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A B S T R A C T

Objective: Current bone adhesives typically lack adequate mechanical strength, long-term stability, or biocom
patibility. To address these limitations, we designed a new adhesion strategy using a solid-state hydroxyapatite 
(HAp) adhesive in combination with bone surface demineralization.
Methods: Solid-state HAp adhesives were synthesized via wet chemical precipitation and heat treatment. Cortical 
bone specimens were partially demineralized with phosphoric acid (H3PO4) or ethylenediaminetetraacetic acid 
(EDTA), and characterized using scanning electron microscopy (SEM) and attenuated total reflectance–Fourier 
transform infrared spectroscopy (ATR-FTIR). Shear adhesion strength of HAp to demineralized bone was 
measured over time. In vivo fixation was assessed in rats using micro-computed tomography and histology. 
Statistical analysis used Tukey-Kramer tests after normality and variance checks.
Results: Although the HAp adhesive failed to adhere to non-demineralized bone, effective adhesion was achieved 
on the surface-demineralized bone tissue. Shear adhesion strength was significantly higher in EDTA-treated 
samples (238.4 kPa at 10 h) compared to H3PO4-treated samples (102.9 kPa at 1 h), with performance corre
lating with demineralization depth. ATR-FTIR and SEM analyses revealed that EDTA preserved collagen’s triple- 
helix structure and free water content, both enhancing adhesion. Animal experiments confirmed stable fixation 
of HAp adhesive to demineralized bone tissue.
Conclusions: Surface demineralization enabled strong adhesion of the solid-state HAp adhesive to bone by 
exposing collagen swollen with water. Adhesion strength was influenced by structural changes in the demin
eralized layer, and the adhesive provided stable in vivo fixation, supporting its potential for bone-anchored 
biomedical applications.

1. Introduction

Devices that need to be fixed to the bone surface—such as orthopedic 
plates used for fracture fixation [1] and sensors employed to assess in 
vivo skeletal mechanical properties [2,3]—require stable attachment to 
the bone surface. Current strategies for device fixation primarily rely on 
invasive physical methods (e.g., bone screws) [1–4] or adhesive mate
rials [5–7]. Commonly used bone adhesives, including methyl 

methacrylate (MMA) bone cement [8,9], fibrin glues [10,11], and 
polyurethane-based bone cements [12,13], have demonstrated favor
able bone tissue adhesion. However, these adhesives often suffer from 
limitations such as lack of biodegradability (in the case of MMA), poor 
long-term adhesion stability [14], and insufficient mechanical strength 
[15], thus failing to meet the stringent requirements for efficient fixation 
on hard tissues. As a result, developing bone tissue adhesives remains a 
significant challenge, requiring the simultaneous optimization of 
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sustained adhesion strength, mechanical robustness, and 
biocompatibility.

Bioactive ceramic materials—such as hydroxyapatite (HAp), trical
cium phosphate (TCP), calcium phosphate bone cements, and bioactive 
glass—have long attracted widespread attention for orthopedic appli
cations [16–18]. HAp, the primary inorganic component of bone tissue, 
has attracted particular attention. Recently, Okada et al. developed a 
novel solid-state adhesive: a porous HAp-based material capable of 
adhering to soft connective tissues, such as dermis rich in type I collagen 
(Col-1), under wet conditions [19]. Compared with glue-type materials, 
the solid-state HAp adhesive offers advantages such as ready-to-use 
properties without the need for curing. The HAp adhesive exhibited 
superior adhesion strength compared to commercial fibrin glue [19]. 
Additionally, they demonstrated that the adhesion strength could be 
modulated by adjusting the pore structure of the HAp adhesives [20]. 
However, while the HAp adhesive displayed effective adhesion to bio
logical soft tissues, it did not exhibit adhesion to hard tissues such as 
bone, significantly restricting its utility as a bone adhesive.

Bone tissue is composed of ~30 % organic material (predominantly 
Col-1), ~60 % inorganic material (predominantly HAp), and ~10 % 
water [21–23]. When the inorganic component is completely removed 
via demineralization, Col-1 becomes exposed and water occupies the 
resultant voids. We hypothesized that the surface of demineralized bone 
would resemble soft connective tissue and therefore could facilitate 
adhesion of the porous HAp adhesive. Of note, although both dermal 
tissues and demineralized bones are predominantly composed of Col-1, 
structural differences such as Col-1 fiber orientation and cross-linking 
density [24] would have an impact on adhesion efficacy.

Demineralization is widely employed in clinical dental treatments 
and for the preparation of decalcified histological sections of hard tis
sues. In dental treatments, phosphoric acid (H3PO4) [25] and ethyl
enediaminetetraacetic acid (EDTA) [26,27] are often used to remove 
smear layers consisting of mineral debris from enamel surfaces and root 
canals, respectively. Hydrochloric acid (HCl) and formic acid (HCOOH) 
are commonly used in histological decalcification of bone [26].

In this study, we investigated the effects of surface demineralization 
on bone tissue and its influence on the adhesion behavior of the HAp 
adhesive. As demineralizing agents, HCl and HCOOH were excluded in 
this study because of their volatility and harmfulness [28,29]. Instead, 
H3PO4 and EDTA were employed as demineralizing agents, given their 
established use in clinical dentistry and proven safety and efficacy 
profiles. Furthermore, we evaluated the in vivo fixation of the HAp ad
hesive to demineralized bone tissue and examined the potential for 
long-term attachment.

2. Materials and methods

2.1. Materials

Unless otherwise specified, all materials used in this study were of 
reagent grade and purchased from FUJIFILM Wako Pure Chemical 
Corporation (Osaka, Japan). Ultrapure Milli-Q water (Millipore Corp, 
Bedford, MA, USA) was used in all experiments.

2.2. Preparation of HAp adhesives

Following a previously reported method [20], HAp nanoparticle 
water dispersion was prepared via wet chemical synthesis method at 
room temperature (~25 ◦C). After washing and degassing the dispersion 
(9 wt%) under reduced pressure for 30 s, approximately 240 μL was 
poured into a white-petrolatum-coated silicone mold (10 mm diameter 
[ϕ] × 2 mm thickness) and dried at 80 ◦C for 3 h. The resulting HAp 
adhesive (approximately 5 mmϕ × 1 mm thickness) was soaked in 
anhydrous ethanol for 12 h and washed three times with anhydrous 
ethanol to remove residual petrolatum. After washing and drying, the 
HAp adhesive was heated at 600 ◦C for 1 h (heating rate: 10 ◦C/min). 

