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Hydrogels toughened by biominerals providing energy-dissipative 
sacrificial bonds 
 Kazuki Fukao,a Kazuki Tanaka,a Ryuji Kiyama,a Takayuki Nonoyama★b,c and Jian Ping Gong★b,c,d

Inspired by bone tissues, we mineralized low crystalline 
hydroxyapatite (HAp) particles in double network (DN) hydrogels, 
and we observed that the HAp minerals toughens the gels. The 
contribution of dissipated energy from HAp minerals was over 
500 % higher than that from polymer in tensile deformation. We 
elucidated that the amorphous parts in the HAp minerals break at 
deformation, acting as energy-dissipative sacrifical bonds. This 
result implies that not only brittle polymer network but also 
mineral can work as sacrificial bond to toughen soft materials.  

 
 Over the past two decades, great progress has been made in 
the synthesis of hydrogel materials with high strength and 
toughness, which significantly broadens the potential application 
of the material, especially as soft and wet structural materials for 
bio-applications. Two strategies, “network uniformalization” 
and “energy dissipative sacrificial bonds” are mainly adopted to 
improve the mechanical properties of hydrogels. For example, 
Slide-ring gels and Tetra-PEG gels show high strength and 
extensibility by improving the network inhomogeneity.1,2 
Double network (DN) gels show high fracture toughness by 
sacrificial fracture of the brittle network and weak physical 
bonds.3–8 It has been clarified that by incorporating 
reversible/irreversible sacrificial bonds/structure that 
preferentially break under deformation, global fracture of a 
hydrogel can be prevented and the material becomes tough and 
strong. The DN gel consists of two interpenetrated polymer 
networks with contrasting mechanical properties.4,6,9,10 The first 
network, made of fully pre-stretched, densely crosslinked 

