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Chapter 1: General Introduction 
Polymer hydrogels are three-dimensional polymer networks containing large amounts of water, 

characterized by high water content, low friction, and permeability to substances. The application range of 

polymer hydrogels has been limited due to their low mechanical properties, which stem from low network 

density due to water content and various levels of heterogeneity1. Over the past 25 years, extensive research 

has been conducted on improving the mechanical properties of polymer hydrogels, leading to the 

development of tough polymer hydrogels based on various toughening strategies. 

There are two main mechanisms for toughening polymer hydrogels. One is to eliminate the 

heterogeneity that is considered the source of low mechanical properties. This includes slide-ring gels 

developed by Ito et al.2 and Tetra-PEG gels developed by Sakai et al3. Slide-ring gels achieve high 

mechanical properties by introducing dynamic crosslinking points, thereby eliminating heterogeneity 

originating from crosslinking points. Tetra-PEG gels demonstrate improved mechanical properties by 

reacting star-shaped polymers with four-branched active terminals to achieve a relatively homogeneous 

structure. 

The other mechanism is the introduction of sacrificial bonds4. Sacrificial bonds refer to weak 

bonds or structures that preferentially break and dissipate energy before the entire material fails. These 

sacrificial bonds often utilize weak physical interactions such as hydrogen bonds, ionic bonds, hydrophobic 

interactions, and van der Waals forces5–10. Most tough hydrogels enhance their mechanical properties by 

using physical bonds as sacrificial bonds. A notable example of a special sacrificial bond system is the 

Double Network gel (DN gel)11. DN gels achieve extremely high mechanical properties by utilizing 

covalent network contrasts in strength and density as sacrificial bonds. 

Although the two toughening strategies of structural homogenization and sacrificial bonds differ 

in their toughening mechanisms, they share the common approach of improving mechanical properties by 

controlling nanoscale structures and bonds. Thus, regardless of the strategy employed, the relationship 

between nanoscale structures and bonds and macroscopic mechanical properties is a crucial aspect of 

polymer hydrogel toughening. This research primarily aims to elucidate the relationship between nanoscale 

structures and bonds and macroscopic properties in hydrogels with sacrificial bonds. 

This dissertation consists of four chapters, with this General Introduction included as Chapter 1. 

In Chapter 2, the background of this research is summarized from the aspects of scientific 

research, including recent studies. 

Chapter 3 deals with the toughening of polymer hydrogels by introducing sacrificial bonds, as 

observed in biological bone tissues.  
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Chapter 2: Background 
2-1: Sacrificial bond 

Sacrificial bonds are weak bonds or structures that break and dissipate energy prior to the failure 

of the entire material. This concept was first proposed by Nacre, suggesting that interactions between 

biological polymers and biological minerals act as sacrificial bonds1. The concept has expanded to other 

biological tissues, explaining the mechanical properties of many tough biological tissues such as bone and 

spider silk. Particularly after the proposal of sacrificial bonds in bone tissue in 20012,3, numerous studies on 

bone sacrificial bonds have been conducted to this day2,4–6. Details will be discussed in Chapter 3. 

Until the late 2000s, this concept was primarily associated with biological tissues. In 2008, Gong 

et al. first incorporated it as a toughening principle for artificial materials, resulting in DN gels7. Typical 

DN gels consist of a hard and brittle first network and a soft and stretchable second network8. During 

deformation, the covalent bonds of the hard and brittle first network preferentially break9. While ordinary 

gels would fail at this point, DN gels avoid overall material failure due to the presence of the second 

network. As a result, additional energy is required to break the first network to cause overall DN gel failure, 

making the material as a whole tougher10.  

This concept of sacrificial bonds in polymer network materials has become widespread, leading 

to the development of various tough materials with sacrificial bonds11–20. Materials using physical bonds as 

sacrificial bonds have been extensively developed as self-healing tough materials due to their ability to 

rebond after breakage20. Recent attention has focused on strain-induced crystallization gels and elastomers, 

whose toughness originates from strain-induced crystals acting as sacrificial bonds, making them a type of 

sacrificial bond material21–23. 

While sacrificial bonds were originally a concept explaining the toughness of biological tissues, 

they are now well-known as a toughening strategy for polymer network materials such as gels and 

elastomers. Consequently, much is understood about sacrificial bonds in polymer network materials, while 

understanding the mechanisms in biological tissues remains limited due to their complexity. Chapter 3 aims 

to bridge this gap between artificial materials and biological tissues by reproducing the sacrificial bonds of 

biological tissues, particularly bone tissue, in artificial materials. 
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Chapter 3: Synthesis of tough hydrogel with bone like sacrificial bond 
Reprinted with permission from https://doi.org/10.1021/acs.chemmater.3c03272. Copyright 2024 American 

Chemical Society. 