The diameter of the HAp adhesives was controlled by changing the 
diameter of silicone mold. The HAp adhesive with different thickness 
(0.25, 0.5 or 1.5 mm) was prepared by grinding one surface of the HAp 
adhesive (1.0 mm thickness or 2.0 mm thickness prepared by using the 
double amount of dispersion) with #3000 silicon carbide abrasive pa
pers (Buehler, Illinois Tool Works Inc., IL, USA) under Milli-Q water 
irrigation. After grinding, the HAp adhesive was washed with Milli-Q 
water and dried at 80 ◦C for 12 h. In the following adhesion test, the 
unground surface of HAp adhesive was attached on each tissue.

2.3. Surface demineralization of bone tissues

Cortical femoral bone from slaughtered barrows (~6 months old; 
weight: 100–120 kg; Tokyo Shibaura Zoki KK., Tokyo, Japan) was cut 
with a diamond saw and ground to 15 mm × 10 mm × 2 mm using 
#3000 silicon carbide abrasive paper under water irrigation. Each bone 
specimen weighed ~0.60 g. To ensure consistency in the initial condi
tion of each specimen, Vickers hardness (HV) was measured with a tester 
(FM-700; Future Tech Corp., Tokyo, Japan) at 25 g-force (gf) for 15 s. 
Specimens with hardness in the range of 35–45 HV [30] were used in 
this study. Bone specimens were placed in 12-well culture plates, and 3 
mL of EDTA (5, 10, or 17 %; pH = 7.45) or H3PO4 (1, 5, or 10 %) was 
added per well. Demineralization was performed at 37 ◦C for 0.5, 1, 2, or 
3 h (and 5 or 10 h in the case of EDTA). After treatment, specimens were 
rinsed three times in excess ultrapure water (20 s each) and stored in 
Milli-Q water at 4 ◦C for up to 48 h. For rapid demineralization 
screening, H3PO4 at higher concentration (10, 30, 50, or 70 %) was also 
tested for 10 min.

To measure demineralization depth, bone specimens were ground 
from its side until the non-demineralized area was exposed, and 
observed using a reflected light polarizing microscope (MM 11U; Nikon 
Corp., Tokyo, Japan). An image analysis software (ImageJ; NIH, MD, 
USA) was used to measure the demineralization depth (sample size (N) 
= 3). To validate the accuracy of this measurement method with more 
objective method, the micro-computed tomography (CT, Latheta 
LCT200; HITACHI Corp., Tokyo, Japan) observation of the same sample 
was performed, and the demineralization depth was calculated from the 
CT image by using a thickness analysis option in a CT data analysis 
software (VGStudio Max 2.2, Volume Graphics GmbH, Heidelberg, 
Germany) with the thresholds of demineralized areas set between − 400 
and 1800 from the CT measurement of fully demineralized bones.

Surface and cross-sectional morphologies of the demineralized bone 
tissue were observed using scanning electron microscope (SEM, S-4800; 
HITACHI Corp., Tokyo, Japan). After demineralization, specimens were 
fixed with 4 % paraformaldehyde for 12 h and with 2 % osmium te
troxide solution for 3 h, dehydrated with 70 % and 100 % ethanol and 
tert-butyl alcohol, and then freeze-dried. The samples used for cross- 
sectional observation were broken perpendicular to their long axis 
after freeze-drying. Each sample was coated with osmium (Neoc-Pro; 
Meiwafosis Co., Ltd., Tokyo, Japan). Collagen fibril diameter was 
measured form cross-sectional images using ImageJ (N = 27).

Infrared spectra of the bone tissue surface before and after demin
eralization (without fixation, dehydration, freeze-drying or osmium 
coating) were obtained using an attenuated total reflectance–Fourier 
transform infrared spectroscopy (ATR-FTIR, IRAffinity-1S; Shimadzu 
Corp., Kyoto, Japan) at 40 % relative humidity (RH) at room tempera
ture (~25 ◦C). Spectra were analyzed using a peak fitting software 
(OriginPro2024; OriginLab, Northampton, MA, USA).

2.4. Adhesion test with porcine femur section or mouse dermis in vitro

A preliminary experiment was performed using a porcine femur 
section (thickness: 8.8 mm; weight: 4.9 g) after its outer surface was 
planarized with #3000 silicon carbide abrasive paper, and demineral
ized using 300 μL of 10 % H3PO4 at 37 ◦C under 100 % RH for 3 h. After 
thoroughly rinsing the bone surface with distilled water, excess moisture 
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was removed using filter paper, and a HAp adhesive was applied to the 
demineralized area, pressed at 15 N for 15 s, and then lifted using 
tweezers.

Next, adhesion strength was quantitatively measured using bone 
specimens demineralized under the conditions described in the previous 
section 2.3. After removing residual water and using the same adhesive 
application protocol, the bone was clamped to the upper side of a me
chanical tester (EZ test; Shimadzu Corp., Kyoto, Japan), and a stainless- 
steel baffle was positioned just above the HAp adhesive without contact 
to the bone specimen. The contact between the stainless-steel baffle and 
the HAp adhesive was assumed to be a line contact due to its circularity 
of the HAp adhesive. The maximum loading rate of 150 mm/min of the 
mechanical tester was chosen in this study to minimize the effects of 
elastic relaxation at the demineralized layer-HAp interface [31]. The 
apparent shear adhesion strength was calculated based on the maximum 
load (detachment force) divided by the adhesion area (N = 3).

