molecules. The water molecule moderately interacted with the acetal group 

was IW. It was found that the hm-PVAs with low modification ratios (4C3-PVA, 4C6-PVA, 4C9-PVA, and 

3C12-PVA) showed an IW amount of 3 wt% similar to that of hydrated PVA (2.9 wt%). This phenomenon 

indicated that low modification ratio could not change the IW content. The length of alkyl chain also affected 
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the water-polymer interaction. The hydrated C3-PVA showed low IW content (2.6 wt%-3.2 wt%) due to short 

alkyl chain. The water molecules were easier to bond to two acetal groups as NFW instead of IW. It illustrated 

that short alkyl chain could not change IW content. Besides, no IW was observed in 17C9-PVA (shown in 

Figure 3-8c) because of long alkyl chain. Long alkyl chain enhanced the hydrophobicity and reduced the 

swelling property (shown in Figure 3-2a and Figure 3-7), which affected the hydration water structure on the 

polymer surface. Interestingly, the hydrated hm-PVA with intermediate alkyl chain (C6) and intermediate 

modification ratio (15mol%) showed the highest IW content (4.8 wt%) due to adequate acetal groups and 

moderate hydrophobicity. Therefore, it can be stated that the highest IW content of 15C6-PVA contributed to 

its low platelet adhesion. Figure 3-8d shows exponential approximation between the number of adhered 

platelets and IW content. This indicated that the IW content was an important parameter for determining the 

platelet adhesion of coating materials [22, 28, 29]. 

 

Figure 3-8. a) Analysis of the adsorbed proteins: human fibrinogen and serum albumin on the surfaces of the 

hm-PVA-coated PP films after incubation for 1 h. b) Fibrinogen γ chain activity on the surface of the hm-

PVA-coated PP films. The data represent the mean ± SD (n=3). *p<0.05 versus UV(-)-PP, **p<0.01 versus 

UV(-)-PP and ***p<0.005 versus UV(-)-PP. c) Thermal and hydration water structure analyses of the hm-

PVAs. d) Platelet adhesion on the hm-PVA-coated PP films in PRP as a function of IW content. 

 

3.4.7. In vitro antithrombogenicity test 

 

Figure 3-9 shows the results of the antithrombogenic test on the surface of the hm-PVA-coated PP films. 

We used eight samples of the hm-PVAs with different alkyl chain lengths for the antithrombogenic test. 

Macroscopic observation revealed severe thrombus formation on UV(+)-PP and UV(-)-PP. Thrombus 

formation was not observed on the hm-PVA-coated PP films except for the PVA-coated PP film. SEM 



Chapter 3 

 

54 

observations revealed that the surface of UV(+)-PP showed platelet adhesion, while UV(-)-PP showed a fibrin 

network. On the other hand, the PVA coating layer detached from the surface of the PP film. The 17C9-PVA 

coated-PP film showed some fibrin network formation. Only a small amount of deposition was observed on 

the surface of the 12C3-PVA- and 3C12-PVA-coated PP films. 4C6-PVA and 15C6-PVA showed smooth 

surfaces even after immersion in fresh rat blood. No significant differences between C6-PVA-coated PP films 

were observed. These results were consistent with the platelet adhesion and IW content results. Therefore, the 

C6-PVA-coated PP films exhibited excellent antithrombogenicity owing to their high IW content. 

 

Figure 3-9. SEM images of the hm-PVA-coated PP films after immersion in whole rat blood. The inset shows 

the macroscopic view of the hm-PVA-coated PP films 

 

3.5. Conclusions 

 

In this study, we successfully synthesized hm-PVAs with acetal group. Among the hm-PVAs-coated PP 

films, the 15C6-PVA-coated PP film showed the lowest number of adhered platelets. The fibrinogen 

adsorption was also inhibited on this film. Besides, the fibrinogen γ chain activity of the 15C6-PVA-coated PP 

film was 18% lower than that of the PP film, indicating that 15C6-PVAs can inhibit fibrinogen γ chain 

activation. The DSC analysis results revealed that 15C6-PVA exhibited the highest IW content (4.8 wt%), and 

thus exhibited good blood compatibility. The 15C6-PVA coating exhibited good stability over 24 h. Hence, 

C6-PVA is expected to be a promising coating material for blood contacting medical devices. 
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4.1. Abstract 

 

In this study, injectable, non-diffusible, and pre-filled bone pastes were developed using α-tricalcium 

phosphate (α-TCP) and hydrophobically modified poly(vinyl alcohol)s (hm-PVAs) with various alkyl chain 

lengths (3–12). The resulting bone pastes showed high injectability (over 90%) when the solid-liquid ratio was 

lower than 3.5. The non-diffusion property of α-TCP/hm-PVAs bone pastes in water and fresh porcine blood 

was observed compared with α-TCP alone, α-TCP/original PVA (Org-PVA), and commercial calcium 

phosphate paste. Compressive strength of α-TCP/nonanal modified PVA (C9-PVA) bone pastes was 5.4±1.4 

MPa within 24 h, and reached to 27.5±2.7 MPa after 7 days in water. Young's modulus of α-TCP/C9-PVA bone 

pastes was 0.84±0.02 GPa, which was lower than that of commercial calcium phosphate paste (1.5±0.02 GPa) 

and poly(methyl methacrylate)-based bone cement (1.06±0.03 GPa). Furthermore, the surface of α-TCP/C9-

PVA bone pastes showed excellent cell adhesion of cultured osteoblastic cells. These results demonstrated that 

α-TCP/C9-PVA bone paste is a promising bone filler for percutaneous vertebroplasty (PVP) surgery. 
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4.2. Introduction 

 

Along with a growing elderly population, there is an increase in cases of osteoporotic compression 

fractures of the vertebrae [1]. Vertebral compression fracture (VCF) can lead to the deterioration of pulmonary 

function and the compression of abdominal organs, which impair the daily life of elderly patients. The common 

surgical treatment for VCF is the use of bone filler.  

Currently, a bone cement composed of poly (methyl methacrylate) (PMMA) is widely used in clinical 

treatment. However, PMMA-based bone cement generates heat of at least 80 ℃ during the polymerization 

process of methyl methacrylate (MMA), causing severe damage to the tissue around the injection site [2]. In 

addition, some unreacted MMA monomer or oligomer elutes from the injection site before completely 

solidifying, then diffuses into the lungs inducing an adverse effect [3, 4]. Furthermore, PMMA cement shows 

a high compressive strength of over 80 MPa which greatly exceeds the average strength of vertebrae in the 

elderly (2.37 MPa), and its Young's modulus (1 GPa) is also higher than average (0.35 GPa) [5]. For these 

reasons, patients who undergo vertebral dilatation surgery are inclined to refracture around the injection site 

[6, 7]. 

To overcome the risks of refracture, an elastic material composed of silicone and barium sulphate 

has been applied in vertebral dilatation surgery [8, 9]. The greatest feature of this material is low stiffness [10]; 

however, it is also compromised by its polymerization reaction, and the diffusion of the monomer or oligomer 

still pose health hazards to patients [11]. 

In addition to the fillers, calcium phosphate-based bone pastes are commercially available 

biomaterials for bone defects [12]. The application of calcium phosphate paste relies on the hydration reaction 

of calcium phosphate instead of a polymeric reaction [13, 14]. Generally, α-type tricalcium phosphate (α-TCP) 

is used due to its high curing rate and strength compared to that of another crystal form, β-type tricalcium 

phosphate (β-TCP) [15]. However, the possibility of diffusion leakage from the bone fracture site is also a 

problem in the practical application of calcium phosphate paste. Furthermore, components of calcium 

phosphate paste gradually dissolve in water, so it is difficult to cure in a bleeding site and to maintain adequate 

strength. Therefore, the use of calcium phosphate pastes alone in vertebroplasty is limited [16]. Also, 

preparation processes of bone cements as well as calcium phosphate pastes are complex and time-consuming 

[17]; therefore, pre-filled and injectable bone pastes are required.  

For elderly patients, percutaneous vertebroplasty (PVP) surgery, a minimally invasive treatment, is most 

acceptable with injection by a relatively small needle [18]. Thus, taking these factors into consideration, the 

ideal bone filler has to meet the requirements of clinical practice such as having an injectable property, 

curability in a water/blood environment, non-diffusibility and biological safety.  

In this study, focusing on the water-insoluble characteristic of hydrophobically modified poly(vinyl 

alcohol) (hm-PVA), we developed an injectable, non-diffusible and pre-filled type bone paste composed of α-

TCP and hm-PVA (Figure 4-1). Using dimethyl sulfoxide (DMSO), which is used as a solvent of a non-

adhesive liquid embolic agent for cerebral arteriovenous malformations [19-21], we successfully prepared a 

pre-filled type bone paste that did not require mixing before injection. Detailed bone mechanical properties 

and cell adhesion properties resulting from the use of α-TCP/hm-PVA bone pastes were evaluated.  
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Figure 4-1. The properties of α-TCP/hm-PVA bone paste developed in this study 

 

4.3. Materials and methods 

 

4.3.1. Materials 

 

Ethanol (EtOH, 99.5%), super-dehydrated DMSO, 6 N hydrochloric acid (HCl), 10% formalin 

neutral buffer solution, Dulbecco's phosphate buffered saline (D-PBS) without Ca and Mg, 99.9% DMSO-d6 

containing 0.05 w/v% tetramethylsilane, 4% paraformaldehyde (PFA) phosphate buffer solution and albumin 

from bovine serum (BSA) were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Otsuka 

normal saline 2-port was purchased from Otsuka Pharmaceutical Co., Ltd. (Tokyo, Japan). PVA (Mw= 88,000, 

saponification degree was over 98.5%) and cell count reagent SF were purchased from Nacalai Tesque, Inc. 

(Kyoto, Japan). Propionaldehyde (C3), hexanal (C6), nonanal (C9), and dodecyl aldehyde (C12) were 

purchased from Tokyo Chemical Industry Co., Ltd (Tokyo, Japan). Porcine whole blood was purchased from 

Tokyo Shibaura Organ Co., Ltd (Tokyo, Japan). Minimum essential medium (MEM Alpha) and TrypLETM 

Express were purchased from Thermo Fisher Scientific Co., Ltd (Tokyo, Japan). Foetal bovine serum (FBS), 

penicillin/streptomycin solution and phalloidin-tetramethyl rhodamine B isothiocyanate peptide from Amanita 

phalloides were purchased from Sigma-Aldrich Co., Ltd (Missouri, USA). Biopex-R calcium phosphate 

cement was purchased from HOYA Technosurgical Co., Ltd (Tokyo, Japan). Endurance PMMA bone cement 

was purchased from Johnson & Johnson Co., Ltd (Brunswick, USA). α-Tricalcium phosphate was purchased 

from Taihei Chemical Industry Co., Ltd (Toki, Japan). α-Tricalcium phosphate was precisely smashed (particle 

size: 3.2 μm) by Nissei Engineering Co., Ltd (Tokyo, Japan). Triton X-100 stock solution was purchased from 

Cayman Chemical Co., Ltd (Estonia Biomol GmbH, Germany). Cell stain 4',6-Diamidino-2-phenylindole, 

dihydrochloride (DAPI) solution was purchased from Dojindo Laboratories (Tokyo, Japan). 
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4.3.2. Synthesis of hm-PVAs 

 

The hm-PVAs were prepared through the nucleophilic substitution reaction between an aldehyde and 

the hydroxy groups of PVA as previously reported [22, 23]. First, PVA (10 g) was dissolved in 98 mL of H2O 

at 80 ℃ for 60 min. Then, 100 mL of DMSO and 2 mL of 1 N HCl were added to form a 200 mL solution of 

5 w/v% PVA and 1 v/v% 1 N HCl. Different amounts of aldehyde groups (C3, C6, C9, C12) were added into 

the solution, and the resulting mixtures were stirred at 50 ℃ for 1 h. A reflux condenser was used in all 

processes. After the reaction, the obtained hm-PVA (H2O/DMSO = 50/50 (v/v)) solution was added to 600 mL 

(around 3 times) cold EtOH under stirring for 1 h. The hm-PVAs precipitated from the solution, and then the 

precipitation was washed with 300 mL of EtOH at least three times to remove the unreacted aldehyde and 

DMSO. The solvent was evaporated under vacuum to obtain purified hm-PVAs as white crystals. Finally, the 

crystals were crushed finely using a crusher (Wonder crusher WC-3, Osaka Chemical, Osaka, Japan). 

 

4.3.3. Characterization of hm-PVAs 

 

The chemical structures of the hm-PVAs were analysed by nuclear magnetic resonance (1H-NMR) 

spectroscopy (AL300, JEOL, Tokyo, Japan) using a 0.5 w/v% hm-PVA/DMSO-d6 solution at 25 ℃. The 

number of scans was 8 times for each sample. Fourier transform-infrared spectroscopy (FT-IR, 8400S, 

Shimadzu, Kyoto, Japan) analysis was carried out to confirm the presence of acetal groups in the hm-PVAs. 

The scan range was 700 cm-1 to 4, 000 cm-1 and there were 64 scans for each sample. Hydrophobic group 

modification ratios of the hm-PVAs were determined by 1H-NMR spectroscopy. The modification ratios were 

calculated by following equation:  

 

Modification ratio (mol%) = [{Integral area (CH3 proton)/3} / Integral area (αCH proton)]×100 

 

where integral area (αCH proton) is the area of peak at 3.87 ppm corresponding to the αCH proton in the 

backbone of PVA and hm-PVAs; integral area (CH3 proton) is the area of peak at 0.85 ppm assigned to the 

CH3 proton in the hydrophobic groups in the hm-PVAs. 

 

4.3.4. Evaluation of injectability 

 

The injectability of α-TCP/hm-PVA bone pastes was evaluated according to the method previously 

reported [24]. α-TCP (from 1 g to 4 g) was kneaded with 1 mL of hm-PVA/DMSO solution. Then, the mixture 

was filled in a 2.5 mL syringe (Terumo Co., Tokyo, Japan). The syringe was set into a metal mould with a 

hole as shown in Figure 3a. The injectability was measured with a testing machine (EZ-LX, Shimadzu Co., 

Kyoto, Japan). The paste was extruded under pressure, and this process was stopped when the extrusion 

strength reached 100 MPa. Three specimens were tested for each group. Injectability was calculated by the 

following equation: 

 

Injectability (%) = 100 × (Wt-Wr) / Wt 

 

where Wt and Wr are weight of the total paste and weight of the remaining paste in syringe, respectively. 

 

4.3.5. Stability of α-TCP/hm-PVA bone pastes in water or blood after injection 

 



Chapter 4 

63 

α-TCP (3.5 g) was kneaded with 1 mL of hm-PVA/DMSO solution (10 w/v%). The resulting pastes 

were filled in 2.5 mL syringes and injected into glass beakers containing 20 mL PBS or porcine whole blood 

and stirred vigorously with vortex for 5 seconds. Then, the transmittance of 3 mL supernatant of the PBS 

solution after injection and mixing of α-TCP/hm-PVA bone pastes was used to determine turbidity by using 

ultraviolet-visible near-infrared spectrophotometer (UV-vis, V660, Jasco Co., Tokyo, Japan).   