3-1 Introduction 
Learning from nature is a promising approach to achieve high functionality of synthetic materials1–

3. One of the decisive differences between living tissues and man-made materials is their self-regulation 

function during the metabolic process4,5. In nature, not only soft but also hard tissues grow, repair, and 

optimize themselves through repeated degradation and regeneration6–8. Among them, bone is a typical hard 

and active tissue with biochemical and biomechanical functionalities, remodeled by the harmonization of 

osteoblasts and osteoclasts7,8. In the bone formation by osteoblasts, they simply secrete macromolecular 

building components and enzymes to provide an environment for the spontaneous occurrence of 

biomineralization from body fluid9–11. Namely, the bone formation is a chemical event outside the cells9. The 

major molecular components of bone are low crystalline hydroxyapatite (HAp), type I collagen, non-

collagenous proteins (NCP), proteoglycans, and a small amount of water 12–14. HAp, which is an inorganic 

mineral of calcium phosphate located in gaps of collagen fibrils, acts as a storage/supplier of calcium and 

phosphate ions. NCPs such as osteopontin (OPN) and osteocalcin, which are rich in acidic residues, 

intercalate into the mineralized collagen fibril interfaces through calcium ions15. OPN has about 300 residues 

and contains many acidic amino acids such as glutamic acid and aspartic acid16,17. Considering those of 

phosphorylation by post-translational modifications, the OPN has about 39% of acidic residues at most 18. 

OPNs forms a glue-like network through calcium-mediated ionic bonding with the acidic residues. The glue-

like network adheres to the mineralized collagen fibrils through calcium mediated bonding between carboxyl 

group of OPNs and minerals complexed with collagen fibrils.  According to the past investigations by using 

atomic force microscopy 15,18,19, genetic modification techniques 20, and molecular simulations 21–23, the 

molecular origin of high toughness of bone is that the ionic bonds formed in the self-regulation are 

preferentially ruptured under impact and deformation (Figure 3-1A). The preferential rupture of relatively 

weak bonds suppresses the local stress concentration and dissipates energy, preventing macroscopic 

catastrophic fracture (e.g. bone fracture). Thus, such weak bond has been called “sacrificial bond”19,24 as an 

intrinsic molecular mechanism for toughening of bones. Moreover, accompanying with the dissociation of 

ionic bonds, it has been suggested that the covalent crosslinking structures of both intra and inter molecules 

of OPN enhance energy dissipative capability 16. The OPN is enzymatically operated by transglutaminase II 

(TG), resulting covalent crosslinking of glutamine and lysine residues in OPN 25. The result suggests that the 

covalent crosslinking promotes the effect of sacrificial bonds.  

Inspired from the molecular structure of the bone and its chemical characteristics, here, we propose a novel 

strategy to develop tough hydrogels utilizing a series of coupled chemical equilibriums, adopting polyacrylic 

acid (PAAc) as weak acidic polymers to mimic OPN and HAp particles as self-regulating calcium ion source 

for sacrificial ion bonds formation in the hydrogels (Figure 3-1B).  The hydrogels can be synthesized from 

AAc monomers in the presence of chemical crosslinker and HAp particles and then equilibrated in pure water 
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(Figure 3-1C). In such a system, five equilibrium reactions (Figure 3-2A, B) are coupled to regulate the 

ionic bond formation between polymers and between polymer and minerals. The generation of H+ by 

dissociation of -COOH on PAAc (reaction 1) triggers the dissolution of HAp (reaction 2), releasing calcium 

ions Ca2+ and phosphate ions PO43+; the released PO43+ ions act as buffer to keep the concentration of H+ 

constant (reaction 3);  the released Ca2+ ions form ionic bonds with -COO- groups of PAAc (reaction 4) and 

the Ca2+ ions on HAp surface form ionic bonds with -COO- of PAAc (reaction 5), both further promote the 

dissociation of the carboxyl groups (reaction 1). When all of the -COO- groups are bound to Ca2+ ions, the 

increase of free Ca2+ ion concentration suppresses further dissolution of HAp.  As a result, formation of 

inter and intra-chain ionic bonds between Ca2+ ions and -COO- on PAAc and the adsorption of PAAc on the 

solid phase HAp are self-regulated by these five coupled reactions. Thus, the HAp particles function as 

reservoirs to automatically supply the optimized amount of Ca2+ ions to form ionic bonds in the PAAc 

hydrogels.  

Such bone-like self-regulative mechanism makes the PAAc/HAp system unique, in difference from 

common organic/inorganic composites consist of polymers and chemically inert inorganic particles26–29. In 

the common composites, the inorganic articles only serve as hard fillers, and they do not facilitate the 

dynamic bonds formation of the soft matrix. Moreover, the PAAc/HAp system is different from common 

ionic bonds-based tough hydrogels, such as polyampholyte hydrogels or polyion complex hydrogels. In these 

hydrogels, the charge balance should be strictly pre-controlled in preparation state otherwise the hydrogels 

would significantly swell by the polyelectrolyte effect and destroy the ionic bonds30,31, while the PAAc/HAp 

system is able to optimize its structure to reach the maximum amount of ionic bonds by the self-regulating 

mechanism. Accordingly, this bone-inspired self-regulatory mechanism provides a novel promising approach 

to create tough composites with optimized structure.  