In order to observe the interfacial adhesion state between HAp and 
demineralized bone specimen, the sample without fixation nor further 
demineralization was immediately embedded into a cryo-embedding 
compound (Tissue-Tek O.C.T. compound; Sakura Finetek, California, 
USA). The cross sections with 8 μm in thickness were prepared using the 
Kawamoto method [32] with a cryostat (CM3050S; Leica Biosystems 
Nussloch GmbH, Nussloch, Germany) at a microtome internal temper
ature of − 35 ◦C and a sample stage temperature of − 45 ◦C. Sections 
were stained with hematoxylin and eosin (H&E) and observed under an 
optical microscope. The condensation layer thickness was measured 
from the images (N = 3).

The influence of demineralization on mechanical strength of bone 
was evaluated by using a single-surface demineralized bone specimens 
with 10 % H3PO4 under the same conditions described in subsection 2.3, 
after all other surfaces were protected from the contact with deminer
alizing solutions by applying tapes (NW-15SF, Nichiban Co. Ltd., Tokyo, 
Japan). After removing the tapes, the protected (i.e., non- 
demineralized) surface was confirmed and the demineralized depth on 
the demineralized surface was measured from the optical microscope 
observations. A three-point bending test was then performed with the 
demineralized surface facing upward at a support span of 10 mm under a 
loading rate of 1 mm/min at room temperature (N = 5).

To achieve a shorter demineralization, higher concentrated H3PO4 
(10, 30, 50, or 70 %) was used and the treatment time was set to 10 min, 
which is required to complete polymerization of PMMA bone cement 
[33]. The demineralization depth measurement, ATR FT-IR measure
ment and SEM observation were performed as described in subsections 
2.3. The shear adhesion strength with the HAp adhesive was also 
measured by the same methods described above.

Adhesion tests using mice dermis were also performed under the 
same conditions as described in a previously reported method [20]. In 
the case of HAp adhesives with different thicknesses prepared by 
grinding one surface of the adhesive, the unground surface of adhesive 
was attached on each tissue (N = 3). The interfacial adhesion state be
tween HAp and dermis was observed, and the thickness of condensation 
layer formed on dermis was measured from the frozen sections (N = 3) 
prepared according to the method described above.

2.5. Adhesion test with rat femur in vivo

All animal experiments involving rats and mice were conducted in 
strict accordance with the guidelines for animal experimentation at the 
corresponding author’s institution, following approval by the institu
tional review board (protocol no. OKU-2023046). In this study we 
selected 12-week(w)-old female SD rats because bone remodeling in rats 
has essentially reached a steady state, as demonstrated in the literature 
[34]. By using a well-characterized and uniform skeletal stage model, 
we minimized biological differences between species, thereby 
improving our understanding of HAp fixation on demineralized bone.

The HAp adhesives were sterilized in an autoclave (High Clave HVE- 

50, Hirayama Manufacturing Corp., Saitama, Japan) at 120 ◦C for 20 
min after sealing in a sterile roll bag (HM-1305, Hogy Medical Co. Ltd., 
Tokyo, Japan). The sterilized HAp adhesive was then stored in a vacuum 
bag at room temperature. To verify the influence of autoclave sterili
zation on the adhesion properties of HAp adhesive, in vitro dhesion test 
was conducted with the autoclaved HAp adhesives stored at room 
temperature for 1 month (m) and the demineralized bone tissues with 
50 % H3PO4 at 10 min (N = 3). The control group received no treatment 
(N = 3).

After anesthetizing a 12-w-old female Sprague-Dawley rat (Shimizu 
Laboratory Supplies Co., Ltd., Kyoto, Japan), an incision was made in 
the left hind limb. After removal of the periosteum, a hole (ϕ 3.0 mm ×
1.0 mm depth) was drilled on the lateral aspect of the femoral knee joint. 
In order to prevent spreading the demineralizing agent to unintended 
areas, we used a sponge (approximately 2.5 mm × 2.5 mm × 2 mm) 
prepared from a hydrophilic polytetrafluoroethylene membrane filter 
(0.2 μm in thickness, H020A047A; ADVANTEC Toyo Kaisha, Ltd., 
Japan) folded six times and cut into the block-shaped sponge. After 
soaking the sponge in 50 % H3PO4 and removing the excess fluid, the 
sponge was placed in the hole to demineralize for 10 min. After the hole 
was then rinsed with saline, and excess moisture was absorbed using 
sterile surgical gauze (RS4-30; Osaki Medical, Nagoya, Japan), the HAp 
adhesive (ϕ 2.8 mm × 1.0 mm depth) was inserted into the hole under a 
pressure (~15 N) followed by applying a small volume of blood obtained 
from the surrounding tissue, and then the incised skin was sutured using 
absorbable sutures with sterile needle (Nesco suture; Alfresa Pharma 
Corp., Osaka, Japan) (N = 6). As a control group, demineralization was 
not applied after the hole was drilled (N = 6). Of note, the diameter of 
HAp adhesive (ϕ 2.8 mm) was set to be smaller than that of hole (ϕ 3.0 
mm) in order to facilitate the displacement of HAp adhesive and to 
prevent interference caused by size-related mechanical interlocking. 
The autologous blood was applied on the exposed HAp surface after the 
implantation to prevent the adhesion to epithelial or muscular tissues 
during implantation experiments. In order to confirm the anti-adhesion 
effect of blood coating, a small volume of blood (~4 μL) obtained from 
the mouse carotid artery was applied to the single-surface of the HAp 
adhesive and then the shear adhesion test was performed with mice 
dermis (N = 3) under the same conditions as described in subsection 2.3
and non-coated HAp adhesives were used as a control (N = 3).

The micro-CT (Latheta LCT200) measurements of the knee joints at 
0 days (d), 1 d, 1 week (w), and 1 month (m) after surgery were per
formed (N = 6). The displacement of HAp adhesives at 1 w was quan
titatively evaluated from the angular deviation of the HAp adhesives at 
the position of the HAp adhesive on 0 d as the baseline (i.e., 0◦ at 0 d). 
After the bone tissue containing the HAp adhesive was harvested and the 
surrounding muscle tissue was cleaned off, H&E-stained cryosections 
were prepared as described in subsection 2.3. The inflammatory 
response and the osteoconductivity of HAp adhesive were evaluated 
from the histological observation, and the contact area (%) between new 
bone and HAp at 1 m was calculated as an osteoconductivity index by 
ImageJ software (N = 6).