 

4.3.6. Measurement of compressive strength 

 

Bone pastes for measuring compressive strength were prepared following the procedures shown in 

Figure 5a according to the Japanese industrial standard (JIS) T 0330-4. Initially, the hm-PVA was dissolved 

in DMSO solvent to obtain a 10 w/v% solution. Then, α-TCP (from 1 g to 4 g) was kneaded with 1 mL of hm-

PVA/DMSO solution. Samples were set into a Teflon mould (diameter of 6 mm and thickness of 12 mm) that 

had one side closed with a glass plate. Finally, the mould was immersed into the PBS solution at 37 ℃. DMSO 

present in the bone paste gradually diffused, while α-TCP/hm-PVA composites were consolidated by a 

hydration hardening reaction. The composite formed hydroxyapatite crystals [25] when contacted with water 

or blood. After 48 h when the paste was completely cured, the sample was peeled off from the mould. The 

surface structure of the paste was observed using a scanning electron microscopy (SEM, S4800, Hitachi Co., 

Tokyo, Japan). Elemental analysis of the paste surface was conducted by energy dispersive X-ray spectrometry 

(EDX, S4800, Hitachi Co., Tokyo, Japan). As a control, commercial products Endurance and Biopex-R were 

filled in the same mould and consolidated in an incubator at 37 ℃ for 2 days. The compressive strength was 

measured using a universal testing machine (EZ-LX, Shimadzu Co., Kyoto, Japan) according to JIS T 0330-4 

with a compression speed of 0.5 mm/min.  

 

4.3.7. Osteoblast adhesion test 

 

Mouse osteoblastic cells (MC3T3) were cultured in MEM Alpha (Gibco) supplemented with 10% 

FBS (Sigma-Aldrich) and 1% penicillin/streptomycin (Sigma-Aldrich) under standard cell culture conditions: 

a sterile, 37 ℃, humidified, and 5% CO2 environment. Cells at passage numbers 3–5 were used in the 

experiments. Before sample preparation, the α-TCP was sterilized by UV irradiation for 60 min and hm-

PVA/DMSO solution was autoclaved. All operations were done in a clean bench (As One, Osaka, Japan). The 

pastes were set into the silicone mould (diameter of 10 mm and thickness of 1 mm) followed by immersion in 

PBS at 37 ℃ for 48 h. The consolidated bone disks were peeled off from the silicone sheet, and then put into 

a 48-well plate (Falcon, Corning, New York, USA). An amount of 30 μL of culture medium containing 2 × 

104 MC3T3 cells was dropped on the surface of the bone disks. The well plate was incubated for 1 h to ensure 

that the MC3T3 cells had adhered to the sample. After preliminary incubation, 470 μL of culture medium was 

added to each well. After incubating for an additional 23 h, the bone pastes were moved into a new 48-well 

plate. An amount of 500 μL of culture medium and 50 μL of cell count reagent were added into each well 

followed by incubation for 2 h. The mixture (150 μL) was then transferred to a 96-well plate, and its absorbance 

at 450 nm was measured using a microplate reader (Spark10M, Tecan, Osaka, Japan). In this test, culture 

medium with 8 × 105, 4 × 105, 2 × 105, 1 × 105, 5 × 104, 2.5 × 104, and 1.25 × 104 MC3T3 cells were used as 

standard. The adsorbed osteoblasts were stained with phalloidin-tetramethyl rhodamine B isothiocyanate 

peptide (cytoskeleton actin) and DAPI solution (cell nucleus), respectively. Briefly, media was removed firstly, 

and each well was washed with PBS solution. In each well, 200 µL of fresh fixative solution (4% PFA in PBS) 

was dispensed and cells were fixed for 15 min at room temperature. The fixative solution was removed and 

washed with PBS. Then, 0.2% triton X-100 solution was added in each well for 10 min at room temperature. 
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The remaining triton X-100 was removed by washing gently three times with PBS, and then blocking solution 

(1% BSA in PBS) was dispensed into each well for 1 h incubation. The blocking solution was removed, then 

400 µL phalloidin-tetramethyl rhodamine B isothiocyanate peptide in 1% BSA solution (1:100 dilution) was 

added into each well and incubated for 1 h. Next, each well was washed with PBS at least three times. Finally, 

DAPI solution in PBS (1:100 dilution) was added for 10 min, followed by washing three times with PBS. 

Fluorescence of stained cells was observed using inverted fluorescence phase contrast microscope (BZ-X700, 

Keyence Co., Tokyo, Japan).  

 

4.3.8. Statistical analysis 

 

Statistical analysis was carried out using Tukey-Kramer test with KyPlot software. Statistically 

significant differences were accepted when p < 0.05. Data were presented as means ± standard deviations (SD). 

 

4.4. Results and discussion 

 

4.4.1. Synthesis and characterization of hm-PVAs 

 

The hm-PVAs were prepared via the reaction between the hydroxy groups of PVA and an aldehyde 

(Figure 4-2a) as previously reported[22, 23]. Under acidic conditions, aldehydes react with hydroxyl groups 

via a nucleophilic substitution reaction to form intermediates; in our experiment, the stable hexagonal ring 

structure was obtained in a short time[23]. Figure 4-2b shows the 1H-NMR spectra of the hm-PVAs with 

different numbers of methylene carbons. The chemical shift at 0.85 ppm was assigned to the CH3 proton in the 

hydrophobic groups of the hm-PVAs. The chemical shift at 1.26 ppm belonged to the αCH2 proton of the 

hydrophobic groups in the hm-PVAs. This indicates the successful introduction of alkyl groups into the PVA 

molecule. The structure of the hm-PVAs was also analysed by FT-IR spectra (Figure 4-2c). The peak observed 

at 1,080 cm-1 was attributed to the antisymmetric stretch of C-O-C bonds in the acetal groups of the hm-PVAs. 

The C-H stretching vibration at 2,930 cm-1 of αCH2 appeared in the spectra of the hm-PVA. These results 

revealed that hm-PVAs with different numbers of methylene carbons were successfully synthesized. The 

modification ratios of the hydrophobic groups (Table 4-1) were calculated using the 1H-NMR results. As can 

be seen in Table 4-1, the modification ratio increased with the addition of aldehydes (C3, C6, C9, and C12), 

and about 50% of aldehydes were introduced into PVA molecules. We found that only the hm-PVA with a 

high modification ratio of the hydrophobic group could precipitate in water (Figure 4-3). Therefore, 23C3-

PVA, 20C6-PVA, 20C9-PVA, and 23C12-PVA were used for further study. 

 

Table 4-1. Modification ratios of the hm-PVAs 

Type of hm-PVAs 
Hydrophobic group 

reagent 

Hydrophobic group 

reagent added 

(mol%) 

Hydrophobic group 

modification 

(mol%) 

C3-PVA Propanal 50 23 

C6-PVA Hexanal 50 19 

C9-PVA Nonanal 50 20 

C12-PVA Dodecanal 50 23 
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Figure 4-2. a) Synthesis of hm-PVAs. b) 1H-NMR spectra and c) FT-IR spectra of the hm-PVAs 

 

 

Figure 4-3. Evaluation of aggregation ability (○Dissoluble; △Slightly; ×Soluble). 

 

4.4.2. Injectability of α-TCP/hm-PVA bone pastes 

 

For the surgical treatment of PVP, the bone pastes used must be injectable. We therefore evaluated 

the injectability of the bone pastes with various solid-liquid ratios of α-TCP and C9-PVA according to the 

method previously reported [24] (Figure 4-4a). Injectability of α-TCP/C9-PVA bone pastes was over 90% 

when the solid-liquid ratio was from 2 to 3.5; while it greatly decreased when solid-liquid ratio was 3.75 

(44.5±3.5%). It could be that the α-TCP/C9-PVA bone pastes with high solid density lost fluidity. We found 
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that there were many particles on the surface of the consolidated α-TCP/C9-PVA bone pastes with a high solid-

liquid ratio (Figure 4-5) and that the average particle size was the same as that of the α-TCP used in this work 

(3.2 μm). This may have been because α-TCP could not be sufficiently kneaded at a solid-liquid ratio over 

3.75.  

 

Figure 4-4. a) The process of the injectability test. b) Injectability of α-TCP/C9-PVA bone pastes. 

The concentration of C9-PVA/DMSO solution was 10 w/v%. 

 

 

Figure 4-5. SEM images of α-TCP/C9-PVA bone pastes with different solid-liquid ratios. The concentration 

of PVA or hm-PVA/DMSO solution was 10 w/v%. 
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4.4.3. Stability of α-TCP/hm-PVA bone pastes in water or blood after injection  

 

For the injection of bone pastes into the fractured vertebral body, the bone pastes must be stable in a 

water or blood environment to avoid fragmentation [26]. Therefore, we evaluated the stability of α-TCP/hm-

PVA bone pastes with different alkyl chain lengths in PBS. Figures 4-6a-c show the stability of bone pastes 

after injection or stirring. As can be seen in Figure 4-6a, the stability of α-TCP/hm-PVA bone pastes in PBS 

was highly dependent on the alkyl chain length; that is, α-TCP/hm-PVA bone pastes with no or short alkyl 

chain, α-TCP/original PVA (Org-PVA) and α-TCP/C3-PVA, could be injected into PBS; however, they 

dissolved in the PBS after stirring. By contrast, stability was observed when α-TCP/hm-PVA bone pastes with 

long alkyl chains, α-TCP/C6-PVA, α-TCP/C9-PVA and α-TCP/C12-PVA, were injected into PBS. The 

injected shapes of these α-TCP/hm-PVA bone pastes were maintained even after stirring. Figure 4-6b shows 

the transmittance of PBS supernatant after injection of bone pastes and stirring. Supernatant of commercial 

calcium phosphate bone paste (Biopex-R), α-TCP/Org-PVA and α-TCP/C3-PVA bone pastes became turbid, 

meaning that these pastes cannot be injected in water. Meanwhile, the transmittance of α-TCP/C6-PVA, α-

TCP/C9-PVA and α-TCP/C12-PVA bone pastes were much higher, which may due to the good interaction 

between the hydroxy groups of hm-PVAs and Ca2+ ions from α-TCP particles [27]. In addition, the 

hydrophobic interaction between the alkyl chains of hm-PVAs increased with increasing alkyl chain length. 

As a result, α-TCP/hm-PVA composites with long alkyl chain lengths, C6-PVA, C9-PVA and C12-PVA, were 

stable in water even after stirring. Compared with the hydrophobic interaction of C6-, C9- and C12-PVA, the 

hydrophobic interaction of C3-PVA was the weakest. Therefore, the transmittance of supernatant after 

injection of α-TCP/C3-PVA bone paste was 79.4±0.3%, which was much lower than that of α-TCP/C6-PVA 

(99.5±0.1%), α-TCP/C9-PVA (98.1±0.1%), and α-TCP/C12-PVA (96±0.1%) pastes. Figure 4-6c shows the 

transmittance amounts of supernatant after injection with α-TCP/C9-PVA bone pastes with different 

concentrations of C9-PVA from 5 to 20 w/v%. Surprisingly, there was no significant difference amongst the 

four samples. These results revealed that α-TCP/hm-PVA bone paste, especially α-TCP/C9-PVA bone paste, 

was able to consolidate in blood. Figure 4-6d shows the stability of α-TCP/hm-PVAs pastes in citric acid-

containing porcine whole blood after injection and stirring. The commercial calcium phosphate paste Biopex-

R did not remain after removing porcine whole blood, meaning that the paste dissolved in the blood. 

Meanwhile, α-TCP/Org-PVA bone paste left white particles on the sides of the glass beaker, but no uniform 

solid was found on the bottom of the beaker. The main reason for this was that the components of the α-

TCP/Org-PVA bone paste were easily dissolved in water and blood. α-TCP/C3-PVA bone paste could be 

partially cured in blood; however, white particles were also found on the sides of the glass beaker due to the 

high solubility of α-TCP/C3-PVA bone paste. The α-TCP/hm-PVA bone pastes with long alkyl chain lengths, 

C6-, C9- and C12-PVA, could be injected in whole blood, and keep their shape even after stirring. Also, the 

dispersed white components (α-TCP particles) were not found on the sides of the glass beakers. We believe 

that these phenomena were due to the hydrophobicity as well as the good interaction between the hydroxy 

groups of hm-PVAs and Ca2+ ions from α-TCP. These results were consistent with Figures 4-6a-c. We also 

found an acceleration of blood coagulation after injection of α-TCP/C9-PVA bone paste, as shown in Figure 

4-6e. This may be because Ca2+ ions released from the cured α-TCP/C9-PVA bone paste accelerated fibrinogen 

clotting in the presence of thrombin [28], as shown in Figure 4f. These results suggested that α-TCP/C9-PVA 

bone paste could exert a haemostatic effect even in a bloody environment. 
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Figure 4-6. The stability of α-TCP/hm-PVA bone pastes in PBS solution or porcine whole blood. a) The 

images of the α-TCP/hm-PVA bone pastes after injection (upper) and after stirring (bottom) in PBS solution. 

b) The transmittance of PBS supernatant solution contained α-TCP/hm-PVA bone pastes after stirring. The 

concentration of hm-PVA/DMSO and PVA/DMSO solutions was 10 w/v%. c) The transmittance of PBS 

supernatant solution contained α-TCP/C9-PVA bone pastes after stirring. The concentration of C9-

PVA/DMSO solution was from 5 to 20 w/v%. d) The curability test of α-TCP/hm-PVA bone pastes in porcine 

whole blood. e) Blood clotting occurred in fresh porcine whole blood with injection of α-TCP/C9-PVA bone 

paste. f) Blood coagulation mechanism of fresh porcine whole blood contained α-TCP/C9-PVA bone paste. 

 

4.4.4. Compressive strength  
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 The compressive strengths of α-TCP/hm-PVA bone pastes were evaluated according to JIS T 0330-

4. The measurement procedure is shown in Figure 4-7a. Teflon mould was employed to prepare samples for 

the measurement of compressive strength. Figure 4-7b shows the effect of the solid-liquid ratio on the α-

TCP/C9-PVA bone pastes. Compressive strength increased with an increase of the solid-liquid ratio. The 

compressive strength of the α-TCP/C9-PVA bone pastes was 7.9±0.9 MPa when the solid-liquid ratio was 2, 

and the strength increased to 18±1 MPa when the solid-liquid ratio was 3.5. The main reason was that the 

density of the inorganic component increased. Through the SEM observation of the surface of α-TCP/C9-PVA 

bone pastes, we observed that the pore size decreased with an increase in the solid-liquid ratio (Figure 4-5). 