3-2 Methods 

Materials 

Acrylic acid (AAc), N, N’-methylenebisacrylamide (MBAA), potassium persulfate (KPS), 

Methacrylic acid (MAc), 2-oxoglutalic acid and liquid paraffin (paraffin oil) were purchased from Wako 

Pure Chemical Industries, Ltd. (Japan) and used as received. Hydroxyapatite particles and sodium acrylate 

(NaAc) were purchased by Sigma-Aldrich Inc. (U.S.A.) and used as received. Acrylamide (AAm) was 

purchased from Junsei Chemical Co. Ltd. (Japan) and used as received. Ethanol denatured with about 4% 

isopropanol was purchased from Imazu Chemical Co., Ltd. (Japan) and used as received. HAp particles 

(cumulant diameter of c. a. 1 μm, polydispersity index, PI: 2.5, Figure 3-1C) was purchased from Sigma 

Aldrich and used as received. HAp disc plate (1 mm thickness, 32 mm diameter) was purchased from NGK 

SPARK PLUG Co., Ltd. and used after washing by 10% ethanol solution. 

Preparation of PAAc/HAp Gels 

Briefly, PAAc/HAp gels were obtained by one-step thermal radical polymerization of HAp particles 

suspended aqueous solution containing acrylic acid, cross-linking agent, and thermal initiator (Figure 3-1C).  



8 
 

In specific, prescribed amount of AAc monomer, MBAA cross-linker, and KPS thermal initiator were 

dissolved in pure water. Then a precursor slurry was obtained by adding prescribed amount of HAp particles 

to the solution. The slurry was mixed with removing bubbles by vacuum rotation/revolution mixer (ARV-

310LED, THINKY, Japan) at 300 kPa, 300 rpm for 3 min. The slurry was poured into a reaction cell and 

sealed. The reaction cell was composed of a pair of glass plates separated by a silicone spacer of 2 mm-thick. 

The reaction cell was immersed in a warm water bath of 65 °C to conduct polymerization for 12 h. The 

concentration of AAc was varied from 1 to 3 M, and the concentration of MBAA was varied from 0.025 to 

3 mol% (referred to AAc), and the concentration of KPS was kept at 0.1 mol% (referred to AAc). HAp was 

varied from 5 to 15 vol% (referred to total volume of the suspension). The pristine PAAc gel without HAp 

particles as a reference sample was obtained in the same way. The PMAc/HAp gel was prepared by using 

MAc as monomer instead of AAc.  

Swelling and Deswelling of Gels in Water 

The as-prepared PAAc/HAp gels and PAAc gels of 2 mm-thick were cut into discs and immersed in 

pure water.  The water was changed daily and the thickness (t) was measured with a thickness gauge each 

time. The swelling volume ratio (V/V0) was calculated from the following relation with the initial thickness 

(t0) because of isotropic swelling of the gels. 

𝑉𝑉
𝑉𝑉0

= �
𝑡𝑡
𝑡𝑡0
�
3
 

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) 

ATR-FTIR spectroscopy was carried out with FT/IR-6600 spectrometer (JASCO, Japan). The 

surface of gel was gently wiped to remove the surface excess water and then was contacted to the ATR 

diamond prism. Measurements were conducted with 64 integrations, resolution of 2 cm-1, and wavenumber 

range of 1900-1300 cm-1.  

The complexation degree α of the carboxyl group of PAAc with HAp is determined from the peak 

areas at 1550 cm-1 (assigned to COO-) and 1700 cm-1 (assigned to COOH) 32, using the following relation,  

𝛼𝛼 =
𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶−

𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶−
=

𝐴𝐴1550
𝐴𝐴1700

𝜀𝜀1550
𝜀𝜀1700

+ 𝐴𝐴1550
𝐴𝐴1700

=

𝐴𝐴1550
𝐴𝐴1700

2.726 + 𝐴𝐴1550
𝐴𝐴1700

 

where c, A and ε were concentration of each moiety, area of IR spectral peak, and molar absorption coefficient, 

respectively. To estimate peak areas at 1550 and 1700 cm-1, the spectral profile of sample was firstly 

subtracted by the pure water’s profile. Then, these peaks were curve-fitted by pseudo-Voigt function. Each 

area was calculated from the integral of de-convoluted peak. A calibration curve was generated from 

measurements of 1 M poly(NaAc-co-AAc) gels with various copolymerization ratios to determine the molar 

absorption coefficient of the peaks at 1550 cm-1 and 1700 cm-1 (Figure 3-S1). Their ratio ε1550/ε1700 was 

determined to 2.73. 
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Thermogravimetry and Differential Thermal Analysis (TG-DTA) 

 Thermogravimetry and Differential Thermal Analysis (TG-DTA) was performed by Thermo plus 

EVO II TG8120 HUM-1F. Approximately 20 mg of PAAc/HAp gel was cut out and heated up to 700°C at 

a rate of 5°C/min to evaporate the water and burn off the polymeric component to obtain the results.  