To evaluate the influence of demineralization on the mechanical 
strength of rat femurs (12-w-old female Sprague-Dawley rat), the har
vested femur was immersed in 50 % phosphoric acid (15 mL) at 37 ◦C for 
10 min, and then three-point bending test was performed (N = 5) at a 
support span of 10 mm and a loading rate of 1 mm/min at room tem
perature. The bending strength (σ) was calculated from the following 
equation (1) under the simple assumption femur was a cylinder [35]: 

σ = 32FL / {4π (Do
4-Di

4)/Do}                                                           (1)

where F is the maximum load, L is the support span, Do is the outer 
diameter and Di is the inner diameter, respectively.
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2.6. Statistical analysis

Data are expressed as mean ± standard deviation (SD). Normality 
and homogeneity of variances were calculated using the Shapiro–Wilk 
and Bartlett tests, respectively. Group comparisons were conducted 
using the Tukey–Kramer test. All statistical analyses were performed 
using R software (version 4.4.2; R Core Team, 2024) with a significance 
level set at α = 0.05.

3. Results and discussion

3.1. HAp adhesives

In this study, HAp adhesives subjected to heat treatment at 600 ◦C 
were used, as they exhibited an optimal porosity for soft tissue adhesion 
while demonstrating double the mechanical strength of non-treated HAp 
[20]. While HAp adhesives with a square plate shape were evaluated in 
the previous studies [19,20], a circular disk shape (Fig. S1A) was used in 
this study to avoid stress concentration at the interface of adhesive and 
tissue [36,37]. Notably, comparative analysis of soft tissue (i.e., mice 
dermis) adhesion strength between the two external shapes revealed no 
significant difference (Fig. S1B), indicating that the adhesive perfor
mance of HAp plates exhibits minimal correlation with their external 
shape.

Regarding the adhesion mechanism of the HAp adhesive on soft 
tissues (such as dermis), the following factors were proposed [19,20]: (i) 
Ionic and molecular interactions: Ca2+ and PO4

3− ions on the surface of 
HAp crystals form ionic and molecular interactions with collagen fibers 
in the soft tissue matrix. (ii) Capillary action: the inherent microporous 
channels in the HAp adhesive induce capillary action (i.e., autonomous 

absorption of interstitial fluid from the soft tissue). (iii) Collagen 
condensation: Fluid migration leads to the accumulation and densifi
cation of collagen fibers, forming a condensed collagenous layer that 
amplifies ionic and molecular interactions. Of note, the contribution of 
capillary action of porous HAp adhesive used in this study was estimated 
to be 74 % (and 26 % was contributed by ionic and molecular in
teractions) from the reduced adhesion strength (14.7 kPa) of the dense 
(non-porous) HAp adhesive compared with that (56.3 kPa) of porous 
HAp adhesive onto mice dermis [20]. The porosity of HAp adhesive was 
directly proportional to both the condensed collagenous layer thickness 
(that was related to the water absorption amount) and the adhesion 
strength at the same volume of HAp adhesives [20]. Although the 
thickness of HAp adhesive is expected to have an impact on the adhesion 
strength because the thickness is related to the total pore volume (and 
hence to the water absorption amount), the adhesion strength was not 
changed at the same porosity when the thickness was above 0.25 mm 
(Fig. S2). This would be because the condensation layer formed on mice 
dermis was constant (around 40 μm regardless of the thickness of HAp as 
shown in Fig. S2C) hence 0.25 mm (250 μm) thickness of the HAp ad
hesive was enough to absorb water from the tissue surface. Of note, the 
HAp adhesive with less than 0.25 mm thickness could not be prepared 
due to brittleness of porous HAp used in this study. In the following 
experiments, the HAp adhesives with 1 mm thickness were used.

3.2. HAp adhesion to demineralized bone tissue

HAp adhesives could not adhere to non-demineralized bone surfaces, 
and thus their adhesion strength could not be measured. To prelimi
narily assess the effect of demineralization, a part of porcine femur 
surface was treated with 10 % H3PO4 for 3 h. It was confirmed that HAp 

Fig. 1. HAp adhesion on demineralized bone. A) Digital images during the preliminary experiment of HAp adhesion on demineralized bone tissue: (a) The middle 
part of a porcine femur was cut, and a 10 % H3PO4 solution was applied on the surface for 3 h; (b) After surface demineralization, a HAp adhesive was placed on the 
bone surface, and the adhesive was lifted while adhering to the bone. B) Digital image of the shear adhesion test setup. C–D) Apparent shear adhesion strengths of 
HAp adhesives on bone tissues after demineralization with C) EDTA and D) H3PO4 solutions at different time points (N = 3). Error bars indicate standard deviations. 
Abbreviations: HAp, hydroxyapatite; H3PO4, phosphoric acid; EDTA, ethylenediaminetetraacetic acid.

S. Xie et al.                                                                                                                                                                                                                                       Bioactive Materials 57 (2026) 632–645 

635 



adhesives could adhere to surface-demineralized bone within 15 s 
(Fig. 1A and Supplementary Video V1). This immediate adhesion is not 
mediated by biologically active cellular processes but rather by physical 
interactions and/or chemical bonding at the demineralized bone–HAp 
interface.

Next, the effects of demineralization solution (type and concentra
tion) and treatment time were evaluated quantitatively using shear 
adhesion tests (Fig. 1B). The results demonstrated that the adhesion 

strength of HAp plates increased with longer demineralization times and 
reached to a maximum depending on the demineralization solution used 
(Fig. 1C and D). For example, with 17 % EDTA, maximum adhesive 
strength reached 238.4 kPa, although a prolonged demineralization 
time (10 h) was required (Fig. 1C). In the case of lower concentration 
EDTA, it took longer to reach the adhesion strength similar to that of 17 
% EDTA (e.g., 158.3 kPa for 17 % EDTA at 3h, 140.3 kPa for 10 % at 5 
h). In contrast, 1 % H3PO4 resulted in low adhesion strength (3.2 kPa), 