polyelectrolyte, is rigid and brittle, and the second network, 
made of loosely cross-linked neutral polymer, is soft and 
stretchable. During the deformation of a DN gel, the first brittle 
network is preferentially fractured in large areas because the 
second soft network, entangled within the first network, transfers 
the stress from initial fracture point or stress concentration point 
to the surrounding network. The preferential fracture of the first 
network in large areas dissipates a huge amount of energy, 
resulting in the high toughness of the DN gel. The high toughness 
is almost comparable to that of natural rubber and articular 
cartilage tissue. Here, the sacrificial bond principle demands a 
brittle and stiff first network that fractures preferentially before 
the second network.  
 Ceramics and minerals are representative materials 
possessing a brittle and stiff nature. Among them, the calcium 
phosphate salt, hydroxyapatite (HAp) is a promising biomineral. 
HAp is the main inorganic component of bones and teeth to give 
them enough stiffness and strength for supporting their body. 
Besides, HAp can be synthesized in aqueous and mild condition 
that is capable of making composite with hydrogel materials.11 It 
is known that HAp easily forms defects in its lattice and becomes 
brittle due to easy exchange from constitutive ions to others.12,13 
It has been suggested that the fracture of microscopic poly-
crystals would be one of the energy dissipative mechanisms to 
prevent fatal bone fracture in bone.14 Also, HAp possesses 
osteoconductivity to induce bone formation. HAp coated 
hydrogels can strongly bond to bone tissues because they induce 
ingrowth of bone into the permeable gel matrix.15–17  
 In this study, we broaden the current sacrificial bond 
principle of “synthetic polymers” to bioceramics, by 
incorporating HAp poly-crystals as “sacrificial bonds” into a 
double network gel consisting of two identical neutral polymers. 
We show that the double network gel from neutral polymers 
alone is weak while incorporation of HAp as sacrificial bonds 
significantly toughens the gel. Fig. 1a shows a schematic 
illustration of the HAp-polymer double network (HAp/DN) 
hydrogel. First, a neutral polymer gel is prepared. The neutral 
polymer gel, serving as a substrate for HAp crystallization, is 
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chosen because it is osmotically inert against ionic solution and 
maintains the same volume in the precursor solutions for HAp 
crystallization. To obtain the gel incorporating HAp, namely as 
HAp single network (HAp/SN), the gel is repeatedly soaked in 
calcium chloride solution and dipotassium phosphate solution 
alternatingly. During the alternating immersion, these ions 
diffuse into the gel matrix and form submicron scale HAp poly-
crystals. Because this HAp poly-crystal is much larger than the 
network mesh size, the HAp is physically interlocked within the 
network. As a result, the HAp/SN gel is expected to be rigid and 
brittle, in comparison to the first SN gel. After that, the second 
soft and stretchable network is polymerized in the presence of 
HAp-crystallized gel. This second network is topologically 
entangled with the brittle HAp crystallized network. The soft 
materials are toughened by the bioceramics which act as 
sacrificial bonds thereby broadening the sacrificial bond 
principle beyond synthetic polymeric materials category. 
 In particular, we employed poly(dimethylacrylamide) 
(PDMAAm) both as the first and second networks. The first 
PDMAAm gel was synthesized at room temperature by radical 
polymerization from an aqueous solution containing 1 M 
DMAAm as a monomer, 2 mol% MBAA as a cross-linker, and 
0.1 mol% KPS and 1.0×10-4 vol% TEMED as initiators. Then 
HAp mineralization was carried out in the first PDMAAm gel by 
alternatingly immersing the gel in two solutions, one containing 
300 mM dipotassium phosphate and the other 500 mM calcium 
chloride.17,18 This alternative soaking process was repeated for n 
cycles (n = 0, 1, 3, 5 and 7). After the alternating soaking, the 
mineralized PDMAAm gel was immersed in CaCl2 aqueous 
solution at 35 ℃ over 1 day to ripen the amorphous calcium 
phosphate (ACP) to HAp (HAp/SN gel) (see details in 
Supplementary Information). The HAp/SN gel became hard and 
brittle compared to the PDMAAm SN gel (Fig. 2a). After that, 
this brittle HAp/SN gel was immersed in a second DMAAm 
solution containing 2 M DMAAm, 0.2 mol% MBAA, and 0.1 
mol% KPS, and thermal polymerization was performed again at 
60 oC in air atmosphere to obtain the HAp/DN gel.  
 Fig. 1b shows images of HAp/DN gels at different 
mineralization cycle numbers, n. All the gels were cut to the 
same size. The transparent gel gradually became opaque with 
increasing n, showing no distinct volume change. The cross-
sectional morphology of the mineralized HAp in the solidified 
gel specimen was observed by transmission electron microscopy 

(TEM). Hollow and spiny spherical HAp clusters with ~800-nm 
diameter were observed. The cluster is composed of the acicular 
monocrystals with ~100-nm length in the long axis (c-axis). This 
polycrystalline sphere was much larger than network size of the 
PDMAAm gel (~10 nm), meaning that the polymer network is 
incorporated within the HAp cluster. The X-ray diffraction 
(XRD) profiles of wet-state HAp-DN gels show relatively sharp 
peaks and broad shoulders, which can be assigned to the 
characteristic peaks of the HAp crystals and amorphous water 
background, respectively (Fig. 1c). The HAp peaks became 
obvious with increasing n. The red-dotted peaks of around 32 
degrees of 2θ hardly split, indicating that the mineralized HAp 
has low crystallinity. The weight fraction of HAp in the gel 
linearly increased with increasing n, reaching the maximum 
fraction of around 2.4 wt% at n=7 (Fig.1d). The mineral 

Fig. 1 (a) Schematic illustrations of HAp/DN gel concept. The first gel is a reaction field 
of HAp mineralization. The first network gel becomes brittle after the mineralization. 
Then, the soft second network is polymerized in the presence of HAp brittle network. 
(b) Appearances of HAp/DN gels in different cycle number of HAp mineralization n, 
and TEM image of HAp poly-crystal mineralized in the gel (n = 7). (c) XRD profiles of 
wet-state HAp/DN gels. Dots show the HAp peaks. (d) Weight fraction of HAp in 
HAp/DN gels for different n. 