The EDX results of α-TCP/C9-PVA bone pastes in Table 4-2 show that the concentration of element C 

assigned to C9-PVA decreased with an increase in the solid-liquid ratio. This was due to the decrease in the 

proportion of organic components in α-TCP/C9-PVA bone paste. 

 

Table 4-2. Elemental analysis of α-TCP/C9-PVA bone pastes by EDX 

Solid-Liquid ratio C (atomic%) O (atomic%) Ca (atomic%) P (atomic%) 

1 25 50.7 10 14.3 

1.5 12.1 55.2 13.8 18.9 

2 9.6 58.6 13.3 18.5 

2.5 9.8 60 12.7 17.5 

3 8.7 59.3 13.6 18.4 

3.5 8.3 63.7 11.8 16.2 

4 8.3 61.7 12.4 17.6 

 

On the other hand, the Young's modulus was also increased by increasing the solid-liquid ratio from 

0.43±0.12 GPa to 0.77±0.03 GPa. Considering the results of the injection property (Figure 4-4), the solid-

liquid ratio of α-TCP/hm-PVA bone pastes was fixed at 3.5 for further experiments. Figure 4-7c shows the 

effect of alkyl chain length on α-TCP/hm-PVA bone pastes. There was no significant difference on 

compressive strength between α-TCP paste and α-TCP/Org-PVA paste; however, Young's modulus of α-

TCP/Org-PVA bone paste was lower than that of α-TCP paste due to the organic component Org-PVA. We 

found that the compressive strength of α-TCP/hm-PVA bone pastes were around 15 MPa. Meanwhile, the 

Young's modulus of the α-TCP/C3-PVA and α-TCP/C6-PVA bone pastes was higher than that of α-TCP/C9-

PVA and α-TCP/C12-PVA bone pastes, as a result of the lower hydrophobic interaction of hm-PVA with short 

alkyl chains. Based on water stability (Figures 4-6a-c) and a moderate Young's modulus, α-TCP/C9-PVA bone 

pastes were used for further evaluation. Figure 4-7d shows the effect of C9-PVA concentration on α-TCP/C9-

PVA bone pastes. The Young's modulus of α-TCP/C9-PVA bone pastes clearly decreased while the 

compressive strength was maintained (around 18 MPa) with increasing the amount of organic component. We 

confirmed that the compressive strength was related to the density of the inorganic component (α-TCP), while 

the Young's modulus was affected by the concentration of the organic component (C9-PVA). It was revealed 

that α-TCP/C9-PVA bone paste with low C9-PVA concentration (10 w/v%) had good injectability and curing 

ability in blood (Figures 4-6b and 4-7d). According to these results, α-TCP/C9-PVA bone paste with moderate 

C9-PVA concentration (10 w/v%) at a solid-liquid ratio of 3.5 had the appropriate conditions for use as an 

injectable bone paste. Figure 4-7e shows the increased compressive strength of α-TCP/C9-PVA bone pastes 

after immersion in PBS. The mechanical properties of α-TCP/C9-PVA bone pastes were close to cancellous 

bone (< 10 MPa) [29] after incubation for 24 h. The compressive strength of α-TCP/C9-PVA bone paste after 



Chapter 4 

 

70 

one day was 5.4±1.4 MPa, and its Young's modulus (0.35±0.09 GPa) is close to that of average vertebrae 

(0.35±0.14 GPa). The compressive strength of α-TCP/C9-PVA bone paste increased to 18.1±1 and 27.5±2.7 

MPa after 2 days and 7 days, respectively, while the Young's modulus increased to 0.77±0.03 and 0.84±0.02 

MPa after 2 days and 7 days, respectively. It was confirmed that the compressive strength and Young's modulus 

of α-TCP/C9-PVA bone paste reached a peak after 3 days. 

 

Figure 4-7. Mechanical properties of consolidated α-TCP/hm-PVA bone pastes. a) The preparation and 

mechanical property measurement of consolidated α-TCP/hm-PVA bone pastes. b) Compressive strength and 

Young’s modulus of consolidated α-TCP/C9-PVA bone pastes with different solid-liquid ratios after 

incubation for 2 days. The concentration of C9-PVA/DMSO was 10 w/v%. c) Compressive strength and 

Young’s modulus of consolidated α-TCP/PVA or hm-PVA bone pastes with solid-liquid ratio of 3.5 after 

incubation for 2 days. The concentration of hm-PVA/DMSO was 10 w/v%. d) Compressive strength and 

Young’s modulus of consolidated α-TCP/C9-PVA bone pastes with different C9-PVA concentrations after 

incubation for 2 days. The solid-liquid ratio of α-TCP/C9-PVA bone pastes was 3.5. e) Compressive strength 

and Young’s modulus of consolidated α-TCP/C9-PVA bone pastes with solid-liquid ratio of 3.5 after 

incubation for 1-7 days. Compressive strength is shown as a bar graph and Young’s modulus is shown as a 

point graph. The compressive strength and Young’s modulus of vertebrae 1) referred the results of Banse, X 

et al.; Journal of Bone and Mineral Research, 17, 2002, 1621-1628. (P***<0.001, n=5). 

 

Figure 4-8 shows the comparison of α-TCP/C9-PVA bone paste and commercial cements (Biopex-

R and Endurance). The compressive strength and Young's modulus of α-TCP/C9-PVA bone pastes were lower 
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compared to those of the commercial cements. The compressive strength and Young's modulus of Biopex-R 

reached 23.8±2.1 MPa and 1.32±0.06 GPa, respectively, on the first day, while these values increased to 57.6±2 

MPa and 1.5±0.02 GPa, respectively, after 7 days. The compressive strength and Young's modulus of 

Endurance reached 48.9±3.5 MPa and 0.83±0.05 GPa, respectively on the first day, while these values 

increased to 81.5±1.7 MPa and 1.06±0.03 GPa, respectively after 7 days. The ideal bone filler, marked with a 

star in Figure 6, is necessary to reduce the risk of refracture. In conclusion, the values of α-TCP/C9-PVA bone 

paste show that it is better for use in clinical application than Biopex-R and Endurance. 

 

Figure 4-8. Comparison of commercial products with α-TCP/C9-PVA bone paste developed. 

 

4.4.5. Osteoblast adhesion test 

 

To evaluate the cell adhesion property of α-TCP/hm-PVA bone pastes after injection into a vertebral 

fracture site, osteoblasts were cultured on cured disk-shaped α-TCP/hm-PVA bone pastes. Figure 4-9 shows 

MC3T3 osteoblastic cell adhesion onto different types of α-TCP/hm-PVA bone pastes.  

As shown in Figure 4-9a, cells were adhered to and spread on the surface of α-TCP/C6-PVA, α-

TCP/C9-PVA and α-TCP/C12-PVA bone pastes. In contrast, cell adhesion was not observed on the surface of 

α-TCP, α-TCP/Org-PVA and α-TCP/C3-PVA bone pastes. There were two main reasons for this phenomenon: 

the dissolution of bone paste components into culture medium and the high hydrophilicity of these bone paste 

surfaces. First, α-TCP, Org-PVA and C3-PVA were easy to dissolve in water; therefore, the surfaces of these 

three types of pastes were unstable, which led to cells detaching from the surface. Second, in general, high 

hydrophilic surfaces show an anti-resistant property of protein adsorption as well as cell adhesion [30]. The 

hydrophilicity of PVA and C3-PVA was much higher compared to that of C6-, C9 and C12-PVA. On the other 

hand, good cell adhesion was observed on the Biopex-R surface. This may be because Biopex-R contains 

sodium chondroitin sulphate, a component of an extracellular matrix which controls cell traits such as cell 

adhesion [31], migration, differentiation and proliferation [32]; therefore, the surface of Biopex-R can work as 
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a cell scaffold. The PMMA-based bone cement, Endurance, also has a positive effect on cell adhesion and 

spreadability.  

Figure 4-9b shows the quantitative data of cell adhesion on different kinds of bone pastes. We found 

that the osteoblast cells adhered on the surface of α-TCP/C9-PVA bone paste, whereas Biopex-R and 

Endurance bone cement showed no significant difference in cell adhesion after 24 h incubation. On the other 

hand, the number of cells adhered to the α-TCP/Org-PVA could not be determined due to its high hydrophilic 

surface. The number of osteoblast cells adhered to the surface of α-TCP and α-TCP/C3-PVA bone paste were 

4.1 × 103 and 5.6 × 103, respectively, which was much less than that of α-TCP/C9-PVA bone paste (3.2 × 104). 

It was clear that the growth of osteoblast cells was much better on α-TCP/hm-PVA bone pastes with long alkyl 

chains than that of α-TCP/hm-PVA bone paste with short alkyl chains. These results were consistent with 

Figure 4-9a). We employed DMSO as an organic solvent for α-TCP/hm-PVA bone paste. DMSO is used in a 

commercial product as a solvent of a non-adhesive liquid embolic agent (OnyxTM liquid embolic system) for 

cerebral arteriovenous malformations. Therefore, we think that the use of DMSO as a solvent is safe for clinical 

application. The results shown in Figure 4-9 also support our materials design. The main urinary metabolite of 

DMSO is dimethyl sulfone (DMSO2) produced by oxidation, but in breath, dimethyl sulphide (DMS) is 

produced by reduction and excreted [33]. Using DMSO, we successfully prepared an injectable, non-diffusible, 

pre-filled type of bone paste. The resulting α-TCP/hm-PVA bone pastes can be injected into marrow defect 

sites. We will conduct in vivo studies of this α-TCP/hm-PVA bone paste in the near future. 

 

Figure 4-9. The MC3T3 adhesion on consolidated α-TCP/hm-PVA bone pastes. a) Cell staining of  MC3T3 

cells for phalloidin–tetramethyl rhodamine B isothiocyanate peptide and DAPI (Phalloidin–tetramethyl 

rhodamine B isothiocyanate peptide in red and DAPI in blue, respectively). b) Number of cells on the 

consolidated α-TCP/hm-PVA bone paste after 24h incubation (P***<0.001, n=3). 
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4.5. Conclusions 

 

Injectable, non-diffusible and pre-filled type bone pastes composed of α-TCP and hm-PVAs with various 

alkyl chain lengths were developed. α-TCP/hm-PVAs bone pastes showed high injectability (over 90%) when 

the solid-liquid ratio was lower than 3.5. α-TCP/hm-P pastes with alkyl chains higher than C6 showed a non-

diffusion property even in water and fresh porcine whole blood. The compressive strength of α-TCP/C9-PVA 

bone pastes increased in water and reached 27.5±2.7 MPa after 7 days. The Young’s modulus of α-TCP/C9-

PVA bone paste was lower than that of commercial calcium phosphate paste and PMMA-based bone cement 

and similar to that of ideal bone filler. Furthermore, α-TCP/C9-PVA bone paste showed excellent cell adhesion 

property on which osteoblastic cells were cultured. Therefore, α-TCP/C9-PVA bone paste is a promising bone 

filler for PVP surgery. 
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5.1. Abstract 

 

Surgical therapy (clipping) and endovascular therapy (coiling) are the main treatment options for 

people with cerebral aneurysm. In recent years, minimally invasive coil embolization has been recommended. 

However, the surgical method presents challenges in filling rate and operability, thus highlighting the need for 

a novel embolization material. In this study, injectable inclusion complexes for cerebral aneurysm treatment 

were prepared by α-cyclodextrin (α-CD) and hydrophobically modified poly(vinyl alcohol) (hm-PVA) with 

various alkyl chain lengths (3, 9, and 18). As the α-CD concentration increased, the viscosity of the α-CD/hm-

PVA mixtures drastically decreased. Further, 2D-NMR NOESY spectra indicated that a threaded inclusion 

complex was formed between α-CD and hm-PVA. By mixing hm-PVAs with different concentrations of α-CD, 

only hm-PVA (5 mol% nonanal-modified PVA (5C9-PVA)) with 15 mM α-CD showed a good thixotropic 

property. Additionally, this inclusion complex showed a gel-sol switchable property under different strain 

amplitudes (1% and 1000%). The α-CD/5C9-PVA inclusion complex showed good injectability, even upon 

using a 25 G needle. After injecting the α-CD/5C9-PVA inclusion complex into an in vitro cerebral aneurysm 

model, it formed aggregates in phosphate buffer solution at 37 ℃ and filled in the whole area. These results 

demonstrate that the α-CD/5C9-PVA inclusion complex could be an ideal material for cerebral aneurysm 

treatment. 
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5.2. Introduction 

 

A cerebral aneurysm is an abnormal focal dilation of an artery in the brain that results from a 

weakening of the inner muscular layer (the intima) of a blood vessel wall. The vessel develops a "blister-like" 

dilation that can become thin and rupture without warning. The resultant bleeding into the space around the 

brain is called a subarachnoid hemorrhage (SAH) [1]. In fact, the most common cause of SAHs is attributed 

to ruptured cerebral aneurysms [2, 3]. Further, SAHs can lead to stroke, coma, and/or death. Although urgent 

therapy can save the lives of patients when SAH occurs, only about 1 in 3 people can restore their cerebral 

function after treatment [4].  

People with unruptured cerebral aneurysms account for approximately 2% of adults without risk 

factors [5]. However, giant aneurysms, size greater than 25 mm, pose a particularly high risk and are difficult 

to treat [6]. Generally, there are three treatment options for people with cerebral aneurysm, including 

conservative management, surgical therapy (clipping), and endovascular therapy (coiling) [7]. The mechanical 

sophistication of available clips, along with the advent of the operating microscope in the 1960s, have made 

surgical clipping a standardized treatment of both ruptured and unruptured cerebral aneurysms [8]. However, 

the invasive and technically challenging process makes surgical clipping not an ideal treatment for patients [9]. 

The development of Guglielmi detachable coils (GDCs) approved by FDA in 1995 revolutionized 

endovascular treatment of cerebral aneurysms [10], advancing development of endovascular therapy with a 

microcatheter. 

It is well known that the occlusion effect of the coil on the aneurysm depends on the ratio of the 

indwelling coil volume to the aneurysm volume (VER; volume embolization ratio). Recently, a water 

absorbent polymer was coated on the coil surface to increase VER [11]. In addition, coils covered with 

biodegradable polymer (PGLA: polyglycolic acid-co-lactide acid) threads that promote thrombosis have been 

developed [12]. However, the VER of these materials is limited, resulting in recanalization of the aneurysm. 

Therefore, development of a simple embolic material with high VER is needed. 