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) 

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was performed on an ICP-

AES spectrometer ICPE-9000 (Shimadzu Corporation, Japan). A disc (2 mm of thickness, 1 mm of diameter) 

of as-prepared PAAc/HAp gel (composition: 3M AAc, 1 mol % MBAA, 0.1 mol % KPS, 10 vol % HAp) 

was immersed in 200 mL pure water, and the water was periodically changed with the fresh water. Each 

immersed water was collected for ICP-AES analysis to determine calcium and phosphorus diffused out from 

the PAAc/HAp gel (Figure 3-S4).  

Uniaxial Tensile Test 

Uniaxial tensile tests were performed by using a tensile-compressive tester (Instron 5965 type 

universal testing system, Instron co., US). The gels equilibrated in pure water were cut into dumbbell-shape 

of international standard dimension ISO 37-2 (12 mm in length, 2 mm in width) using a mechanical cutting 

machine. The test was done in 100 mm/min velocity at room temperature. Work of extension was calculated 

from the integral area under the stress-strain curve to the point of fracture. The cyclic loading/unloading test 

was performed to evaluate the dissipated energy and healing ratio. The gel sample was deformed up to strain 

ε = 2. The dissipated energy was comparable to the hysteresis area Uhys as follows,  

𝑈𝑈ℎ𝑦𝑦𝑦𝑦 = � �𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(ε)− 𝜎𝜎𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢(𝜀𝜀)�𝑑𝑑ε
2

0
 

Where 𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(ε)  and 𝜎𝜎𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢(ε)  were the loading and unloading stress, respectively. For recovering 

evaluation, the intervals between 1st and 2nd cycles were 0, 1, 10, 60 and 1440 min. During the testing, the 

samples were covered with paraffin oil to prevent drying. The healing ratio was calculated from Uhys of the 

1st cycle over that of 2nd cycle. 

 

Peeling test 

A 90° peel test was performed to evaluate the adhesion of PAAc gels to HAp plate. The PAAc gels 

were polymerized on HAp plate and the measurement was performed for the as-prepared sample without 

swelling in water. Polyacrylamide (PAAm) gel was prepared as a control gel without acid residues. The 

PAAc gel and the PAAm gel were polymerized by photosynthesis using 2-oxoglutalic acid as a photoinitiator. 

The concentration of monomer (AAc or AAm) was 4 M, the concentration of MBAA was 0.01 mol%, and 

the concentration of 2-oxoglutalic acid was 0.01 mol%.  To prevent elongation of the cramped handles the 

gels were supported with a tape over the cramped handles. The handle was pulled at a speed of 100 mm/min 

by a universal tensile tester (tensilon). Adhesion energy was calculated from the area of force extension curve. 
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3-3 Results and Discussion  

Self-regulated complexation via calcium mediated ionic bonds in PAAc/HAp hydrogels  

 Figure 3A showed the appearance of as-prepared PAAc/HAp gel and its equilibrium state in pure 

water. The gel was prepared from 3 M AAc, 0.1 mol% MBAA, and 10 vol% HAp. As a typical example, the 

as-prepared gel was opaque due to the presence of HAp micro-particles, and the gel volume decreased at 

equilibrium state in pure water by a fact of 0.6~0.7 in relative to its as-prepared state, indicating the formation 

of ionic bonds. The chronological detail in volume change was measured with the comparison to that of 

pristine PAAc gel with the absence of HAp particles (Figure 3-3B). The pristine PAAc gel showed simple 

swelling behavior in similar to general polyelectrolyte gels. On the other hand, the PAAc/HAp gel showed a 

unique non-monotonous volume change. Initially, the gel exhibited swelling in water. After ~1000 min, the 

gel shrank and finally lost about one third of its original volume at equilibrium. This implies that the calcium-

mediated ionic bonds were gradually formed inside the gel by the self-regulative equilibriums.  

To identify the dissociation of COOH group on PAAc (reaction 1), attenuated total reflection Fourier 

transform infrared (ATR-FTIR) spectroscopy was performed on the PAAc/HAp gel and the pristine PAAc 

gel adjusted to the same volume of the swelling equilibrium PAAc/HAp gel (Figure 3-3C). The PAAc gel 

mainly showed a strong peak at 1700 cm-1 assigned to C=O stretching vibration of COOH and a weak one 

around 1550 cm-1 assigned to the stretching vibration of inverse-paired COO-, meaning that PAAc moieties 

did not de-protonate so much. Similar to the PAAc gel, the as-prepared PAAc/HAp gel also had the small 

peak around 1550 cm-1, while the peak at equilibrium in pure water was strongly enhanced. This peak 

enhancement indicates that the carboxyl group was deprotonated and the formation of ionic bond between 