Fig. 2. Demineralization depth and adhesion strength. A) Optical micrographs of bone cross sections after demineralization for 1 h with different solutions. 
Arrows indicate demineralization depths. Time evolution of demineralization depth with B) EDTA and C) H3PO4 and solutions (N = 3). D) Relationship between the 
demineralization depth and adhesion strength of HAp. E) H&E-stained cross sections of demineralized bones attached with HAp, showing the condensation layers 
(arrows) on the demineralized bone having different demineralized depths (μm): (a) 50, (b) 100, (c) 150, (d) 200, and (e) 250, and (f) relationship between the 
demineralization depth and the thickness of condensed layer (N = 3). Different italic letters (a, b and c) on the bars indicate statistically significant differences. Error 
bars indicate standard deviations. F) Schematic diagram illustrating the adhesion mechanism between demineralized bone tissue and HAp. Abbreviations: EDTA, 
ethylenediaminetetraacetic acid; H3PO4, phosphoric acid; HAp, hydroxyapatite.
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likely caused by insufficient demineralization. When using 5 % and 10 % 
H3PO4, maximum adhesive strengths of 91.5 kPa and 102.9 kPa were 
achieved after 1 h and 0.5 h of treatment, respectively, suggesting that 
the total H+ ion concentration influences demineralization efficiency 
(Fig. 1D). These results highlight the need to understand how different 
demineralization solutions affect the adhesion strength between HAp 
and bone tissue.

Of note, the adhesion strength of HAp adhesive onto demineralized 
bone specimen (maximum, 238.4 kPa with EDTA) was significantly 
larger than that onto dermis (~60 kPa in this study; Fig. S1B and S2B). 
The dermis, prioritized for elasticity and extensibility, possesses a rela
tively loose collagen architecture and its extracellular matrix comprises 
also elastic fibers and reticulin fibers (type III collagen) [24], which 
facilitate stretching but confer lower ultimate tensile strength [38]. In 
contrast, bone’s load-bearing function necessitates a tightly packed 
collagen arrangement, resulting in high toughness and limited extensi
bility [39], which means that demineralized bone lacks elastic fiber-like 
collagens and is instead composed of non-collagenous components, 
including proteoglycans and structural glycoproteins [40]. The tightly 
packed architecture and superior mechanical strength of demineralized 
bone would contribute significantly to its adhesion strength with HAp 
adhesives. However, the adhesion strength of a single piece of current 
HAp adhesive was at several hundred kPa, which would be insufficient 
to orthopedic plate fixation application. Therefore, current HAp adhe
sive should be used in non-load-bearing applications (e.g., fixation of 
small biosensors and binder of bone fragments etc.).

3.3. Characterization of demineralized bone surface

The demineralization surface was observed from the cross-sectional 
view (Fig. 2A). In optical micrographs, the reflective white region cor
responded to non-demineralized bone, while a translucent dark 
region—attributed to residual organic matrix—was observed after 
demineralization. These features were consistent with those reported by 
Veronika et al. [41]. The translucent dark region formed after the 
treatment with 10 % H3PO4 for 1 h was observed with SEM (Fig. S3), and 
complete HAp disappearance in the top or middle areas was confirmed. 
However, incomplete removal was observed at the boundary between 
the non-demineralized and demineralized areas (Fig. S3). This boundary 
region likely represents a propagating “reaction front,” a transition zone 
characterized by a gradient in Ca and P concentrations [41]. Notably, 
when sufficient demineralization solution amount is available, the 
demineralization rate decreases and stabilizes with the front progression 
due to (a) depletion of demineralizing solution near the reaction front, 
and (b) diminished calcium/phosphate (Ca2+/PO4

3− ) ion diffusion effi
ciency [42,43]. In this study, the volume of demineralizing solution was 
relatively small (demineralizing solution: 3 mL; bone specimen: 0.60 g), 
which likely led to a progressive reduction in demineralization rate, 
ultimately limiting the depth of demineralization.

The demineralization depth was measured from the cross-sectional 
observations (Fig. 2A). Of note, the demineralization depth measured 
from the cross-sectional observation was almost the same as those 
measured from CT image (R2 = 0.9901; Fig. S4A and B). At the same 
demineralization duration, significant differences in demineralization 
depth were observed among samples treated with different solutions 
(Fig. 2A). In this study, under conditions of insufficient solution volume 
(demineralizing solution: 3 mL; bone specimen: 0.60 g), comparative 
analysis of time-dependent demineralization depth profiles (Fig. 2B and 
C) revealed that the depth in the H3PO4-treated group increased rapidly 
and subsequently stabilized within a short period. In contrast, the EDTA- 
treated group exhibited a slower rate of demineralization, consistent 
with our prediction. Assuming the following: (1) the apparent density of 
cortical bone is 2 g/cm3 [44,45]; (2) the inorganic content of bone is 65 
wt% [22]; (3) the inorganic component is stoichiometric HAp; (4) 
demineralization initiates from the bone surface [41,42]; (5) phosphate 
ions dissolve as dihydrogen phosphate (H2PO4

− ) at pH 0.70 (in the case 

of 10 % H3PO4), with a H2PO4
− /hydrogen phosphate (HPO4

2− ) ratio of 
3.03 × 106 [46]; and (6) CaEDTA2− complexes form in the case of EDTA 
treatment, theoretical demineralization depths were calculated to be 42 
μm for 1 % H3PO4, 211 μm for 5 % H3PO4, 442 μm for 10 % H3PO4, 99 
μm for 5 % EDTA 198 μm for 10 % EDTA and 336 μm for 17 % EDTA. 
The experimentally measured demineralization depths were 38 μm for 1 
% H3PO4, 176 μm for 5 % H3PO4, 250 μm for 10 % H3PO4, 118 μm for 5 
% EDTA189 μm for 10 % EDTA and 249 μm for 17 % EDTA. At 1 % 
H3PO4 concentration, the experimental result closely matched theoret
ical predictions. Conversely, at elevated H3PO4 concentrations (5 % and 
10 %), acidic disintegration and degradation of collagen fibers [47] 
likely occurred, consuming acid and thereby limiting further mineral 
dissolution—resulting in smaller demineralization depths than the 
calculated values. For EDTA, the demineralization depth did not stabi
lize even after 10 h of treatment, due to its gradual chelation kinetics 
[25].