 

Scheme 5-1. Schematic illustration of cerebral aneurysm embolization using α-CD/hm-PVA inclusion 

complex. The α-CD/hm-PVA inclusion complex with thixotropic property can easily be injected into the 

cerebral aneurysm site using a catheter. Due to recovery of physical crosslinks (hydrophobic interaction and 

hydrogen bond), the α-CD/hm-PVA inclusion complex can stably fill in the cerebral aneurysm. Finally, stable 

hm-PVA gel formation enabled embolization of the cerebral aneurysm after α-CD release. 
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Previous studies demonstrated embolization by injection of ethylene vinyl alcohol dissolved in 

dimethyl sulfoxide (DMSO) into aneurysm, which formed aggregates in that area [13, 14]. However, injection 

of an organic solvent into the blood vessel limited its clinical application as it can cause side effects on cranial 

nerves [15]. Focusing on the water insolubility of hydrophobically modified poly(vinyl alcohol) (hm-PVA) 

[16, 17] and the inclusion ability of α-cyclodextrin (α-CD) to hydrophobic groups, we developed an inclusion 

complex composed of α-CD and hm-PVA without using any organic solvent as a cerebral artery embolization 

material (Scheme 5-1). In this study, fundamental properties of the α-CD/hm-PVA inclusion process as well as 

potential applications of the resulting complex as a material for cerebral aneurysm embolization were evaluated. 

 

5.3. Materials and methods 

 

5.3.1. Materials 

 

Ethanol (EtOH, 99.5%), dimethyl sulfoxide (DMSO), 6 N hydrochloric acid (HCl), 10% formalin 

neutral buffer solution, Dulbecco's phosphate buffered saline (D-PBS), α-cyclodextrin, and 99.9% dimethyl 

sulfoxide-d6 (DMSO-d6) containing 0.05 w/v% tetramethylsilane (TMS) were purchased from Wako Pure 

Chemical Industries, Ltd. (Osaka, Japan). Otsuka normal saline 2-port was purchased from Otsuka 

Pharmaceutical Co., Ltd. (Tokyo, Japan). PVA (Mw = 88,000, with over 98.5% saponification degree) was 

purchased from Nacalai Tesque, Inc. (Kyoto, Japan). Propanal (C3), nonanal (C9), and octadecanal (C18) were 

purchased from Tokyo Chemical Industry Co., Ltd (Tokyo, Japan). Deuterium oxide (D2O) containing 0.05 

wt % 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid was purchased from Sigma Chemical Co. (St. Louis, MO, 

USA). 

 

5.3.2. Synthesis of hm-PVAs 

 

The hm-PVAs were prepared through the nucleophilic substitution reaction between an aldehyde and 

the hydroxyl groups of PVA, following a previously reported procedure [18, 19]. First, PVA (10 g) was 

dissolved in 48 mL of H2O at 80℃ for 60 min. Subsequently, 150 mL of DMSO and 2 mL of 1 N HCl were 

added to form a 200 mL solution of 5 w/v% PVA and 1 v/v% 1 N HCl. Different amounts of aldehyde groups 

(C3, C9, and C18) were added into the solution, and the resulting mixtures were stirred at 50℃ for 1 h. A 

reflux condenser was used in all processes. After the reaction, the obtained hm-PVA (H2O/DMSO = 25/75 

(v/v)) solution was added to 600 mL (around 3 times) cold EtOH under stirring for 1 h. The hm-PVAs 

precipitated from the solution and was washed with 200 mL EtOH at least three times to remove the unreacted 

aldehyde and DMSO. Finally, the solvent was evaporated under vacuum to obtain purified hm-PVAs as white 

crystals. All crystals were crushed finely using a crusher for subsequent analysis (Wonder crusher WC-3, 

Osaka Chemical, Osaka, Japan). 

 

5.3.3. Characterization of hm-PVAs 

 

The chemical structures of the hm-PVAs were analyzed by proton nuclear magnetic resonance (1H-

NMR) spectroscopy (AL300, JEOL, Tokyo, Japan) using a 0.5 w/v% hm-PVA/DMSO-d6 solution at 25 ℃ 

[16]. Eight scans for each sample were conducted. Fourier transform-infrared spectroscopy (FT-IR, 8400S, 

Shimadzu, Kyoto, Japan) analysis was carried out to confirm the presence of acetal groups in the hm-PVAs. 

The scan range was from 700 cm-1 to 4000 cm-1, and 64 scans were conducted for each sample. Hydrophobic 
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group modification ratios of the hm-PVAs were determined by 1H-NMR spectroscopy, and calculated using 

the following equation:  

 

Modification ratio (mol%) = [{Integral area (CH3 proton)/3} / Integral area (αCH proton)]×100 

 

where integral area (αCH proton) is the area of the peak at 3.87 ppm corresponding to the αCH proton in the 

backbone of PVA and hm-PVAs, and integral area (CH3 proton) is the area of the peak at 0.85 ppm assigned 

to the CH3 proton in the hydrophobic groups of hm-PVAs. 

 

5.3.4. Preparation of α-CD/hm-PVA mixtures 

 

The α-CD/hm-PVA mixtures were prepared as described below. First, hm-PVA powder (200 mg) 

was added into a mayonnaise bottle with 2 mL of H2O to form a 10 w/v% hm-PVA suspension. Subsequently, 

different amounts of α-CDs were added into this suspension, and the α-CD/hm-PVA suspension was heated in 

an autoclave (LSX-500, TOMY, Tokyo, Japan) at 95 ℃ for 10 min. Finally, α-CD/hm-PVA solution was 

stirred (200 rpm) at 25 ℃ overnight to form α-CD/hm-PVA mixtures with different concentrations of α-CD 

(0–30 mM). 

 

5.3.5. Shear viscosity  

 

The shear viscosity of α-CD/hm-PVA mixtures was evaluated using a rheometer (MCR301, Anton 

paar, Graz, Austria) according to the previously reported method [20]. α-CD/hm-PVA mixtures (hm-PVA 

concentration was 10 w/v%) containing 0-30 mM α-CD were prepared as mentioned above. The shear viscosity 

was measured by jig PP25 (diameter = 25 mm), with a shear rate of 0.1 S-1 at 298 K. Each sample was measured 

five times.   

 

5.3.6. 2D 1H NMR study of α-CD/hm-PVA mixtures 

 

To indicate the formation of a threaded inclusion complex between α-CD and the hydrophobic moiety 

of hm-PVAs, 2D NOESY spectra of the α-CD/hm-PVA mixtures in D2O at 298 K were analyzed by NMR 

(JNM-ECS-400, JEOL, Tokyo, Japan). In total, four scans were performed for each sample. 

 

5.3.7. Structural recovery evaluation  

 

Three-stage structural recovery tests were conducted using a rheometer (MCR301, Anton paar, Graz, 

Austria) equipped with a plate of PP 25, according to the previously reported method [21, 22]. The required 

volume of α-CD/hm-PVA inclusion complex was 0.5 mL. Subsequently, three-stage oscillation tests with 

different oscillation amplitudes at constant frequency (ω = 10 rad/s) were carried out. Specifically, in Stage I, 

small oscillation amplitude was applied for a period of 180 s to obtain the shear moduli of the initial state (γ = 

1%). For Stage II, the large strain amplitude (γ = 1000%) was applied for a period of 180 s. Finally, in Stage 

III, the same small oscillation amplitude as stage I was applied for 180 s, followed by recovery within a short 

time. 

 

5.3.8. Thixotropic evaluation  
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Rheological measurements were performed with a rheometer (MCR301, Anton paar, Graz, Austria), 

using parallel plate PP 25 geometry (25 mm diameter; 1 mm gap). Temperature was maintained at 25℃. For 

thixotropy measurements, the shear rates applied were varied from 0.001 to 1000 s-1 in an upward sweep and 

immediately followed by a downward sweep. 

 

5.3.9. Evaluation of Injectability 

 

The injectability of prepared α-CD/hm-PVA inclusion complexes was evaluated with a testing 

machine (EZ-LX, Shimadzu Co., Kyoto, Japan) [23]. The inclusion complex was filled in a 2.5 mL syringe 

with a 20 G or 25 G needle (Terumo Co., Tokyo, Japan), which was then set into a mold with a hole. Under 

pressure, the α-CD/hm-PVA inclusion complex was extruded, and this process was stopped when the extrusion 

strength reached 250 N [24, 25]. Five specimens were tested for each group. Injectability was calculated using 

the following equation: 

 

Injectability (%) = 100 × (Wt-Wr) / Wt 

 

where Wt and Wr are the weight of the total and remaining paste in the syringe, respectively. 

 

5.3.10. Stability of α-CD/hm-PVA inclusion complexes in PBS 

 

A cerebral aneurysm model was created with silicone rubber and a glass plate. The diameter of the 

circle component was 10 mm. In brief, α-CD/hm-PVA inclusion complexes were injected into the circle part 

with a catheter. Subsequently, the cerebral aneurysm model was incubated in PBS solution at 37°C for 24 h. 

Finally, the remaining volume was evaluated. 

 

5.3.11. Stability test of α-CD/5C9-PVA inclusion complexes  

 

Rheological measurements were performed with a rheometer (MCR301, Anton paar, Graz, Austria), using 

parallel plate PP 25 geometry (25 mm diameter; 1 mm gap). The required volume of α-CD/5C9-PVA inclusion 

complex was 0.5 mL. The constant frequency ω was 10 rad/s and strain γ was 1%. Temperature was increased 

from 15 ℃ to 45 ℃. 

 

5.3.12. Statistical analysis 

 

Statistical analysis was conducted using Tukey-Kramer test with KyPlot software. Statistically 

significant differences were accepted at p < 0.05. Data are presented as mean ± standard deviation (SD). 

 

5.4. Results and discussion 

 

5.4.1. Synthesis and characterization of hm-PVAs 

 

Hm-PVAs were prepared via a reaction between the hydroxyl groups of PVA and an aldehyde with 

different numbers of methylene carbons (n = 1, 7, 16, Figure 5-1a). Under acidic conditions, aldehydes react 

with hydroxyl groups via a nucleophilic substitution reaction to form a stable hexagonal ring structure in a 

short time [19]. Figure 5-1b shows 1H-NMR spectra of hm-PVAs with different alkyl chain lengths (C3, C9, 
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C18). The typical chemical shifts at 0.85 ppm and 1.26 ppm were assigned to CH3 and αCH2 protons in the 

hydrophobic moiety of hm-PVAs, respectively, which indicated the successful introduction of aldehyde groups 

to PVA. Hm-PVAs were also analyzed by FT-IR spectra (Figure 5-1c). The peak observed at 2,930 cm-1 was 

attributed to C-H stretching vibration of αCH2 in the acetal groups of hm-PVAs, demonstrating that hm-PVAs 

were successfully synthesized. The modification ratio of hydrophobic groups was calculated from 1H-NMR 

results, as shown in Table 5-1.  

 

Table 5-1. Modification ratios of hm-PVAs 

Abbreviation 
Hydrophobic group 

reagent 

Hydrophobic group 

reagent added 

(mol%) 

Hydrophobic group 

modification 

(mol%) 

5C3-PVA Propanal 10 5 

5C9-PVA Nonanal  10 5 

1C18-PVA Octadecanal 2.5 1 

 

 

Figure 5-1. Synthesis and characterization of hm-PVAs. a) Synthesis of hm-PVAs. b) 1H-NMR and c) FT-IR 

spectra of hm-PVAs. 

 

5.4.2. Shear viscosity of α-CD/hm-PVA mixtures 

 

Synthesized hm-PVAs with long alkyl chains (C9, C18) could not be dissolved in water, owing to 

their strong hydrophobic interaction. Therefore, to dissolve hm-PVAs in water, α-CD was mixed to form an 

α-CD/hm-PVA complex. It is well known that α-CD can disrupt the hydrophobic association through 

formation of a special threading rotaxane structure [20, 26]. Based on this feature of α-CD, α-CD/hm-PVA 

mixtures were prepared as shown in Figure 5-2a.  
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Figure 5-2. Shear viscosity of α-CD/PVA or α-CD/hm-PVA mixtures with different mixing ratios. a) 

Preparation procedure of the α-CD/hm-PVA mixtures. b-e) Shear viscosity of the α-CD/PVA mixture and α-

CD/hm-PVA mixtures as a function of the α-CD concentration (polymer concentration was set at 10 w/v%). 

Shear rate = 0.1 S-1. (n = 5) 

 

As expected, hm-PVA could be dissolved in water by addition of α-CD. Further, to confirm the 

dependency of α-CD addition on viscosity of hm-PVAs, shear viscosity was measured using rheometer. In 

Figure 5-2b, the shear viscosity of the α-CD/PVA mixture was found to be very low (~0.01 kPa·s), due to the 

lack of enough alkyl chain. However, as the concentration of α-CD increased, the viscosity of α-CD/PVA 

mixture increased slightly from 0.0023 ± 0.0003 kPa·s (0 mM α-CD) to 0.0104 ± 0.0023 kPa·s (30 mM α-

CD), probably due to the hydrogen bond between α-CD and PVA at higher concentrations. Interestingly, the 

shear viscosity of the α-CD/5C3-PVA mixture remained stable around 0.001 kPa·s at different concentrations 

of α-CD (Figure 5-2c), probably due to inhibition of the hydrogen bonding between hydroxyl groups of 5C3-

PVA by the short alkyl chain (C3). In contrast, the shear viscosity of α-CD/5C9-PVA and α-CD/1C18-PVA 

mixtures showed a dramatic decrease with α-CD addition (Figure 5-2d and 5-2e). As shown in Figure 5-2d, 

the shear viscosity of the α-CD/5C9-PVA mixture changed from high viscosity (6.414 ± 0.023 kPa·s, 15 mM 
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α-CD) to low viscosity (0.029 ± 0.005 kPa·s, 15 mM α-CD) around 20 mM α-CD (molar ratio of α-CD/C9 

groups is close to 2). A similar phenomenon was observed in the α-CD/1C18-PVA mixture; however, the 

decrease in shear viscosity of the α-CD/5C9-PVA mixture was much higher compared to the α-CD/1C18-PVA 

mixture. Further, shear viscosity of the α-CD/1C18-PVA mixture changed from high viscosity (4.542 ± 0.263 

kPa·s, 6 mM α-CD) to low viscosity (3.548 ± 0.151 kPa·s, 10 mM α-CD) around 8 mM α-CD (molar ratio of 

α-CD/C9 groups is close to 4).  

From these results, we hypothesized that α-CD/hm-PVA inclusion complexes were formed around 

critical inclusion concentrations (molar ratio of α-CD/C3 is 1:1, molar ratio of α-CD/C9 is 2:1, molar ratio of 

α-CD/C18 is 4:1). When only a small amount of α-CD was added, α-CD could not fully interact with the 

hydrophobic groups due to the relatively strong hydrophobic association of the polymer (hm-PVA). It is well 

known that short alkyl chain lengths (C5) can be included in the hydrophobic pocket of α-CD [27]. Thus, two 

α-CDs are needed for intermediate-length alkyl chains (C9), while four α-CDs are needed for longer alkyl 

chains (C18). Once the α-CDs started to form an inclusion complex with hydrophobic groups distributed along 

the polymer chains, the unfolding of the polymer main chains would promote cooperative complexation of α-

CD. Therefore, our results show good correlation with previous results. 