Fig. 2 Tensile mechanical properties of HAp/DN gels with different weight fractions of HAp. (a) Stress-Stretch ratio curves of SN (blue), HAp/SN (red) and HAp/DN (green) gels. 
(b) Young’s modulus (blue) and work of extension (red) as a function of HAp weight fraction. (c) Dissipated energies of total (purple), HAp (blue) and polymer (red). The dissipated 
energies were estimated from the mechanical hysteresis of cyclic test for samples stretched up to λ=2.  
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formation was concentrated on the surface of the gel above n=7 
to form micro-cracks on the surface.  
 Fig.2 shows the uniaxial tensile profiles of HAp-DN gels. 
With increasing the weight fraction of HAp, the Young’s 
modulus, the maximum strength and stretch ratio, and the work 
of extension (the area below the stress-stretch ratio curves) to 
sample fracture obviously increases even though the HAp weight 
fractions were very low (Fig. 2a-b). Moreover, the total energy 
dissipation ETotal during the loading to a stretch ratio λ=2, which 
is estimated from the hysteresis area enclosed by the loading and 
unloading curves, increased with increasing in HAp fraction, 
meaning that sacrificial bonds worked to dissipate energy (Fig 
S1). Three possible mechanisms contributing to ETotal should be 
considered; polymer chain rupture  energy (EP), HAp rupture 
energy (EHAp) and debonding energy between polymer and HAp 
surface (EP･HAp). Since the adsorption of polymer to HAp is a 
physical interaction, the contribution from debonding energy  EP･

HAp is reversible. To clarify the reversibility of energy dissipation, 
we carried out two cycles of load-unload deformations with 
different waiting times between the two cycles. If the energy 
dissipation contains recoverable components, the 2nd loading 
curve should appear above the unloading curve of 1st loading. In 
both waiting times, 0 and 30 min, the second loading curve of 
HAp-DN gel overlapped with the unloading curve of the first 
loading. This result shows that the energy dissipation is 
irreversible, and the contribution of EP･HAp is almost zero (Fig. 
S2). To estimate EP, we used a method described in 
Supplementary Information (Fig. S3). Briefly, we compared two 
samples that were non-stretched HAp/DN gel and pre-stretched 
HAp/DN gel (λ=2). Both samples were immersed in HCl 
solution (3.5 wt%) for 1 min to dissolve HAp mineral. No 
detectable polymer decomposition was induced by the acid 
treatment (Fig. S4). Then, the two samples without HAp were 
stretched to λ=2, and their stress- stretch ratio curves were 
compared. EP was estimated from the difference of their work of 

extension. Fig.2c showed that the contribution of polymer 
network rupture in dissipated energy was quite small and almost 
constant in any HAp fractions. On the other hand, the 
contribution of HAp rupture greatly increased with increasing 
HAp weight fraction and reached 30-fold that of polymer at most. 
These results show that even a small amount of HAp can provide 
sacrificial bonds and enhance toughness of soft polymeric gel 
matrix. 
 The major energy dissipation of HAp/DN gel was due to 
HAp. To evaluate how HAp dissipates energy, synchrotron wide 
angle X-ray diffraction (WAXD) and TEM observation of the 
HAp/DN gel at stretch ratios from λ=1 to 2 were performed for 
samples with n=5. Fig.3a shows 2D diffraction patterns and 1D 
profiles in parallel and perpendicular directions with respect to 
the stretching axis that is the horizontal direction in the 2D image. 
At λ=1, isotropic Debye-Scherrer rings assigned to HAp were 
observed, and the corresponding 1D profiles of parallel and 
perpendicular directions also overlapped. The HAp polycrystals 
were completely isotropic before the stretching of the sample. At 
λ=2, the isotropic rings changed to crescent arcs, and the 
diffraction peaks became anisotropic. Especially the (002) plane 
of HAp at 26° of 2θ, being perpendicular to c-axis, was highly 
orientated. In addition, the deconvolution of the dense peak 
around 32° revealed that the c-axis was oriented to the stretch 
direction (Fig. S5). This orientation of (002) plane was 
quantitatively evaluated by Herrmann's orientation function, 
S.19,20 The S=0 and 1 mean that the HAp (002) plane is perfectly 
random and perpendicular to stretching direction, respectively. 
The S linearly increased with increasing the stretch ratio (Fig.3b), 
identifying that the c-axis of HAp aligns into parallel to the 
stretch direction. To reveal, in more detail, the HAp structure 
before and after deformation, TEM observation of HAp 
morphology at λ= 2 was carried out (Fig.3c). The spiny spheres 
were deformed to oval spheres along the stretching direction, 
while the acicular monocrystals show less fracture. The higher 