COO- and calcium ion (reaction 4) was promoted during the immersion in water. To confirm the coupling 

between the reactions shown in Figure 3-2A, the relation between volume change and formation of calcium-

mediated ionic bond was chronologically evaluated (Figure 3-3D). The complexation degree (α) was 

calculated from ratio of the IR peak integral of COO- and sum of COO- and COOH. In the initial period (~60 

min), the swelling was still mild, and the α was almost constant around 0.1. After that, as swelling proceeded, 

the α simultaneously increased, suggesting that immersion in water leads to the dissociation and swelling is 

induced by the osmotic pressure generated by dissociated proton ions. The swelling reached a maximum 

around α=0.3 and then shrinking occurred with time. However, the α kept increasing even the PAAc/HAp 

gel became shrinking, and finally equilibrated to ~0.45. This delayed shrinkage behavior indicates that the 

HAp dissolved to generate Ca2+ ions (reaction 2) by proton generation, leading to ionic bond formation. The 

shrinkage behavior was generally observed in other compositions, including HAp concentration, AAc 

concentration, (Figure 3-S2). For almost all of these gels, approximately 40~60% of carboxyl groups were 

dissociated and form ionic bonds with calcium ions in these systems. Furthermore, we also observed the 

shrinkage of the PMAc/HAp gel, in which methacrylic acid (MAc) was used as monomer instead of AAc 

(Figure 3-S2).   
To verify the ionic bond formation by the coupled reactions during the self-regulation, we 

investigated the polymer/mineral weight ratio of equilibrate PAAc/HAp gel calculated from 
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thermogravimetry and differential thermal analysis (TG-DTA). We found that the ratio was 0.72 for 

PAAc/HAp gel of formulation 3 M AAc, 0.1 mol% MBAA, and 10 vol% HAp (Figure 3-S3), which is higher 

than the feed polymer/mineral weight ratio of 0.68 in the preparation. This indicates the dissolution of HAp 

and release from the PAAc/HAp gel immersed in water. Measurement of calcium and phosphorus atoms 

released from the PAAc/HAp gel by inductively coupled plasma atomic emission spectroscopy (ICP-AES) 

showed that approximately 11% calcium (0.33 M) and 37% phosphorus (0.67 M) atoms in relative to the 

initial total amount were released from the gel (Figure 3-S4). This suggests that at least 37% of HAp was 

dissolved, assuming that the dissolved phosphate ions were all diffused into solutions. Therefore, at least 

26% of calcium atoms (of 0.78 M) remain in the PAAc/HAp gel, in ionic state. The 0.78 M calcium ions is 

very close to half of the concentration of dissociated carboxylic groups 1.68 M (56% of 3 M). This confirms 

that the dissociated carboxylic groups almost fully formed ionic bonds with the calcium ions. Thus, the 

number of net charges in the gels are spontaneously regulated to zero through these coupled reactions in 

which the HAp micro-particles act as calcium ion reservoirs. The ion concentrations in the gel and in the 

solution are summarized in Table 3-1.  

As shown in Figure 3-2B; two types of the calcium-mediated ionic bond should exist in this system: 

one is the cross-linking of intra/inter PAAc strands by divalent calcium ions provided by HAp, and the other 

is the bond between PAAc and calcium ions at the outermost surface of HAp particles (33, 34). The valence 

of ionized calcium at the outermost surface of HAp is considered to be monovalent. The bonding of PAAc 

network to HAp was further confirmed by the debonding test of a pristine PAAc hydrogel prepared on a bulk 

HAp plate (Figure S5). The adhesion strength of the as-prepared PAAc gel on HAp was 10 times of a non-

acidic polyacrylamide gel network, confirming the calcium-mediated ionic bonding between PAAc gel and 

HAp, as-like the interaction between OPN and HAp. We consider that the number of carboxylic groups in 

bonding to the HAp is much less than those in binding to the divalent calcium ions, and is not included in the 

rough estimation shown in Table 3-1.  

From these results, the swelling and subsequent shrinking of PAAc/HAp gel can be explained as 

Figure 3E.  The swelling of a polyelectrolyte gel is influenced by three factors: osmotic pressure Π𝑚𝑚𝑚𝑚𝑚𝑚 

contributed by the polymer, elastic pressure Π𝑒𝑒𝑒𝑒 due to the deformation of the gel network, and osmotic 

pressure Π𝑖𝑖𝑖𝑖𝑖𝑖 due to the concentration difference of small ions between the inside and outside of the gel. 

When the as-prepared PAAc/HAp gel is immersed in pure water, the Π𝑖𝑖𝑖𝑖𝑖𝑖is large in the earliest stage because 

of the proton ions deprotonated from the PAAc. Taking the Π𝑚𝑚𝑚𝑚𝑚𝑚 and Π𝑖𝑖𝑖𝑖𝑖𝑖 as the driving force, the gel 

shows swelling in the early period. During the immersion, calcium ions dissolved from HAp and those on 

the surface of HAp are exchanged with proton of carboxyl side chains and form ionic bond with COO- which 

serves as cross-linking, and the exchanged proton form pair with phosphorus ions dissolved from HAp and 

diffuse out from PAAc/HAp gel.  The additional cross-linking by ionic bond formation contributes to the 

increase of Π𝑒𝑒𝑒𝑒 and the diffusion of protons and phosphorus ions from the gels decreases the mobile ion 

concentration difference between inside and outside of the gel, contributing to the decrease of Π𝑖𝑖𝑖𝑖𝑖𝑖. Both 

effects favor shrinking. As a result, the gel first swells and then shrinks with time due to coupled reactions.  
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Toughening by sacrificial bonds 