 

5.4.3. 2D 1H-NMR study of α-CD/hm-PVA inclusion complexes 

 

 

Figure 5-3. 2D NOESY spectra of a) 1 w/v% PVA with 1 mM α-CD, b) 1 w/v% 5C3-PVA with 1 mM α-CD 

(molar ratio of α-CD/C3 is close to 1 : 1), c) 1 w/v% 5C9-PVA with 2 mM α-CD (molar ratio of α-CD/C9 is 

close to 2 : 1), d) 1 w/v% 1C18-PVA with 0.8 mM α-CD (molar ratio of α-CD/C18 is close to 4 : 1) in D2O 

(298 K). 
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To demonstrate formation of a threaded inclusion complex between the hydrophobic groups of hm-

PVA and α-CD, 2D NOESY spectra of the α-CD/hm-PVA mixture in D2O at 298 K were analyzed by NMR 

(Figure 5-3a-d). Correlation peaks of the α-CD/PVA mixture were clear, indicating that a threaded inclusion 

complex was not formed between α-CD and the PVA molecule (Figure 5-3a). A similar spectrum was observed 

in the α-CD/5C3-PVA mixture, suggesting unstable inclusion between α-CD and C3-PVA. In comparison, α-

CD/hm-PVA with longer alkyl chain (C9, C18) mixtures displayed clear NOE correlations between the protons 

of α-CD (3.75 ppm) and the hydrophobic group in hm-PVA (1.25 ppm), indicating formation of a threaded 

inclusion complex between α-CD and the hm-PVA molecule. 

 

5.4.4. Structural recovery evaluation 

 

Structural recovery of different compositions of α-CD/hm-PVA inclusion complexes was evaluated 

using a rheometer.  

 

Figure 5-4. Storage modulus G’ and loss modulus G’’ as a function of strain. a) PVA with 15, 20, and 25 mM 

α-CD; b) 5C3-PVA with 15, 20, and 25 mM α-CD; c) 5C9-PVA with 15, 20, and 25 mM α-CD; d) 1C18-PVA 

with 6, 8, and 10 mM α-CD. A shear strain amplitude of 1–1000% and an angular frequency of 10 rad s-1 were 

applied. The temperature was set at 25 ℃. 

 

Figure 5-4a shows the change in the modulus of PVA (10 w/v%) with 15, 20, and 25 mM α-CD in 

aqueous solutions as a function of strain. At small (γ = 1%) and large (γ = 1000%) strain amplitude, the loss 

modulus G’’ was significantly greater than the storage modulus G’, which indicated the free-flowing sol state. 

Further, this same phenomenon was observed with 5C3-PVA (10 w/v%). As shown in Figure 5-5a and 5-5b, 
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PVA with 15 mM α-CD and 5C3-PVA with 15 mM α-CD demonstrated typical Newtonian fluid [28], probably 

due to weak interactions with α-CD by both PVA and C3-PVA .  

 

Figure 5-5. Thixotropic evaluation of α-CD/hm-PVA inclusion complexes. a) PVA with 15 mM α-CD, b) 

5C3-PVA with 15 mM α-CD, c) 5C9-PVA with 15 mM α-CD, d) 1C18-PVA with 6 mM α-CD. 

 

Interestingly, the α-CD/5C9-PVA inclusion complex showed a unique structural recovery property 

(Figure 5-4c). At stage I (γ = 1%), the storage modulus G’ of 5C9-PVA (10 w/v%) with 15 mM α-CD in 

aqueous solution was higher than the loss modulus G’’, indicating the gel state of this inclusion complex. 

However, the storage modulus G’ showed a dramatic decrease at stage II (γ = 1000%), becoming lower than 

the loss modulus G’’, indicating the sol state of the inclusion complex. While a small oscillation amplitude 

(similar to stage I) was applied, the storage modulus G’ and loss modulus G’’ recovered to the  initial state, 

implying that the mixture returned to gel state. As shown in Figure 5-5c, this curve shows typical pseudoplastic 

property [28]. Therefore, 5C9-PVA with 15 mM α-CD had thixotropic property (non-Newtonian fluid). The 

mechanism of structural recovery may be due to regeneration of physical crosslinking such as hydrophobic 

interactions and hydrogen bonds, as illustrated in Figure 5-6. When the α-CD/5C9-PVA inclusion complex 

was applied for the small oscillation amplitude (γ = 1%) in stage I, the hydrophobic interaction and hydrogen 

bond were stable. However, under the large strain amplitude (γ = 1000%), the physical crosslinking collapsed. 

Interestingly, the same small oscillation amplitude (as in stage I) was applied again, and the physical 

crosslinking recovered immediately. As the α-CD concentration increased, the α-CD/5C9-PVA inclusion 

complex lost the gel-sol switchable property due to the decrease in the hydrophobic interaction. Compared to 

the α-CD/5C9-PVA mixture, the α-CD/1C18-PVA mixture showed much stronger recovery ability because of 

the longer alkyl chain (Figure 5-4d). However, 1C18-PVA with 6 mM α-CD did not show thixotropic property 

(Figure 5-5d). 
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Figure 5-6. The mechanism of structural recovery of the α-CD/5C9-PVA inclusion complex. 

 

5.4.5. Evaluation of Injectability 

 

For catheter treatment of the cerebral artery, α-CD/hm-PVA inclusion complexes should be 

injectable using small diameter-sized catheters. We, therefore, evaluated injectability according to the 

previously reported method [24, 25] (Figure 5-7a). Injection was stopped when injection force became over 

250 N. As shown in Figure 5-7b, injectability of 10 w/v% PVA with 15 mM α-CD, 10 w/v% 5C3-PVA with 

15 mM α-CD, and 10 w/v% 5C9-PVA with 15 mM α-CD was over 90% when a 20 G or 25 G needle was used. 

However, 10 w/v% 1C18-PVA with 6 mM α-CD showed strong resistance with the 25 G needle due to a strong 

hydrophobic interaction. The injection force of α-CD/hm-PVA inclusion complexes during the injection 

process is shown in Figure 5-7c. Predictably, the injection force increased with increasing alkyl chain length 

and decreasing inner diameter of the needle. As such, over 250 N was needed to inject α-CD (6 mM)/1C18-

PVA with a 25 G needle. 
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Figure 5-7. Injectability test of α-CD/hm-PVA inclusion complexes using syringe. a) Injectability test system, 

b) injectability, and c) injection force of α-CD/hm-PVA inclusion complex. (*P < 0.05, **P < 0.01, ***P < 

0.001, ****P < 0.0001, n = 5) 

 

5.4.6. Embolization of cerebral aneurysm model with α-CD/hm-PVA inclusion complexes 

 

In addition to injectability, stability of α-CD/hm-PVA inclusion complexes after embolization of 

cerebral aneurysm in a water environment is required to promote stable structure formation. Therefore, a 

cerebral aneurysm model (Figure 5-8a) was prepared to evaluate the stability of α-CD/hm-PVA inclusion 

complexes with different alkyl chain lengths after injection. After injection of α-CD/hm-PVA inclusion 

complexes into the cerebral aneurysm model, the model was subsequently incubated in PBS solution at 37 °C 

for 24 h. As shown in Figure 5-8b, the cerebral aneurysm model could be completely filled with all samples 

just after injection. However, the α-CD/PVA mixture and α-CD/5C3-PVA inclusion complex were dissolved 

in PBS after a few minutes, indicating that the α-CD/5C3-PVA inclusion complex only had a weak hydrogen 

bond between hydroxyl groups in α-CD and 5C3-PVA, resulting in swelling and diffusion due to its short alkyl 

chain length. Conversely, embolization with α-CD/5C9-PVA and α-CD/1C18-PVA inclusion complex was 

completely stable in PBS, even after incubation for 24 h. Further, the injected shapes of these α-CD/hm-PVA 

inclusion complexes were maintained well after 24 h. 
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Figure 5-8. Embolization of cerebral aneurysm model using α-CD/hm-PVA. a) Injection of α-CD/hm-PVA 

inclusion complex into a cerebral aneurysm model. b) The stability of α-CD/hm-PVA inclusion complexes 

with different alkyl chain lengths in PBS after incubation at 37 ℃ for 24 h. 

 

These phenomena were due to adequate hydrophobic interaction and the hydrogen bond between α-

CD and hm-PVA. Additionally, it was found that storage modulus G’ of the α-CD/5C9-PVA inclusion 

complex (2,020 ± 169 Pa) was much higher than loss modulus G’’ of the α-CD/5C9-PVA inclusion complex 

(408 ± 84 Pa) from 15 ℃ to 45 ℃ (Figure 5-9). This indicates that the α-CD/5C9-PVA inclusion complex was 

a stable gel at different temperatures, suggesting that the α-CD/5C9-PVA inclusion complex could be injected 

into the cerebral aneurysm site and fill the space. 
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Figure 5-9. Stability test of α-CD/5C9-PVA inclusion complexes with 15 mM α-CD at different temperatures. 

 

5.5. Conclusions 

 

Injectable inclusion complexes for cerebral aneurysm treatment were developed using α-CD and hm-

PVA with various alkyl chain lengths (3–18). With addition of α-CD, the water-insoluble hm-PVA could be 

dissolved in aqueous solution. Further, the viscosity of the α-CD/hm-PVA solution decreased slightly as the 

α-CD concentration increased. Additionally, 2D-NMR NOESY spectra indicated that a threaded inclusion 

complex was established between α-CD and the hm-PVA molecule. Among the prepared inclusion complexes, 

α-CD/5C9-PVA (5C9-PVA with 15 mM α-CD) showed thixotropic property, and its injectability was over 

90%, even using a 25G needle. Moreover, the α-CD/5C9-PVA inclusion complex was stable in PBS after 

incubation at 37℃ for 24 h. Therefore, the α-CD/5C9-PVA inclusion complex is a promising material that 

could be applied for cerebral aneurysm treatment. 
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6.1. Abstract 

 

Submucosal cushion and wound sealing are both important for endoscopic submucosal dissection 

(ESD). Although many submucosal injection materials (SIMs) for uplift of lesion have been developed, there 

is still lack of material with multi-functions such as stable submucosal cushion formation, emergency 

perforation closure, blood coagulation and wound sealing ability. In this study, a novel adhesive submucosal 

injection material (AdSIM) for ESD was prepared by α-cyclodextrin (α-CD) and hydrophobically modified 

poly(vinyl alcohol) (hm-PVA). Focusing on the water insolubility of hm-PVA, in which alkyl group (nonanal, 

C9) is introduced into PVA, and the hydrophobic groups inclusion ability of α-cyclodextrin (α-CD), an 

inclusion complex (α-CD/C9-PVA) was fabricated in aqueous solution. Inclusion complex of 2.5 mol% 

nonanal-modified PVA (2.5C9-PVA) with 5 mM α-CD showed a good gel-sol switchable property under 

different strain amplitudes (1% and 1000%). Additionally, the α-CD/2.5C9-PVA inclusion complex showed 

good injectability, even upon using a 25 G needle. The α-CD/2.5C9-PVA inclusion complex had good 

performance at submucosal cushion formation, emergency perforation closure, blood coagulation and wound 

sealing. These results demonstrate that the α-CD/2.5C9-PVA inclusion complex could be an ideal material for 

ESD. 
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6.2. Introduction 

 

Endoscopic resection of various gastrointestinal (GI) lesions has changed dramatically since the emergence 

of endoscopic submucosal dissection (ESD) in the 1990s [1] which is developed from endoscopic mucosal 

resection (EMR) [2]. This kind of therapeutic modality is less invasive and relies on flexible, tube-like imaging 

tools called endoscopes to remove neoplasms formed at GI mucosa and submucosa. Compared with EMR, 

ESD can realize the complete resection of lesions and show favorable treatment outcomes [3]. Currently, ESD 

technique is widely used in Japan as the first-line treatment for early-stage GI cancer with low risk of lymph 

node metastasis [4].  

Since early GI tumor does not clearly protrude on the surface of mucosa, serious situations such as 

inadequate resection, perforation, or bleeding may occur during surgical operation [5]. To minimize these 

damages, submucosal injection material (SIM) has been applied to separate the mucosa and muscularis layers 

which then enables safe circumferential mucosal incision and submucosal dissection by electrosurgical knife 

[6]. As the essential part of ESD, an optimal SIM should be able to generate a thick and durable submucosal 

cushion to lift cancerous lesion up after administration [7, 8]. The normal saline is the most commonly used 

SIM as it is cheap and easy to use [9]. However, the cushion created by normal saline is sustained for a short 

period due to the rapid resorption by surrounding tissue [1]. As a result, repeated injections are needed which 

may compromise the efficiency of ESD. To overcome the limitation of normal saline, several SIMs have been 

investigated including polysaccharides (such as glucose) and charged molecules that are more viscous and less 

easily resorbed than normal saline [6-8, 10]. Of all, only sodium hyaluronate solution and sodium alginate 

solution are approved as material for submucosal injection in Japan [1]. However, there are concerns that 

sodium hyaluronate might stimulate tumor cell proliferation at wound sites [11]. On the other hand, since 

sodium alginate solution was launched in 2019, the sufficient clinical results have not been reported yet. 

Although these SIMs could reduce the risk of perforation or bleeding during ESD surgery, the functions of 

emergency perforation closure and hemostasis were not considered. 

After submucosal dissection, the remnant tissues will be exposed to various stimuli including stomach acid 

and food, resulting in severe inflammatory responses [12]. As a result of the contraction of granulation tissues, 

differentiation of fibroblasts into contractile myofibroblasts, collagen deposition and postoperative scar 

contracture (SC) develops [13]. In many cases, SC can lead to cicatricial stricture, prolonging hospitalization 

and lowering quality of life [14, 15]. Then, wound dressing materials (polymeric meshes [16], hydrogels [17], 

nano particles [12] and decellularized constructs [18]) for the GI tract were designed to protect the submucosa 

from endoluminal factors and infection after ESD. These wound dressing materials have the ability to support 

a series of regenerative processes, including tissue formation, angiogenesis, and re-epithelialization. 

Therefore, submucosal cushion and wound sealing are both important for ESD. Although many SIMs for 

uplift of lesion have been developed, to our knowledge, there is still lack of material with multi-functions such 

as submucosal cushion formation, emergency perforation closure, blood coagulation and wound sealing ability.  