Based on the adhesion mechanism of the HAp adhesive on soft tissues 
(such as dermis) described in 3.1, the contents of collagen fibers and 
water at the bone surface after demineralization (i.e., the demineral
ization depth) affect the adhesion strength of the HAp adhesive on 
demineralized bone. Therefore, the correlation between demineraliza
tion depth and adhesion strength was plotted (Fig. 2D), excluding 1 % 
H3PO4 (due to its minimal demineralization depth) and 5 %/10 % EDTA 
(due to the similarity to 17 % EDTA). Adhesion strength started to in
crease at a depth of ~100 μm across all groups. Beyond 160 μm, it 
plateaued, with distinct differences observed between the H3PO4 and 
EDTA groups. In order to clarify this phenomenon, the adhesive in
terfaces between the HAp adhesives and bone tissues with varying 
demineralization depths were observed (Fig. 2E), and condensed layers 
were also confirmed on the demineralized bone surfaces. Of note, due to 
the limited extensibility of demineralized bone compared with dermis as 
discussed in 3.2, the condensed layer of demineralized bone was 
observed as a compressive light-dark striations under the microscopic 
observation. The quantitative analysis shown in Fig. 2E(f) demonstrated 
that for demineralization depths below 100 μm, the condensed layer 
thickness remained relatively small at approximately 30 μm due to the 
limited water migration from thin demineralized area. The condensed 
layer thickness increased to approximately 50–60 μm by increasing the 
demineralization depths from 100 to 150 μm, and remained constant 
above the demineralization depth of 150 μm, which might indicate the 
saturation of water migration. This variation in the condensed layer 
thickness correlated with the adhesion strength shown in Fig. 2D. Based 
on the aforementioned findings, the adhesion mechanism between the 
HAp adhesive and demineralized bone tissue was summarized (Fig. 2F). 
Consistent with previous conclusions [20], when the HAp adhesive 
contacted the demineralized bone surface, it spontaneously absorbed 
fluids, including water, from the demineralized tissue via capillary ac
tion. Concurrently, collagen fibers at the interface adsorbed to the HAp 
surface through ionic and molecular interactions.

Of note, the demineralization could also affect the mechanical 
properties of bone itself. Therefore, three-point bending tests were 
performed with the 10 % H3PO4. treated bone specimens having 
demineralization depths. The results (Fig. S4C) indicated that there is no 
significant difference in bending strength below the demineralization 
depth of 150 μm, and the strength decreased from 84.5 MPa to 58.3 MPa 
at the demineralized depth of 250 μm. By integrating these data with the 
adhesion strength shown in Fig. 2D, the optimal demineralization depth 
would be approximately 150 μm.

By comparing specimens at similar demineralization depths, the 10 
% H3PO4 and 5 % H3PO4 groups demonstrated statistically similar ad
hesive strengths, whereas the EDTA-treated group consistently exhibited 
greater adhesion strength than the H3PO4-treated groups. At a demin
eralization depth of ~130 μm, a statistically significant difference in 
adhesion strength was first observed between the 10 % H3PO4 and EDTA 
groups (p = 0.05). These findings suggest that, in addition to deminer
alization depth as a primary factor, the structural state of the 

S. Xie et al.                                                                                                                                                                                                                                       Bioactive Materials 57 (2026) 632–645 

637 



demineralized tissue also influenced adhesion of HAp adhesives, 
because acid treatment induces structural alterations in the organic 
matrix (e.g., denaturation and dissolution), leading to swelling and 
subsequent influx of additional water into the tissue [47–49]. Therefore, 
surface organic matrices of demineralized bone specimens (with 130 μm 
depth) treated with 17 % EDTA for 3 h and 10 % H3PO4 for 0.5 h were 
analyzed.

SEM was employed to analyze morphological alterations on bone 

tissue surfaces. Non-demineralized samples (i.e., samples after grinding 
the top surface with #3000 silicon carbide abrasive papers) exhibited a 
large number of spherical HAp crystals encapsulating collagen fibrils in 
both top surface and cross-sectional views in Fig. 3A(a–c), making the 
collagen fibril outlines difficult to discern. This morphology likely re
flects the bone mineralization process, during which HAp crystals also 
form within intrafibrillar regions [50]. Collagen fibrils were clearly 
visible on the top surface of EDTA-treated specimens as shown in Fig. 3A 

Fig. 3. Characterization of demineralized bone surface. A) SEM images of the surfaces and cross-sections of (a–c) the non-demineralized and the demineralized 
bone tissues with (d–f) 10 % H3PO4 for 0.5 h and (g–i) 17 % EDTA for 3 h at the same demineralization depth (130 μm). The dashed boxes in (b, e, f) indicate the 
magnified location shown in (c, f, i), respectively. The arrows indicate the diameter of collagen fibrils. B) Diameter of collagen fibrils (N = 27). Error bars indicate 
standard deviations. C) Representative ATR-FTIR spectra of the untreated and demineralized bone tissues surfaces with 10 % H3PO4 for 0.5 h and 17 % EDTA for 3 h 
spectra at (a) amide I/II band and (b) OH + NH stretching band regions. Abbreviations: SEM, scanning electron microscopy; HAp, hydroxyapatite; H3PO4, phosphoric 
acid; EDTA, ethylenediaminetetraacetic acid; ATR-FTIR, attenuated total reflectance–Fourier transform infrared spectroscopy.
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(d), whereas fibrils were not observed on the top surface of 
H3PO4-treated group as shown in Fig. 3A(g), supporting collagen 
degradation by H3PO4 [49]. Although fibrils were evident in the 
cross-sectional views of both groups as shown in Fig. 3A(e,f) and 3A(h,j), 
the collagen fibril diameter in the H3PO4 group was significantly smaller 
than in the EDTA-treated samples (Fig. 3B). These findings confirm 
acid-induced structural degradation of collagen during H3PO4 demin
eralization, and explain the discrepancy between experimentally 
measured and theoretically calculated demineralization depths in the 
H3PO4-treated group. Acidic environments induce collagen fiber alter
nations sequentially through swelling, structural disintegration, and 
ultimate degradation, accompanied by characteristic changes in fibril 
diameter (i.e., initial thickening followed by thinning prior to complete 
degradation) [47,51]. In contrast, EDTA-mediated demineralization 
proceeds via chelation of Ca2+ ions from HAp crystals, causing minimal 
disruption to collagen structure and thereby effectively preserving its 
architectural integrity [46].