To evaluate the effect of self-regulated sacrificial bonds on the toughening of gels, uniaxial tensile 

tests and loading-unloading tests were conducted. As a typical example, the results for the formulation of 3M 

AAc, 0.1 mol % MBAA, 10 vol % HAp is shown in Figure 3-4. As a control sample, we prepared pure 

PAAc gel whose swelling ratio was adjusted to the same that of PAAc/HAp gel equilibrated in pure water 

(V/V0 ~ 0.65). The equilibrium-swollen pure PAAc gel broke at very low strain and stress, while the 

equilibrium-swollen PAAc/HAp gel showed significant improvement in both fracture stress and strain 

(Figure 3-4A). The high breaking strain was comparable to that of the adjusted PAAc gel, implying that the 

gel shrinkage primarily contributes to the high elongation in the PAAc/HAp gel, which can be interpreted as 

the spontaneous folding of the gel network strands via self-regulation process. Since the ionic bond is 

obviously weaker than the covalent bond, the ionic cross-link structure was preferentially fractured by 

deformation to dissipate energy. The opening of ionic bonds lengthens the network strand length and provides 

the polymer network an extra stretching capacity.  This phenomenon is known as “hidden length” effect, 

observed in bones and materials possessing sacrificial bond 15,33. Next, the loading-unloading test up to strain 

2.0 was performed to observe mechanical hysteresis, corresponding to the energy dissipation by sacrificial 

bonds (Figure 3-4B). The swelling adjusted PAAc gel showed almost no hysteresis (3.36 kJ/m3), meaning 

that the gel network structure was not fractured at all and there is no sacrificial bonds. The as-prepared 

PAAc/HAp gel showed obvious hysteresis (48.5 kJ/m3), and it was enhanced after equilibrium in pure water 

(161 kJ/m3), agreeing with the increment of complexation degree α.  

The calcium-mediated ionic bonds are physical bonds that potentially reform even after breakage. 

Figure 3-4C and 3-4D shows the cyclic tests with different waiting times and healing ratio calculated from 

the hysteresis ratio of each waiting time and the 1st cycle. The hysteresis was recovered to ~75% at most 

within 24 hours, indicating that the major energy dissipation term is the calcium-mediated ionic bond. The 

incomplete recovery would be due to the rapture of the chemical cross-linker as irreversible covalent bond.   

Effect of covalent cross-linking structure in the sacrificial bond system 

As mentioned in Figure 3-1A, the OPN has both calcium mediated ionic bond and covalent cross-

link structure. It is considered that they synergistically contribute to the toughness of bone structure. A 

quantitative study of the effect of covalent cross-linker in OPN has not been reported  yet because evaluation 

of the density of covalent cross-link points is challenging. Here, we systematically tuned the covalent cross-

link structure of PAAc/HAp gel by changing the concentration of chemical cross-linker MBAA during 

polymerization of PAAc. Figure 3-5 shows a series of PAAc/HAp gels with different MBAA cross-linker 

concentrations from 0.025 to 3 mol% in relative to AAc monomer concentration, and 3 M AAc and 10 vol% 

HAp were used. When these gels were immersed in pure water, all gels showed shrinking to the similar 

volume at equilibrium (Figure 3-5A). However, swelling-shrinking self-regulation process differed 

depending on the cross-linker concentration. The gels with low cross-linker concentrations exhibited high 

transient swelling peak up to 10 folds of their original volumes. The gels with high cross-linker concentrations 

showed shrinking without initial swelling. This should be due to an increase in elastic pressure, which 
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exceeded the osmotic pressure even in the initial period. However, the transient swelling, which results in 

temporal decrement of polymer and HAp concentrations, did not affect the final equilibrium volume. Figure 

3-5B shows the degree of complexation α of as-prepared and equilibrated gels with various cross-linker 

concentrations. The α at both initial and equilibrated states was almost constant against the cross-linker 

concentration. These results suggest that the density of cross-link structure has no effect on the formation of 

calcium-mediated ionic bond and the final volume. Figure 3-5C showed tensile stress-strain curves of 