Herein, we report a novel adhesive injection material (AdSIM) consisting of hydrophobically modified 

polyvinyl alcohol (hm-PVA) and α-cyclodextrin (α-CD) for submucosal cushion formation, emergency 

perforation closure, blood coagulation during ESD and wound sealing after ESD (Scheme 6-1). Focusing on 

the water insolubility of hm-PVA, in which alkyl group (nonanal, C9) is introduced into PVA, and the 

hydrophobic groups inclusion ability of α-cyclodextrin (α-CD) [19-21], an inclusion complex (α-CD/C9-PVA) 

was fabricated in aqueous solution (as potential submucosal injection and wound sealing material). After the 

injection of α-CD/C9-PVA inclusion complex, the submucosal cushion formation, tissue adhesion, burst 

strength of perforation site, blood coagulation and wound sealing effect were evaluated. 
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Scheme 6-1. Schematics indicating with submucosal cushion formation and wound sealing ability of AdSIM 

(α-CD/hm-PVA inclusion complex) for ESD. The α-CD/hm-PVA inclusion complex is easy to inject into 

submucosa. Due to the recovery of physical crosslinks (hydrophobic interaction and hydrogen bond), the α-

CD/hm-PVA inclusion complex can uplift the mucosa for a long time. The submucosal cushion could prevent 

complications of perforation and bleeding. What’s more, under water condition, α-CD/hm-PVA inclusion 

complex will form stable hydrogel on the wound surface due to α-CD release. The hm-PVA film could protect 

the postoperative wound from various stimuli including stomach acid and food resulted in severe inflammatory 

responses. 

 

6.3. Materials and methods 

 

6.3.1. Materials 

 

Ethanol (EtOH, 99.5%), dimethyl sulfoxide (DMSO), 6N hydrochloric acid (HCl), 10% formalin 

neutral buffer solution, α-cyclodextrin (α-CD), sodium azide and 99.9% dimethyl sulfoxide-d6 (DMSO-d6) 

containing 0.05 w/v% tetramethylsilane (TMS) were purchased from Wako Pure Chemical Industries, Ltd. 

(Osaka, Japan). Otsuka normal saline 2-port was purchased from Otsuka Pharmaceutical Co., Ltd. (Tokyo, 

Japan). PVA (Mw = 88,000, saponification degree was over 98.5%) was purchased from Nacalai Tesque, Inc. 

(Kyoto, Japan). Nonanal (C9) was purchased from Tokyo Chemical Industry Co., Ltd (Tokyo, Japan). 

Deuterium oxide (D2O) containing 0.05 wt % 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid was purchased from 

Sigma Chemical Co. (St. Louis, MO, USA). Porcine stomach and porcine whole blood were purchased from 

Tokyo Shibaura Organ Co., Ltd (Tokyo, Japan). MucoUp® (0.8 wt% aqueous sodium hyaluronate, SH) was 
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purchased from Boston Scientific Co., Ltd. (Massachusetts, USA). Riftal K® (1.2 wt% aqueous sodium 

alginate, SA) was purchased from Kaigen Pharma Co., Ltd. (Osaka, Japan). Beriplast P Combi-Set Tissue 

adhesion was purchased from CSL Behring Co., Ltd (Tokyo, Japan). Super glue LPJ-005 was purchased from 

Henkel Co. (Tokyo, Japan). 

 

6.3.2. Synthesis of hm-PVAs 

 

The hm-PVAs were prepared through the nucleophilic substitution reaction between an aldehyde and 

the hydroxyl groups of PVA by following previously reported procedure [22, 23]. Firstly, PVA (10 g) was 

dissolved in 48 mL of H2O at 80 ℃ for 60 min. Then 150 mL of DMSO and 2 mL of 1N HCl were added to 

form a 200 mL solution of 5 w/v% PVA and 1 v/v% 1N HCl. Different amounts of aldehyde groups (nonanal, 

C9) were added into the solution, and the resulting mixtures were stirred at 50 ℃ for 1 h. A reflux condenser 

was used in all processes. After the reaction, the obtained hm-PVA (H2O/DMSO = 25/75 (v/v)) solution was 

added to 600 mL (around 3 times) of cold EtOH under stirring for 1 h. Afterwards, the precipitated hm-PVA 

was filtered and further washed with 200 mL of EtOH at least three times to remove the unreacted aldehyde 

and DMSO. Finally, the solvent was evaporated under vacuum to obtain purified hm-PVAs as white crystals. 

All the crystals were crushed finely using a crusher for further experiments (Wonder crusher WC-3, Osaka 

Chemical, Osaka, Japan). 

 

6.3.3. Characterization of hm-PVAs 

 

The chemical structures of the hm-PVAs were analyzed by nuclear magnetic resonance (1H-NMR) 

spectroscopy (AL300, JEOL, Tokyo, Japan) using a 0.5 w/v% hm-PVA/DMSO-d6 solution at 25 ℃. The 

number of scans was 8 times for each sample. Fourier transform-infrared spectroscopy (FT-IR, 8400S, 

Shimadzu, Kyoto, Japan) analysis was carried out to confirm the presence of acetal groups in the hm-PVAs. 

The scan range was from 700 cm-1 to 4000 cm-1 and the number of scans was 64 times for each sample. 

Hydrophobic group modification ratios of the hm-PVAs were determined by 1H-NMR spectroscopy. The 

modification ratios were calculated by following equation:  

 

Modification ratio (mol%) = [{Integral area (CH3 proton)/3}6.3.4 / Integral area (αCH proton)]×100 

 

where integral area (αCH proton) is the area of peak at 3.87 ppm corresponded to the αCH proton in the 

backbone of PVA and hm-PVAs, integral area (CH3 proton) is the area of peak at 0.85 ppm assigned to the 

CH3 proton in the hydrophobic groups of hm-PVAs. 

 

6.3.4. Preparation of α-CD/hm-PVA inclusion complexes 

 

The α-CD/hm-PVA inclusion complexes were prepared as described below. At first, hm-PVA 

powder (200 mg) was added into a mayonnaise bottle with 2 mL of H2O to form a 10 w/v% hm-PVA 

suspension. Then, different amounts of α-CDs were added into this suspension, followed by heating in 

autoclave (LSX-500, TOMY, Tokyo, Japan) at 95 ℃ for 10 min. Finally, α-CD/hm-PVA solutions were stirred 

(200 rpm) at 25 ℃ for overnight to form α-CD/hm-PVA inclusion complexes with different concentration of 

α-CD (0-20 mM). 
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6.3.5. Shear viscosity  

 

The shear viscosity of α-CD/hm-PVA inclusion complexes was evaluated by rheometer (MCR301, 

Anton paar, Graz, Austria) according to the method previously reported [21]. α-CD/hm-PVA inclusion 

complexes (hm-PVA concentration was 10 w/v%) containing 0-20 mM α-CD were prepared as mentioned 

above. The shear viscosity was measured by using jig PP25 (dimeter = 25 mm) with shear rate of 0.1 S-1 at 

298 K. Each sample was measured 5 times. 

 

6.3.6. Structural recovery evaluation  

 

Three-stage structural recovery tests were conducted by rheometer (MCR301, Anton paar, Graz, 

Austria) equipped with a plate of PP 25 according to the previously reported method [24, 25]. The required 

volume of α-CD/hm-PVA inclusion complex was 0.5 mL. The three-stage oscillation tests with different 

oscillation amplitudes at constant frequency (ω = 10 rad/s) were carried out. Specifically, Stage I: Small 

oscillation amplitude was applied for a period of 180 s to obtain the shear moduli of the initial state (γ = 1%). 

Stage II: The large strain amplitude (γ = 1000%) was applied for a period of 180 s. Stage III: The same small 

oscillation amplitude with stage I was applied for 180 s to follow the recovery within a short time. 

 

6.3.7. Evaluation of injectability 

 

The injectability of prepared α-CD/hm-PVA inclusion complexes was evaluated respectively with a 

testing machine (EZ-LX, Shimadzu Co., Kyoto, Japan) [26]. The inclusion complex was filled in a 2.5 mL 

syringe with 20 G or 25 G needle (Terumo Co., Tokyo, Japan), which was then set into a mold with a hole. 

Under pressure, the α-CD/hm-PVA inclusion complex was extruded, and this process was stopped when the 

extrusion force reached 250 N [27, 28]. Five specimens were tested for each group. Injectability was calculated 

by the following equation: 

 

Injectability (%) = 100 × (Wt-Wr) / Wt 

 

where Wt and Wr are the weight of the total paste and the remaining paste in syringe, respectively. 

 

6.3.8. Mucosa elevation effect 

 

The mucosa elevation effect of α-CD/hm-PVA inclusion complexes was evaluated according to the 

previously reported method [29]. Firstly, the porcine stomach was cleaned and cut with a dumbbell cutter into 

a 35 mm diameter circle. Then, 0.5 mL of the α-CD/hm-PVA inclusion complex in syringe was injected into 

the submucosa of the stomach with a 25 G needle. At the same time, normal saline, Mucoup® (0.8 wt% 

aqueous sodium hyaluronate, SH), Riftal K® (1.2 wt% aqueous sodium alginate, SA) and α-CD/PVA solution 

were also evaluated for comparison. After injection, these samples were kept at 25 °C for 30 min and then 

frozen in a freezer (−20 °C). Finally, frozen stomach samples were cut with a scalpel from the raised site to 

determine the raised height. The test was performed six times for each sample. 

 

6.3.9. Evaluation of tissue adhesion 
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The tissue adhesion property of the α-CD/hm-PVA inclusion complex was evaluated according to 

ASTM F2258-05. The adhesion strength and adhesion energy were measured using a Texture Analyzer (TA-

XT2i, Stable Microsystems, Godalming, UK). Briefly, the porcine stomach of which the mucosal membrane 

had been peeled was cut into a square (25 mm × 25 mm). These tissues were bound to the probe (top) and the 

surface of the heater which was kept at 37 °C (bottom) by a cyanoacrylate adhesive (Loctite, Super glue LPJ-

005). To remove excess water from the stomach tissue, the surface was gently wiped using a mesh. Next, the 

α-CD/hm-PVA inclusion complex (0.2 mL) was applied to the tissue at the bottom, and top probe approached 

under a stress of 2 N for 3 min. Thereafter, the probe was pulled up at a tracking speed of 10 mm/min, and the 

bonding strength of the α-CD/hm-PVA inclusion complex was measured. The adhesion energy was calculated 

from the stress-distance curve using Image J software. Normal saline, SH, SA and α-CD/PVA solution were 

evaluated as comparison, and each sample was performed five times. 

 

6.3.10. Burst strength measurement 

 

Burst strength of a porcine stomach was performed according to ASTM F2392-04. A fresh porcine 

stomach of which the mucosa layer had been peeled was employed as the adherent. Inclusion complex with 

fixed diameter (15 mm) and thickness (1 mm) was applied to cover the hole (3 mm in diameter) which was 

made in the center of disk-shaped porcine stomach. The burst strength was then measured by running saline 

from the lower portion of the tissue at a flow rate of 2 mL/min at 37 °C. After the cover was fractured, the 

maximum burst strength was defined as the individual burst strength. For comparison, normal saline, SH, SA, 

α-CD/PVA solution and fibrin sealant were also evaluated. 

To elucidate the adhesion mechanism, a cross section of the test samples after the burst strength 

measurements was observed. The test sample was fixed in a 10% formalin neutral buffer solution, stained with 

hematoxylin and eosin (H&E), and analyzed using inverted fluorescence phase contrast microscope (BZ-X700, 

Keyence Co., Tokyo, Japan). 

 

6.3.11. Blood coagulation evaluation 

 

 The blood coagulation evaluation was performed according to the study previously reported [30, 31]. 

1 mL of porcine whole blood containing sodium citrate and 1mL of α-CD/hm-PVA inclusion complex were 

mixed, followed by stirring with vortex for 2 seconds. The rheological properties of blood mixtures were 

determined using a rheometer (MCR301, Anton Paar GmbH, Granz, Austria). The storage modulus and loss 

modulus were obtained by frequency dependent measurements (angular frequency, 1–100 rad/s; strain, 5%), 

and the shear modulus was determined from the result of storage modulus at a frequency of 10 rad/s.  

 

6.3.12. Underwater stability test 

 

 After ESD procedure, α-CD/hm-PVA inclusion complexes were remained on the surface of wounds. 

To evaluate the adhesiveness and stability of α-CD/hm-PVA inclusion complexes in wet environments like in 

the esophagus, underwater stability test was performed as follows [32]. Firstly, the porcine stomach of which 

the mucosal membrane was peeled was cut into a square (25 mm × 25 mm), and 0.5 mL of the α-CD/hm-PVA 

inclusion complex was uniformly applied to the surface. Next, the coated tissue sample was immersed in 50 

mL of normal saline (containing 0.2 mg/mL of sodium azide). After incubation for 1, 3 and 7 days at 37 °C, 

the samples were fixed with 10% formalin phosphate buffer. The hydrogel remaining on the tissue surface was 

confirmed by H&E staining. For comparison, normal saline, SH, SA and α-CD/PVA solution were also 
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evaluated. The images of H&E staining were scanned using a digital slide scanner (NanoZoomer S210, 

Hamamatsu Photonics Co., Japan). The area of hydrogel layer was quantified using Image J software. 

 

6.3.13. Statistical analysis 

 

Statistical analysis was carried out using Tukey-Kramer test with KyPlot software. Statistically 

significant differences were accepted when p < 0.05. Data were presented as means ± standard deviations (SD). 

 

6.4. Results and discussion 

 

6.4.1. Synthesis and characterization of hm-PVAs 

 

The hm-PVAs were prepared via the reaction between the hydroxyl groups of PVA and an aldehyde 

(Figure 6-1) [33, 34]. Under acidic conditions, aldehydes react with hydroxyl groups via nucleophilic 

substitution reaction to form stable hexagonal ring structure in a short time. Figure 6-1a shows 1H-NMR spectra 

of C9-PVAs with different modification ratio. The typical chemical shifts at 0.85 ppm and 1.26 ppm were 

assigned to CH3 proton and αCH2 proton in hydrophobic moiety of hm-PVAs respectively, which indicated 

the successful introduction of aldehyde groups to PVA backbone. Additionally, the hm-PVAs was analyzed 

by FT-IR spectra (Figure 6-1b). The peak observed at 2,930 cm-1 was attributed to C-H stretching vibration of 

αCH2 in the acetal groups of hm-PVAs. Taken together, these results demonstrated that hm-PVAs were 

successfully synthesized. The modification ratio of hydrophobic groups (shown in Table 6-1) was calculated 

from 1H-NMR results.   

 
Figure 6-1. Synthesis and characterization of hm-PVAs. a) 1H-NMR and b) FT-IR spectra of the hm-PVAs 

 

Table 6-1. Modification ratios of the hm-PVAs. 