ATR-FT-IR spectroscopy was employed to quantitatively analyze the 
differences in collagen secondary structures among the demineralized 
bone groups, using non-demineralized bone tissue as a reference to 
assess structural alterations. The decreased intensity of the PO4

3− peak 
near 1000 cm− 1 after demineralization further supports the disappear
ance of HAp in the dementalized layers, in agreement with SEM obser
vations, and the ATR-FTIR spectra exhibited enlarged collagen- 
associated amide I/II bands in the 1500–1700 cm− 1 range, indicating 
collagen exposure (Fig. 3C). The intensities of. amide I/II bands in the 
H3PO4 group were lower than those in the EDTA group (Fig. 3C(a)), 
whereas the intensities of O–H stretching vibrations of water were 
similar (Fig. 3C(b)), suggesting a higher degree of water-induced 
swelling in the H3PO4 group compared to the EDTA group.

Deconvolution of infrared spectra within the amide I band was per
formed to assess collagen secondary structures, following established 
methodologies [52]. Characteristic absorption peaks were assigned as 
follows: α-helix (~1656 cm− 1), β-turn (~1616 and 1667 cm− 1), β-sheet 

Fig. 4. Deconvolution of IR spectra of bone. Curve fitting results of (A) amide I and (B) OH + NH stretching bands as well as the proportion of each secondary 
structure of collagen fibril and each hydrating water structures for (a) non-demineralized and (b,c) demineralized bone tissues with (b) 17 % EDTA for 3 h and (c) 10 
% H3PO4 for 0.5 h at the same demineralization depth (130 μm). Abbreviations: EDTA, ethylenediaminetetraacetic acid; H3PO4, phosphoric acid; Wf, freezing water; 
Wfb, freezing bound water; Wnf, non-freezing bound water.
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(~1626, 1680 and 1694 cm− 1), triple helix (~1636 cm− 1), and random 
coils (~1645 cm− 1) (Fig. 4A). In this study, the structural integrity of 
collagen was evaluated based on the proportions of triple helix and 
random coil (Fig. 4A–Table S1). Prior to demineralization, the mineral 
phase in bone tissue produces a contraction stress in collagen fibrils, 
causing the structure change of the fibrils and dehydration [53,54]. 
Therefore, the non-demineralized bone exhibited a triple helix content 
of 25 %, while the demineralized groups exhibited increased triple helix 
contents (EDTA group, 38 %; H3PO4 group, 32 %). Comparative analysis 
revealed the lowest proportion of random coils in the EDTA-treated 
group (4 %), whereas the H3PO4 group (12 %) exhibited higher levels 
than the non-demineralized controls (10 %). Regarding the proportion 
of α-helix, both demineralized groups showed reduced levels relative to 
controls (non-demineralized group, 30 %; EDTA group, 21 %; and 
H3PO4 group, 20 %). Notably, β-sheet/turn configurations demonstrated 
minimal alterations across the groups. The observed structural trans
formation of collagen after demineralization may be attributed to fibril 
relaxation induced by HAp dissolution, accompanied by the recovery of 
D-spacing and hydration structure. This restoration process facilitates 
reestablishment of hydrogen bonds, thereby restoring the secondary 
structure of the collagen fibrils to the non-mineralized state [54–57]. 
However, in the case of H3PO4 treatment, collagen decomposition is also 
evident [47–49,55]. Statistical analysis indicated significant differences 
in triple helix, random coil, and α-helix content among groups 
(Fig. S5A). In correlation with the adhesion strength results shown in 
Fig. 2D, the triple helix and α-helix contents exhibited positive corre
lations with adhesion strength, whereas random coil content showed a 
negative correlation.

These structural alterations in collagen fibrils inevitably influence 
the structure of hydrating water. In this study, hydrating water was 
classified into freezing water (Wf), freezing bound water (Wfb), and non- 
freezing bound water (Wnf) [58], depending on their degree of inter
action with organic molecules. Deconvolution of the O–H and N–H 
stretching bands (3000–3800 cm− 1) was performed according to 
established methodologies [40,48]. Characteristic absorption peaks 
were assigned as follows: Wf (~3210 cm− 1), Wfb (~3400 cm− 1), and Wnf 
(~3590 cm− 1) [58], in addition to amide A (~3300 cm− 1) and amide B 
(~3075 cm− 1) bands [59] (Fig. 4B). The results were summarized in 
Table S2. Wnf, which interacts strongly with organic molecules and ex
hibits the lowest mobility, was more abundant in the EDTA group (Wnf, 
10 %) than in the H3PO4 group (Wnf, 5 %). Generally, structurally intact 
collagen fibrils bind tightly to water through their helical structure and 
internal polar groups (such as N-H, C=O), enabling Wnf to occupy the 
spaces between triple helices [60,61], resulting in a relatively higher Wnf 
content in the EDTA group. Wfb, which weakly interacts with organic 
molecules and has low mobility, was more prominent (Wfb, 64 %) in the 
H3PO4 group than in the EDTA group (Wfb, 46 %). Disruption of the 
helical structure by H3PO4 exposes internal polar groups [60], poten
tially increasing the content of Wfb. Wf, which has mobility similar to 
bulk water and does not interact with organic molecules, was higher 
(Wf, 44 %) in the EDTA group than in the H3PO4 group (Wf, 31 %), 
indicating that Wf was transformed to Wfb due to helical structure 
disruption, in the H3PO4 group. Notably, the total water con
tent—estimated from the combined Wf + Wfb + Wnf peak areas—was 
slightly lower in the EDTA group (33.3) than in the H3PO4 group (36.4). 
However, the Wf content was greater in the EDTA group (33.3 × 0.44 =
14.7) than in the H3PO4 group (36.4 × 0.31 = 11.3) (Table S2). Statis
tical analysis indicated significant differences in each hydrating water 
component (Fig. S5B). The Wf and Wnf ratios positively correlated with 
adhesion strength, whereas Wfb exhibited a negative correlation.