PAAc/HAp gels with different cross-linker concentrations. The Young’s modulus was summarized with 

those of as-prepared gels in Figure 3-5D.  In the low concentration of cross-linker, the modulus was greatly 

increased after equilibrium, meaning that the calcium mediated ionic bond is the major contribution on the 

gel modulus. When the cross-linker concentration was increased, the modulus gap between as-prepared and 

equilibrated states decreased. As shown in Figure 3-5B, the complexation degree was almost the same in all 

cross-linker concentrations. Therefore, even though the calcium mediated ionic cross-link structure was 

formed, the contribution was relatively small in the total cross-link density. The similar tendency was 

observed in the hysteresis (Figure 3-5E and 3-5F). Takahashi et al. suggest that high matrix modulus 

enhances efficient energy dissipation via sacrificial macroscopic structure inspired by hydrogel sacrificial 

bonds 34. Therefore, the large hysteresis in samples with high cross-linker concentration indicates the efficient 

energy dissipation due to high modulus of PAAc gel matrix. As shown in Figure 3-5G, the fracture strain 

and the work of extension increased with increasing in cross-linker concentration and reached a maximum 

around 0.1 mol% MBAA.  The trend above 0.1 mol%, that is, increasing in cross-linker concentration 

results in the decreasing of the fracture strain and the work of extension, is consistent with common network 

materials due to decrease in the network strand length of the non-covalent network The opposite trend 

observed below 0.1 mol%, suggests that a different fracture mechanism was working. From the results of the 

Young’s modulus (Figure 3-5G) and the hysteresis (Figure 3-5F), calcium mediated cross-link structure 

was the main contribution for the gel structure instead of the covalent cross-link in this low MBAA region 

(Figure 3-5H). Therefore, the calcium-mediated cross-link structure effectively served as sacrificial bonds 

to govern the fracture of the gels. It is interesting to see that the fracture strain and work of extension to 

fracture increased with (Figure 3-5G) while the modulus decreased with (Figure 3-5D) the increase of 

MBAA concentration in this region. Since the swelling ratio and the degree of complexation α of the 

equilibrated gels hardly changed with MBAA concentrations, the decreasing trend of the Young’s modulus 

is probably due to dynamic effect of the ionic bond that becomes less stable at high MBAA concentration. 

Along this line the increasing trend of fracture strain and work of extension could also be understood by such 

dynamic effect. That is, when the dynamic bond is too stable at the observation time scale, the fracture strain 

might decreases. These results suggest the interplay of covalent cross-link and the dynamic sacrificial bonds, 

and the structure of this system is optimized at 0.1 mol% MBAA for the sacrificial bond to work.  This 

result gives insight on the synergistic effects of calcium mediated ionic bond and covalent cross-link structure 

of OPN in bone16. 
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3-4 Conclusion  
   Formation of the calcium mediated ionic bonds as sacrificial bonds is self-regulated by coupling of 

multiple equilibrium reactions in a system consists of PAAc network and HAp nano particles, which 

effectively toughens the synthetic hydrogels with various compositions. There is an optimum chemical cross-

linker concentration of the polymer network to maximize the effect of the calcium mediated ionic bonds as 

sacrificial bonds. This system is designed based on our assumption that the process of sacrificial bond 

formation in bone has a self-regulatory mechanism in which HAp and OPN play critical roles. Although the 

sacrificial bond mechanism for bone toughness was proposed over 20 years ago19,24 and it has inspired many 

artificial sacrificial bond materials35–39, few have focused on the mechanism of sacrificial bond formation in 

the body, because of their complexity. Our artificial approach enables us to evaluate the relationship between 

self-regulated sacrificial bond formation mechanism in molecular scale and mechanical strength and 

toughness in macroscopic materials, which gives deep insight on the mechanism of sacrificial bond formation 

for high toughness of bones. We postulate that the self-regulation mechanism makes bone self-adaptive to 

the environment changes. Such a self-regulation mechanism is considered the reason that why the nature 

choose HAp as the inorganic component for bones and hard tissues. 
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Figure 3-1. Schematic representation of A) bone with sacrificial bonding structures at molecular level and 

B) PAAc/HAp hydrogel with sacrificial bonds formed by bone-like self-regulative mechanism. C) Synthesis 

protocol of PAAc/HAp hydrogels. Inset scanning electron microscope (SEM) image was HAp raw particles.  
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Figure 3-2. A) Five coupled equilibrium reactions of acidic polymers PAAc and HAp in self-regulation of 

sacrificial bonds to form tough hydrogels and B) their schematic diagram. 
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Figure 3-3. A) Appearances of the as-prepared PAAc/HAp gel and its equilibrated one in pure water. B) 

Chronological change in swelling volume ratio of PAAc/HAp gel and PAAc gel when immersed in pure 

water. C) ATR-FTIR spectra of as-prepared and equilibrium PAAc/HAp gels, and of PAAc gel adjusted to 

the same volume of the equilibrated PAAc/HAp gel. D) Complexation degree calculated from FTIR spectra 

and swelling volume ratio change over time. E) Schematic depiction of swelling and deswelling behavior of 

PAAc/HAp gel. The inset numbers are corresponding to those in Figure 4D. The PAAc/HAp gel of 

formulation 3 M AAc, 0.1 mol% MBAA, and 10 vol% HAp was used as a typical example. 
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Table 3-1. Ion concentrations produced by coupled equilibrium reactions for a sample prepared with a 

formulation of 3M AAc, 0.1 mol % MBAA, 10 vol % HAp. The results with *,†, and ‡ are experimental 

values determined by IR (*), ICP (†), and TG-DTA (‡) and others are calculated values based on mass 

conservation law. All concentrations are relative to volume of the as-prepared gel. The concentrations of H+, 

PO43-, and OH- in the equilibrated PAAc/HAp gel are assumed zero for simplicity.  