Abbreviation 
Hydrophobic group 

reagent 

Hydrophobic group 

reagent added (mol%) 

Hydrophobic group 

modification (mol%) 

2.5C9-PVA Nonanal  5 2.5 

5C9-PVA Nonanal 10 5 
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6.4.2. Shear viscosity of α-CD/hm-PVA inclusion complexes 

 

The synthesized C9-PVAs with different modification ratio could not be dissolved in water owing to 

their strong hydrophobic interaction. It is well known that α-CD can destruct the hydrophobic association 

through the formation of a special threading rotaxane structure. Based on the feature of α-CD, α-CD/hm-PVA 

inclusion complex was prepared as depicted in Figure 6-2a. As expected, with the addition of α-CD, the hm-

PVA could dissolve in water. Meanwhile, when mixing different amount of α-CD with PVA or hm-PVA, the 

shear viscosity varied a lot. In the case of α-CD/PVA mixture (Figure 6-2b), regardless of low or high 

concentration of α-CD, the shear viscosity was constantly low (~0.01 kPa·s) because of the high hydrophilicity 

of the two components. Unlike the α-CD/PVA mixture, the shear viscosity of α-CD/2.5C9-PVA and α-

CD/5C9-PVA inclusion complexes showed a dramatic decrease with the concentration of α-CD increasing as 

shown in Figure 6-2c and 6-2d. In detail, the shear viscosity of α-CD/2.5C9-PVA inclusion complex changed 

from high viscosity (5.924 ± 0.991 kPa·s, α-CD/C9 = 0.5) to low viscosity (0.012 ± 0.001 kPa·s, α-CD/C9 = 

1.5) around 5 mM α-CD. The similar phenomenon was observed in α-CD/5C9-PVA inclusion complex as the 

shear viscosity changed from (8.778 ± 0.912 kPa·s, α-CD/C9 = 1) to low viscosity (0.291 ± 0.030 kPa·s, α-

CD/C9 = 2) around 15 mM α-CD. The probable reason for such alterations in shear viscosity was described as 

follows. When only a small amount of α-CD was added, α-CD could not fully interact with the hydrophobic 

groups due to the relatively stronger hydrophobic association of the polymer (hm-PVA). It has been reported 

that short alkyl chain length (C5) can be included in the hydrophobic pocket of one α-CD. Thus, theoretically 

two α-CDs are needed to completely include long alkyl chain length (C9). Once the α-CDs started to form an 

inclusion complex with hydrophobic groups distributed along the polymer chains, the unfolding of the polymer 

main chains would promote the cooperative complexation with α-CD.  

 

Figure 6-2. a) The preparation procedure of α-CD/hm-PVA inclusion complex. b-d) Shear viscosity of α-

CD/PVA mixture and α-CD/hm-PVA inclusion complexes as a function of the α-CD concentration (polymer 

concentration was set at 10 w/v%) at 25 ℃. Shear rate = 0.1 S-1. (n = 5) 
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6.4.3. Structural recovery evaluation 

 

The structural recovery of α-CD/hm-PVA inclusion complexes was evaluated using rheometer. 

Figure 6-3a shows the change in the modulus of PVA (10 w/v%) with 5 and 15 mM of α-CD in aqueous 

solutions as a function of strain. At small (γ = 1%) and large (γ = 1000%) strain amplitude, the loss modulus 

G’’ was obviously greater than the storage modulus G’, which indicated the free-flowing sol state. Interestingly, 

α-CD/2.5C9-PVA inclusion complex showed unique structural recovery property in Figure 6-3b. At stage I (γ 

= 1%), the storage modulus G’ of 2.5C9-PVA (10 w/v%) with 5 mM α-CD in aqueous solution was higher 

than the loss modulus G’’, representing the gel state of this inclusion complex. However, the storage modulus 

G’ showed a dramatic decrease at stage II (γ = 1000%), and then became lower than the loss modulus G’’, 

indicating the sol state of the inclusion complex. While the same small oscillation amplitude with stage I was 

applied, the storage modulus G’ and loss modulus G’’ recovered to initial state, which implied that the mixture 

returned to gel state. The mechanism of the structural recovery may be ascribed to the regeneration of physical 

crosslinks such as hydrophobic interactions and hydrogen bonds as illustrated in Figure 6-2a. When the α-

CD/2.5C9-PVA inclusion complex was applied for small oscillation amplitude (γ = 1%) in stage I, the 

hydrophobic interaction and hydrogen bond were stable. However, under the large strain amplitude (γ = 

1000%), the physical crosslinks collapsed. The collapsed status was not irreversible and once the same small 

oscillation amplitude like in stage I was applied again, the physical crosslinks recovered immediately. 

Compared to the α-CD/2.5C9-PVA inclusion complex, α-CD/5C9-PVA inclusion complex shows much 

stronger recovery ability because of possessing more alkyl chains (Figure 6-3c).  

 

Figure 6-3. The structure recovery property and injectability of α-CD/hm-PVA inclusion complexes. Storage 

modulus G’ and loss modulus G’’ as a function of strain. A shear strain amplitude of 1-1000% and an angular 

frequency of 10 rad s-1 were applied. The temperature was set at 25 ℃. a) PVA with 5 and 15 mM α-CD, b) 

2.5C9-PVA with 5 mM α-CD, c) 5C9-PVA with 15 mM α-CD. d) Injectability test of α-CD/hm-PVA inclusion 

complexes using syringe. e) Injectability and f) injection force of α-CD/hm-PVA inclusion complex. (**P < 

0.01, ***P < 0.001, ****P < 0.0001, n = 5) 
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6.4.4. Evaluation of Injectability 

 

We evaluated the injectability according to the method previously reported (Figure 6-3d). We 

stopped injection when injection force reached 250 N [27, 28]. As shown in Figure 6-3e, it was clear that 

injectability of 10 w/v% PVA with 5 mM α-CD, 10 w/v% 2.5C9-PVA with 5 mM α-CD and 10 w/v% 5C9-

PVA with 15 mM α-CD was over 90% when 20 G or 25 G needle was used. However, 10 w/v% 5C9-PVA 

with 15 mM α-CD showed strong resistance due to the strong hydrophobic interaction. The injection force of 

α-CD/hm-PVA inclusion complexes during injection process are shown in Figure 6-3f. Predictably, the 

injection force increased with the increasing alkyl chain length and decreasing inner diameter of needle. From 

these results, we convinced that α-CD/hm-PVA inclusion complex could be used as an ideal submucosal 

injection material.  

 

Table 6-2. Submucosal injection material used in this study. 

Abbreviation Full name Component Concentration 

Saline normal saline NaCl 0.9 w/v% 

SH sodium hyaluronate sodium hyaluronate 0.8 wt% 

SA sodium alginate sodium alginate 1.2 wt% 

α-CD/PVA 
α-CD/PVA 

mixture 

α-CD 

PVA 

5 mM 

10 w/v% 

α-CD/2.5C9-PVA 
α-CD/2.5C9-PVA 

inclusion complex 

α-CD 

2.5C9-PVA 

5 mM 

10 w/v% 

α-CD/5C9-PVA 
α-CD/5C9-PVA 

inclusion complex 

α-CD 

5C9-PVA 

15 mM 

10 w/v% 

 

6.4.5. Mucosa elevation effect of α-CD/hm-PVA inclusion complexes 

 

The mucosa elevation effect of α-CD/hm-PVA inclusion complexes was evaluated according to the 

previously reported method [29] as shown in Figure 6-4a. Figure 6-4b shows the cross section of stomachs 

injected with different SIMs (Table 6-2). It was clear that normal saline, SH and SA did not have enough uplift 

effect. The cushions created by these three SIMs were sustained for a short period due to the rapid resorption 

by surrounding tissue. Interestingly, SIMs with high polymer concentration (α-CD/2.5C9-PVA inclusion 

complex and α-CD/5C9-PVA inclusion complex) showed better uplift effect. Under pressure, the α-CD/hm-

PVA inclusion complexes could be injected as sol state by physical crosslinks collapse, and then returned to 

gel state after injection by physical crosslinks recovery. As a result, the cushions generated by α-CD/hm-PVA 

inclusion complexes could keep for a long time. Raised height by different SIMs was determined from the 

corresponding cross section observation of stomachs and the quantitative data are shown in Figure 6-4c. The 

raised height of normal saline was 2.87 ± 0.26 mm, which was much lower than the other samples. The two 

commercial SIMs had similar value, 4.05 ± 0.39 mm for SH and 4.08 ± 0.45 mm for SA. Due to the higher 

polymer concentration, injection of α-CD/PVA mixture resulted in better raised height (4.90 ± 0.46 mm) than 

normal saline and commercial SIMs (SH and SA). As expected, α-CD/hm-PVA inclusion complexes 

(injectable gel) displayed the best effect on mucosa elevation than previous three groups, and there was no 

significant difference between α-CD/2.5C9-PVA inclusion complex (5.90 ± 0.38 mm) and α-CD/5C9-PVA 
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inclusion complex (5.98 ± 0.56 mm). Considering injectability and mucosa elevation effect, α-CD/2.5C9-PVA 

inclusion complex could be promising candidate of SIMs for ESD surgery. 

 

Figure 6-4. Evaluation of submucosal cushion after injection of α-CD/hm-PVA inclusion complexes. a) 

Schematic illustration of the procedure used for submucosal cushion measurement. b) Cross section 

observation of stomachs injected with different SIMs (scale bar = 5 mm). c) Quantitative data of raised height. 

(**P < 0.01, ***P < 0.001, ****P < 0.0001, n = 6) 

 

6.4.6. Evaluation of tissue adhesion 

 

 The adhesion properties of α-CD/hm-PVA inclusion complexes was evaluated using bonding 

strength according to ASTM F2258-05 as illustrated in Figure 6-5a. Figure 6-5b shows cross section 

observation during adhesion test. It was found that only α-CD/2.5C9-PVA inclusion complex adhered to both 

side of the tissue (porcine stomach without mucosa). Figure 6-5c shows force-distance curve of bonding 

strength measurement. The bonding strength and bonding energy of the SIMs on the surface of porcine stomach 

without mucosa was calculated from the height and area of force-distance curve (Figure 6-5d and 6-5e). It was 

clear that the bonding strength of α-CD/2.5C9-PVA inclusion complex (2.38 ± 0.42 kPa) was much higher 

than that of the other SIMs (0.92 ± 0.1 kPa ~ 1.54 ± 0.17 kPa) as shown in Figure 6-5d. What’s more, the 

bonding energy of α-CD/2.5C9-PVA inclusion complex (4.13 ± 1.05 J/m2) was almost 10 times higher than 

that of normal saline (0.43 ± 0.06 J/m2) as calculated in Figure 6-5e. The 5C9-PVA has more alkyl chain than 

2.5C9-PVA, however, the bonding energy of α-CD/5C9-PVA inclusion complex was 1.37 ± 0.14 J/m2 which 

was one third of the value of α-CD/2.5C9-PVA inclusion complex. The α-CD/2.5C9-PVA inclusion complex 
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was easy to cover and penetration into the gap on tissue surface, and the introduced alkyl groups (C9) were 

easily anchored to cell membranes and exerted high interfacial adhesion [35]. On the other hand, weak 

adhesion occurred between tissue surface and α-CD/PVA mixture as unmodified PVA had no alkyl side chain. 

Although α-CD/5C9-PVA inclusion complex can also exert an anchor effect of alkyl groups, it could not obtain 

high adhesion strength/energy due to the high stability (strong structure recovery property) which limited the 

penetration into the gap on the skin surface. 

 

Figure 6-5. Adhesive strength evaluation test. a) Schematic illustration of the apparatus used for bonding 

energy measurement. b) Cross section observation during adhesion test (scale bar = 10 mm). c) Force-distance 

curve of bonding strength measurement of different SIMs. d) Bonding strength and e) bonding energy of SIMs 

to porcine stomach without mucosa. (*P < 0.05, **P < 0.01, ***P < 0.001, n = 5) f) Force-distance curve of 

bonding strength measurement of α-CD/2.5C9-PVA inclusion complex after incubation in saline at 37 ℃. g) 

Bonding strength and h) bonding energy of α-CD/2.5C9-PVA inclusion complex after incubation in saline to 

porcine stomach without mucosa. (**P < 0.01, ***P < 0.001, n = 3) 
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 It was found that α-CD in α-CD/2.5C9-PVA inclusion complex was easy to undergo burst release in 

water environment (such as saline) at 37 ℃, leading to aggregation of hydrophobic groups (C9). Finally, stable 

2.5C9-PVA hydrogel was formed on the tissue shown in Figure 6-5f-h. Figure 6-5f shows force-distance curve 

of bonding strength measurement for α-CD/2.5C9-PVA inclusion complex after incubation in saline. 

Interestingly, the bonding strength and bonding energy of α-CD/2.5C9-PVA inclusion complex were 

decreased with an increasing of incubation time in saline (Figure 6-5g and Figure 6-5h). After incubation for 

60 min, the bonding strength of α-CD/2.5C9-PVA inclusion complex decreased to 1.02 ± 0.07 kPa which was 

only half of the initial value at 0 min. The same trend was observed in bonding energy of α-CD/2.5C9-PVA 

inclusion complex incubated in saline. We hypothesized that most of α-CDs remained after 15 min of 

incubation, since there was no significant difference between adhesion strength of α-CD/2.5C9-PVA inclusion 

complex without incubation and with 15 min of incubation. However, almost all of the α-CDs released after 

incubation for 60 min. With the diffusion of α-CDs, hydrophobic groups aggregated in the molecule, and the 

amount of hydrophobic groups that could be anchored to the tissue surface decreased, resulting in a decrease 

in adhesive strength. Based on these results, it was suggested that α-CD/2.5C9-PVA inclusion complex had 

ability for prevention of postoperative adhesion. In addition, the unique α-CDs release and hydrophobic groups 

aggregation property could deal with the conditions such as perforation and bleeding during ESD surgery. 

 

6.4.7. Measurement of the burst strength of a porcine stomach 

 

The burst strength was performed according to ASTM F2392-04. Figure 6-6a is the standard testing 

method including measurement procedure and sample preparation. Figure 6-6b shows the burst strength of 

porcine stomach without mucosa covered by SIMs without incubation in saline. Among all the SIMs, α-

CD/2.5C9-PVA inclusion complex exhibited the highest burst strength (0.60 ± 0.18 kPa) as it was well adhered 

to porcine submucosa. Normal saline, SH, SA and α-CD/PVA mixture were solution, therefore these SIMs 

had low burst strength (0.08 ± 0.05 kPa ~ 0.13 ± 0.05 kPa). The burst strength of α-CD/5C9-PVA inclusion 

complex was 0.23 ± 0.10 kPa which was one third of the value of α-CD/2.5C9-PVA inclusion complex, due 

to the weak adhesion to porcine submucosa. This result was well correlated with adhesion measurement in 

Figure 6-5e. 

Furthermore, the burst strength was also evaluated after incubation of α-CD/2.5C9-PVA inclusion 

complex in saline. After 12 h incubation, α-CD/2.5C9-PVA inclusion complex changed to stable 2.5C9-PVA 

film as the α-CD released over time. In Figure 6-6c, the burst strength of 2.5C9-PVA hydrogel (1.80 ± 0.37 

kPa) was 3-fold higher than that of α-CD/2.5C9-PVA inclusion complex without incubation. The increase in 

burst strength is believed to be due to the increase in bulk strength of the material. Besides, compared with the 

commercial fibrin sealant (1.20 ± 0.29 kPa), the burst strength of 2.5C9-PVA hydrogel was 1.5-fold higher. 