Fig.3 Microscopic anisotropy of HAp under macroscopic deformation of the HAp/DN hydrogel (n=5). (a) Synchrotron WAXD diffraction patterns, and 1D profiles isolated into 
parallel (blue) and perpendicular (red) against the stretch direction; non stretched sample (λ=1) and stretched sample (λ=2). The stretch directions are defined on horizontal 
axis. (b) Orientation degrees, S, of HAp (002) plane as a function of stretch ratio. (c) TEM images of HAp poly-nanocrystal at stretched state (λ=2). Lattice image around 
interconnecting spiny HAp monocrystals. TEM image and selected-area 2DFFT profiles show that HAp polycrystalline sphere consists of not only spiny monocrystals, (i) and 
(ii), but also amorphous calcium phosphate connecting monocrystals, (iii).  
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magnification observation revealed that an amorphous calcium 
phosphate phase existed and interconnected the ends of the 
acicular HAp monocrystal.  
 From these facts, a probable energy dissipative mechanism 
of mineralized HAp is illustrated in Fig.4a. The HAp 
mineralized in aqueous media at mild temperature contains much 
amorphous phase, and the stiffness of the HAp crystal is much 
higher than that of amorphous calcium phosphate. When tension 
is applied to the sphere via the polymer network, the weak and 
brittle amorphous phase is preferentially ruptured to allow the 
long axis (c-axis) of spiny HAp monocrystals align into the 
stretching direction. Therefore, the main energy dissipation 
would be due to the rupture of the amorphous phase of 
mineralized HAp. To reveal that, the effect of crystallinity of 
HAp on dissipated energy was evaluated. The crystallinity was 
controlled by the ripening temperature, Tr, of HAp crystallization. 
Fig.4b shows XRD profiles of HAp/DN gels with different Tr. 
The characteristic peaks became sharp at elevated Tr. The degree 
of crystallinity was evaluated from the ratio of full widths at half 
maximum (FWHM) of (002) peak for each Tr relative to that of 
25 oC, where small value of FWHM ratio shows high 
crystallinity (Fig. 4c). The dissipated energy of uniaxial 
deformation was inversely proportional to the crystallinity, so 
that this result reveals that the main energy dissipation of 
HAp/DN gel is within the amorphous phase of HAp, and the 
spiny HAps work as transmitters of tension to the interconnected 
amorphous phase. This indicates that the HAp monocrystals are 
too stiff to serve as sacrificial bonds.  
 In summary, a biomineral can provide sacrificial bonds to 
toughen a polymeric matrix in the same way as conventional 
brittle polymer networks and weak physical bonds. During 
macroscopic deformation of the polymeric matrix, stress is 
transferred from the polymer network to the brittle biomineral 
incorporated in the polymer network. HAp crystal is too strong 
to be ruptured, while the amorphous HAp phase can be deformed 
and ruptured to gain energy dissipation. The low crystalline 
biomineral has advantage on toughening the matrix. Therefore, 

this may be one of the reasons why bone tissues contain much 
amorphous phase of biomineral. This toughening strategy 
expands the universality of the sacrificial bond principle beyond 
polymer systems and broadens the options to design tough and 
functional materials.  
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