 

 
  

  PAAc HAp PAAc/HAp 

In
 fe

ed
  AAc 

3 M 
Ca5(PO4 )3(OH) (10 vol%) 

0.6 M 
(Ca: 3 M, P 1.8 M, OH, 0.6 M) 

0.68‡ (wt/wt) 

Eq
ui

lib
ra

te
d 

 

Ions dissolved 
from HAp  

- - Ca2+ 
1.11 M 
(37%) 

PO43- 

0.67 M 
 (37%) 

OH- 
0.22 M 
(37%) 

0.72‡ 
(wt/wt) 

Ions  H+ RCOO- Ca2+ PO43- OH- +/- charge 
ratio  

In gel  0 M 1.68 M*  
α=0.56 

0.78 M 
(26%) 

0 M 0M ~1 

In solution 1.68 M 
α=0.56 

0 M 0.33 M† 
(11%) 

0.67 M† 
(37%) 

0.22 M 
(37%) 

~1 
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Figure 3-4. A) Tensile stress-strain curves of as-prepared and equilibrated PAAc/HAp gels, equilibrated 

PAAc gel and swelling-adjusted PAAc gel. B) Cyclic loading/unloading tests of as-prepared PAAc/HAp gel, 

equilibrated PAAc/HAp gel and adjusted PAAc gel. C) Cyclic loading/unloading tests to evaluate healing 

ratio of equilibrated PAAc/HAp gel with different waiting times after the 1st cycle. D) Healing ratio 

calculated from the hysteresis in C.  The PAAc/HAp gel of formulation 3 M AAc, 0.1 mol% MBAA, and 

10 vol% HAp was used. 
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Figure 3-5. Various physical properties of PAAc/HAp gels with varying cross-linker (MBAA) 

concentrations from 0.025 to 3 mol%, and the AAc (3 M) and HAp (10 vol%) were kept constant.  A) 

Swelling volume ratio, B) Complexation degree, C) Tensile stress strain curves, D) Young’s modulus, E) 

Cyclic loading/unloading curves, F) Hysteresis loss calculated from E, G) Fracture strain and Work of 

extension. The dash lines in D, F and G means the transition boundary between the ionic cross-linking 

dominant and covalent cross-link dominant. H) Schematic images of the PAAc/HAp cross-linked network in 

varying MBAA concentrations. Left one is the ionic cross-link dominant network below 0.1 mol% MBAA 

concentrations and the right one is the covalent cross-link dominant network above 0.1 mol%. 
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Figure 3-S1.   FT-IR spectra peak ratios at 1550 cm-1 (assigned to COO-) and 1700 cm-1 

(assigned to COOH) of poly(NaAc-co-AAc) gels synthesized from copolymerization of sodium 
salt acrylic acid monomer (NaAc) and acrylic acid monomer (AAc) of different ratios 
[NaAc]/[AAc] with a total monomer concentration 1 M. The curve was used as the calibration 
curve to determine the complexation degree α in PAAc/HAp and PAAc gels from the FT-IR 
spectra, assuming that the measured peak area ratio ACOO-/ACOOH equals to the dissociation ratio 
of carboxyl groups.  
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Figure 3-S2. A) Chronological change in swelling volume ratio of PAAc/HAp gel prepared 
with various HAp concentration (AAc 3 M, MBAA 0.1 mol%) when immersed in pure water. 
B) Chronological change in swelling volume ratio of PAAc/HAp gel prepared with various 
AAc concentration (MBAA 1 mol%, HAp 10 vol%) when immersed in pure water. C) 
Chronological change in swelling volume ratio of PMAc/HAp gel (MAc 3 M, MBAA 0.1 mol%, 
HAp 10 vol%) and the corresponding PMAc gel when immersed in pure water. D) 
Complexation degree of equilibrated PAAc/HAp gel with various HAp concentration 
calculated from FTIR spectra. E) Complexation degree of equilibrated PAAc/HAp gel with 
various PAAc concentration calculated from FTIR spectra.  
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Figure 3-S3. TG-DTA profile to calculate fractions of polymers and HAp of PAAc/HAp gel. 
Sharp endothermic peak at 200 °C indicates evaporation of hydrated layer.   
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Figure 3-S4. Results of ICP analysis. A) Schematic illustration of experimental procedure.  
B) chronological change of ratio of diffused ions from feed HAp particles. C) Sum of the ratio 
of diffused ions. The ratio is in relative to the initial total amount of each component. 
 
 
 
 

 

 
Figure 3-S5. Peeling test of PAAc gel on HAp plate. A) Schematic illustration of the peeling 
test. B) Photo of the peeling test. C) Formula of non-acidic polymer for the control test. D) 
Adhesion energy of the gels to HAp plate from the peeling test.   
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