After burst strength measurement, cross sections of tissue were analyzed to investigate the adhesion 

mechanism. Figure 6-6d shows the histology of SIMs and fibrin sealant after burst strength measurement. It 

was obvious that normal saline and α-CD/PVA mixture didn’t remain in hole and on upper surface of tissue. 

On the other hand, α-CD/2.5C9-PVA inclusion complex without incubation partially remained bound to 

stomach tissue even after burst strength measurement. However, adhesion failure was observed (as shown in 

hole and upper surface) due to weak interaction between α-CD/2.5C9-PVA inclusion complex and tissue at 

early stage. Interestingly, the α-CD/2.5C9-PVA inclusion complex after 12 h incubation in saline was 

completely left in both hole and upper surface after burst strength measurement. With the diffusion of α-CD, 

more alkyl groups (C9) became free and these hydrophobic groups could anchor to tissue surface to increase 

interfacial bond or aggregate together to form stable hydrogel with high bulk strength. With regard to fibrin 

sealant, the adhesion failure was also observed, indicating weak interaction between fibrin sealant and tissue 
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[35]. From these results, it was indicated that α-CD/2.5C9-PVA inclusion complex had the potential to 

overcome perforation during ESD surgery. 

 

Figure 6-6. Burst strength evaluation test. a) Schematic illustration of the apparatus used for burst strength 

measurement. b) Burst strength of different SIMs to porcine stomach without mucosa. c) Burst strength of α-

CD/2.5C9-PVA inclusion complex to porcine stomach without mucosa after incubation in saline for 12 h 

compared with fibrin sealant. (*P < 0.05, **P < 0.01, ***P < 0.001, n = 4) d) Histology of SIMs and fibrin 

sealant after burst strength measurement. The tissue (T), hydrogel (H) and fibrin sealant (F) are indicated  in 

the picture. 

 

6.4.8. Blood coagulation evaluation 

 

 The blood coagulation evaluation was performed according to the study previous reported [30, 31]. 

After mixing 1 mL of α-CD/2.5C9-PVA inclusion complex with 1 mL of porcine whole blood containing 

sodium citrate, blood coagulation was occurred (Figure 6-7a). In contrast, the mixing of 1 mL of α-CD/PVA 

mixture and 1 mL of same porcine whole blood didn’t induce blood coagulation. Then, the rheological 

properties of blood mixtures, storage modulus and loss modulus were obtained by frequency dependent 

measurements at 1–100 rad/s angular frequency and 5% strain. It was found that blood mixture containing α-

CD/2.5C9-PVA inclusion complex showed gel state (G’ > G’’) at 1–100 rad/s angular frequency, while α-

CD/PVA mixture + blood sample showed sol state (G’ < G’’). Figure 6-7b shows the storage modulus and loss 

modulus of blood only, α-CD/PVA mixture + blood and α-CD/2.5C9-PVA inclusion complex + blood at the 

condition of 10 rad/s angular frequency and 5% strain. It was revealed that blood only and α-CD/PVA mixture 

+ blood were stable sol state, while α-CD/2.5C9-PVA inclusion complex + blood was stable gel state during 

the test. The shear modulus was determined from the result of storage modulus at a frequency of 10 rad/s 
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shown in Figure 6-7c. α-CD/2.5C9-PVA inclusion complex + blood exhibited the much higher shear modulus 

( 86 ± 3.73 Pa) than that of blood only (0.2 ± 0.05 Pa) and α-CD/PVA mixture + blood (0.8 ± 0.12 Pa). The 

probable reason for this phenomenon is illustrated in Figure 6-7d. When α-CD/2.5C9-PVA inclusion complex 

mixing with porcine whole blood,  α-CD starts to release and the exposed free alkyl groups (C9) in 2.5C9-

PVA can anchor to blood cells to form new physical crosslinks. Taken all the phenomena together, α-

CD/2.5C9-PVA inclusion complex had the ability to stop bleeding during ESD surgery. 

 

Figure 6-7. Blood coagulation evaluation test. a) The rheological properties of blood mixtures (porcine whole 

blood : α-CD/2.5C9-PVA inclusion complex = 1:1) obtained by frequency dependent measurements at 37 ℃ 

(angular frequency, 1–100 rad/s; strain, 5%). b) Storage modulus and loss modulus at a frequency of 10 rad/s 

(37 ℃). c) Shear modulus determined from the result of storage modulus at a frequency of 10 rad/s. (****P < 

0.0001, n = 5) d) The blood coagulation mechanism of α-CD/2.5C9-PVA inclusion complex at bleeding site. 

 

6.4.9. Water stability test  

 

 The water stability of α-CD/2.5C9-PVA inclusion complex was performed as the study previous 

reported [32]. Figure 6-8a shows the process of the water stability test of α-CD/2.5C9-PVA inclusion complex. 

After immersion of porcine stomach coated by α-CD/2.5C9-PVA inclusion complex in saline, due to α-CD 

release and hydrophobic groups aggregation, 2.5C9-PVA hydrogel was formed on the tissue. This hydrogel 

covered tissue was further incubated for one week. Figure 6-8b shows the histology of porcine stomach coated 

by α-CD/2.5C9-PVA inclusion complex after incubation in normal saline for 1 day to 7 days. It was clear to 

see that 2.5C9-PVA hydrogel area decreased with increasing incubation time. From the quantitative results as 

shown in Figure 6-8c, after 24 h incubation, 2.5C9-PVA hydrogel area was 4.28 ± 0.39 mm2, and the area 

decreased to 3.38 ± 0.27 mm2 after 3 days and 2.18 ± 0.33 mm2 after 7 days, respectively. Therefore, over one 

week, the formed 2.5C9-PVA hydrogel still adhered on the surface of submucosa. For other SIMs the histology 

of treated porcine stomach was also compared after incubation in normal saline for 7 days. In Figure 6-8d, 
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only the tissue (porcine stomach without mucosa) coated with α-CD/2.5C9-PVA inclusion complex showed 

obvious remnants on the surface. Due to the low concentration of polymer, SH and SA were diffused into 

solution. Although the polymer concentration of α-CD/PVA mixture was high, the mixture could not remain 

on the surface due to the high hydrophilic property of α-CD and PVA. α-CD/5C9-PVA inclusion complex was 

stable, but its tissue adhesion ability was low due to high hydrophobic interaction. During the incubation, 5C9-

PVA hydrogel was peeled off from the surface of tissue. In contrast, α-CD/2.5C9-PVA inclusion complex could 

adhere well to submucosa by anchoring effect. Figure 6-8e shows the area of swelling submucosa covered by 

different SIMs after incubation in normal saline for 7 days. Severe submucosa swelling was observed on the 

tissue surface coated with normal saline, SH, SA and α-CD/PVA mixture, and the area of swelling submucosa 

(1.70 ± 0.17 mm2 ~ 2.21 ± 0.13 mm2) was 3~4-fold higher than that of α-CD/2.5C9-PVA inclusion complex 

(0.52 ± 0.1 mm2). As the high stability was observed in the hydrogel formed by α-CD/2.5C9-PVA inclusion 

complex in saline, it can cover and protect the wound site from irritants after ESD surgery.  

 

Figure 6-8. The water stability test. a) The process of the water stability test of α-CD/2.5C9-PVA inclusion 

complex. b) Histology of α-CD/2.5C9-PVA inclusion complex after incubation in normal saline 37 ℃ for 

different time (1, 3 and 7 days). c) Percentage of 2.5C9-PVA film area determined from H&E staining. (*P < 

0.05, **P < 0.01, n = 4) d) Histology of SIMs after incubation in normal saline for 7 days. (S = submucosa; M 

= muscularis propria; H = hydrogel) e) Thickness of swelling submucosa covered by different SIMs after 

incubation in normal saline for 7 days. (**P < 0.01, ***P < 0.001, n = 12) 
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6.5. Conclusions 

 

In this study, AdSIM for ESD was developed using α-cyclodextrin (α-CD) and hydrophobically 

modified poly(vinyl alcohol) (hm-PVA). Focusing on the water insolubility of hm-PVA and the hydrophobic 

groups inclusion ability of α-cyclodextrin (α-CD), an inclusion complex (α-CD/hm-PVA) was fabricated in 

aqueous solution. The shear viscosity of the α-CD/hm-PVA solution decreased slightly as the α-CD 

concentration increased. Interestingly, α-CD/2.5C9-PVA inclusion complex showed good gel-sol switchable 

property under different strain amplitudes (1% and 1000%). Additionally, this inclusion complex showed good 

injectability using a 25 G needle. The α-CD/2.5C9-PVA inclusion complex could form good submucosal 

cushion after injection into submucosa due to good structure recovery property. What’s more, this material had 

the potential to deal with complications such as perforation and bleeding. Finally, stable 2.5C9-PVA hydrogel 

could be formed on the wound after incubation as the α-CD release, which means that α-CD/2.5C9-PVA 

inclusion complex had the potential to wound sealing after submucosal dissection. These results demonstrate 

that the α-CD/2.5C9-PVA inclusion complex could be an ideal material for ESD. 
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Concluding remarks 

 

Chapter 1 showed the history of PVA and the bio-application of PVA in many fields. 

 Chapter 2 described the effect of alkyl chain length on the interfacial strength of hydrophobically 

modified poly(vinyl alcohol) (hm-PVA) films to soft tissue. Hm-PVAs with various alkyl chain lengths were 

prepared and evaluated their surface/ mechanical properties, cytocompatibility, and adhesive strength to 

porcine skin. Hm-PVAs exhibited 10 ℃ higher glass transition temperature than that of poly(vinyl alcohol) 

(PVA). The water contact angle (WCA) of hm-PVA films increased with an increasing of alkyl chain length or 

an increasing of hydrophobic group modification ratio. The tensile strength of hm-PVA films decreased with 

an increasing of alkyl chain length or hydrophobic group modification ratio. Hm-PVA with short chain length 

(4 mol% propanal-modified PVA, 4C3-PVA) showed low cytotoxicity compared with hm-PVAs with long 

alkyl chain lengths (4 mol% hexanal and nonanal-modified PVA, 4C6- and 4C9-PVA). Among the hm-PVA 

films, the 4C3-PVA film showed highest adhesion strength to porcine skin. Therefore, 4C3-PVA film is useful 

as a promising adhesive film for fixing wearable medical devices. 

 Chapter 3 described the effect of alkyl chain length on the antithrombogenic property of hm-PVA. 

Hm-PVAs with various alkyl chain lengths (3–12) were synthesized and were coated on poly (propylene) (PP) 

films. The blood compatibilities of the hm-PVAs-coated films were evaluated. The C6-PVA-coated PP film 

showed suppressed platelet adhesion as compared to the other hm-PVA-coated PP films, especially the 15C6-

PVA-coated PP film. The fibrinogen adsorption was also inhibited on this film. The hydration water structure 

of the films was analyzed using differential scanning calorimetry (DSC). 15C6-PVA showed the highest 

intermediate water (IW), and hence exhibited good blood compatibility. The fibrinogen γ chain activity of the 

15C6-PVA-coated PP film was lower than that of the PP film, indicating that hm-PVAs can inhibit fibrinogen 

γ chain activation. These results showed that by simple hydrophobic modification, PVA could be used as a 

blood contacting material. 

 Chapter 4 described the effect of alkyl chain length on the mechanical property and cell adhesion of 

bone paste composed of α-tricalcium phosphate (α-TCP) and hm-PVAs. The bone pastes developed were 

injectable and non-diffusible. The resulting bone pastes showed high injectability when the solid-liquid ratio 

was low. The non-diffusion property of α-TCP/hm-PVAs bone pastes in water and fresh porcine blood was 

observed compared with α-TCP alone, α-TCP/original PVA (Org-PVA), and commercial calcium phosphate 

paste. Compressive strength of α-TCP/nonanal modified PVA (C9-PVA) bone pastes reached to max value 

after 3 days in water. Young's modulus of α-TCP/C9-PVA bone pastes was lower than that of commercial 

calcium phosphate paste and poly(methyl methacrylate)-based bone cement. Furthermore, the surface of α-

TCP/C9-PVA bone pastes showed excellent cell adhesion of cultured osteoblastic cells. These results 

demonstrated that α-TCP/C9-PVA bone paste is a promising bone filler for percutaneous vertebroplasty (PVP) 

surgery. 

 Chapter 5 described the effect of alkyl chain length on mechanical property and volume embolization 

ratio of cerebral aneurysm embolization material composed of α-cyclodextrin (α-CD) and hm-PVAs. As expect, 

the water-insoluble hm-PVA could be dissolved in aqueous solution with addition of α-CD. Additionally, 2D-

NMR NOESY spectra indicated that a threaded inclusion complex was established between α-CD and the hm-

PVA molecule. Among the prepared inclusion complexes, α-CD/5C9-PVA (5C9-PVA with 15 mM α-CD) 

showed thixotropic property, and its injectability was over 90%, even using a 25G needle. Moreover, the α-

CD/5C9-PVA inclusion complex was stable in PBS after incubation at 37 ℃ for 24 h. Therefore, the α-

CD/5C9-PVA inclusion complex is a promising material that could be applied for cerebral aneurysm treatment. 

Chapter 6 described the effect of hydrophobic group modification ratio on multi-functions of 

adhesive submucosal injection material (AdSIM) composed of α-cyclodextrin (α-CD) and hm-PVAs. Focusing 
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on the water insolubility of hm-PVA and the hydrophobic groups inclusion ability of α-cyclodextrin (α-CD), 

an inclusion complex (α-CD/hm-PVA) was fabricated in aqueous solution. Interestingly, α-CD/2.5C9-PVA 

inclusion complex showed good gel-sol switchable property and good injectability using a 25 G needle. The 

α-CD/2.5C9-PVA inclusion complex could form good submucosal cushion after injection into submucosa due 

to good structure recovery property. What’s more, this material had the potential to deal with complications 

such as perforation and bleeding. Finally, stable 2.5C9-PVA hydrogel could be formed on the wound after 

incubation as the α-CD release, which means that α-CD/2.5C9-PVA inclusion complex had the potential to 

wound sealing after submucosal dissection. These results demonstrate that the α-CD/2.5C9-PVA inclusion 

complex could be an ideal material for ESD.  

 PVA has been widely used in various areas including the biotechnological and biomedical field due 

to its excellent chemical and physical properties, easy processing technique and high cytocompatibility. 

Applications of PVA in the biomedical field include contact lenses, wound dressing, coatings for sutures and 

catheters. In recent years, research and product development of functionalized PVA have been promoted. As a 

result, PVA is attracting attention from many fields. In this study, hm-PVAs with various alkyl chain lengths 

(3–18) were synthesized and their multifunctionality was evaluated. From these research results, it was clear 

that the partial hydrophobic modification of PVA can be applied to various applications. It is considered that 

this cheap and potentially functional hm-PVA can be expected as a novel biomaterial material. 
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