Next, we discuss the impact of the above-described alterations in 
collagen secondary structure on adhesion strength. Different deminer
alization solutions, due to their different demineralization mechanisms, 
determine the conformation of collagen fibrils, and the distribution of 
surface chemical groups. Specifically, the use of strong acids (such as 
phosphoric acid) with low pH values (<1) can cause collapse and 

irreversible hydrolysis of the collagen fibrils. Overhydration can also 
affect the fibril arrangement, further compromising structural stability. 
While these changes can provide sufficient adhesion sites for the HAp 
adhesive in a short period of time, the adhesion strength is reduced due 
to the destruction of the collagen fibril structure. EDTA forms a coor
dination bond with Ca2+ in HAp in bone tissue and gradually disinte
grates the crystal structure of HAp, and can better preserve the structure 
of the fibrils (triple helix structure, etc.) and mechanical integrity. 
Although the demineralization rate of EDTA is much lower than that of 
acidic agents, this makes the surface of bone tissue relatively stable after 
demineralization, which is conducive to achieving long-term and 
effective adhesion. The influence of demineralization mechanism dis
cussed here is consistent with the influence of etching mechanism on 
adhesion strength of dental adhesives [25]. Water migration from the 
tissue into the porous HAp adhesive is also one of the key factors [19,
20]. Therefore, a high content of Wf with higher mobility is favorable for 
adhesion. In contrast, Wfb has been reported to prevent adsorption on 
solid surfaces [58]; hence, lower Wfb content is preferable. These hy
drating water structures are related to collagen structural integrity (i.e., 
high triple helix content and low random coil content). Moreover, 
collagen structural integrity contributes to mechanical strength, which 
is another important factor in maintaining strong adhesion. Notably, the 
slight increase in total water content observed in H3PO4 group may 
adversely affect mechanical strength, because an increase in water 
content progressively reduces the mechanical properties of collagen 
[62], and collagen disrupted or swollen by H3PO4 demonstrates poor 
tensile strength [60–62]. Consequently, the adhesion strength between 
the H3PO4-treated samples and the HAp adhesive was significantly 
lower than that observed in the EDTA-treated group.

3.4. Adhesion test with rat femur in vivo

Integrating the above findings, comparative analysis revealed that 
the H3PO4-treated groups required significantly shorter demineraliza
tion durations than the EDTA-treated groups. The primary objective of 
this study was to establish fundamental in vivo fixation protocols for 
living bone surfaces. Considering both operational practicality and the 
requirement for rapid adhesion, H3PO4 was selected as the demineral
izing agent, and we further investigated the effect of its concentration, 
using a fixed duration of 10 min, which is required to complete poly
merization of PMMA cement [33]. In the context of clinical validation, 
high-concentrated (65 %) H3PO4 has been used for dental applications 
[63]. Based on this clinical precedent and our experimental design, the 
maximum concentration employed in this study was set at 70 %, with 
additional gradients of 50 % and 30 %. Of note, the application of 
high-concentrated (10–70 %) H3PO4 entails potential risks, because 
excessive PO4

3− exposure may disrupt phosphate homeostasis, poten
tially inducing hyperphosphatemia, phosphate toxicity, and tissue 
damage such as hypocalcemia [64,65]. These risks necessitate careful 
operational protocols during demineralization, including the prevention 
of acid spreading to unintended areas and the thorough irrigation with 
physiological saline to eliminate residual acidity.

After 10 min of demineralization, comparative analysis of deminer
alization depths revealed that 70 % H3PO4 produced the shallowest 
layer, while no significant differences were observed among the other 
concentrations (Fig. 5A). This was likely due to high viscosity of 70 % 
H3PO4 (13.9 mPa s), which impedes deep tissue penetration, compared 
to 50 % H3PO4 (5.1 mPa s) at 25 ◦C [66]. Regarding adhesion, both the 
50 % and 70 % H3PO4 groups demonstrated adhesive capability, with 
the 50 % H3PO4 group achieving 25 kPa (Fig. 5B). Of note, the present 
adhesion strength of HAp adhesive under the above conditions was 
larger than that of fibrin glue (12.1 kPa [67]) but was lower than that of 
PMMA bone cements (25 MPa [8]).

ATR-FTIR analysis showed that the 70 % H3PO4 group exhibited 
significantly higher intensities in the 3000–3800 cm− 1 range (indicative 
of increased water content, Fig. 5C(b)) and lower amide I band 
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intensities (Fig. 5C(a)) compared to other conditions, suggesting severe 
organic matrix degradation and swelling. These results from the 70 % 
H3PO4 group align with our findings in the previous subsection: 
disruption of collagen fibril structure leads to reduced adhesion 
strength. Additionally, SEM observations confirmed severe structural 
compromise in the organic matrix in the 70 % H3PO4 group (Fig. 5D). 
Collectively, these results reinforce the conclusion that demineralization 
depth is a fundamental factor governing adhesion to HAp adhesive, 
while changes in collagen fibril structure and water phase composition 
also significantly affect the adhesion strength.

Based on the above results, we conducted a feasibility study by fixing 
the HAp adhesive in a bone defect after demineralization with 50 % 
H3PO4 for 10 min (Fig. 6A). We set the observation period from 0 d to 1 
m because we focused on the initial adhesion (within several seconds) 
and longer-term osteoconductive fixation of HAp because the osteo
conduction of rat models is completed within 3–4 w [68]. Of note, the 
HAp adhesive was implanted after the autoclave sterilization and stor
age (within 1 m). Therefore, the adhesive strength of the HAp adhesive 
was checked after the autoclave sterilization and storage for 1 m, and we 
confirmed that the sterilized samples showed the same adhesion 
strength as non-sterilized controls (Fig. S6A). Besides, to prevent 
non-specific adhesion to epithelial or muscle tissues after the implan
tation, the HAp surface, which was not attached to the bone surface, was 
coated with a small quantity of autologous blood. This treatment 
effectively prevented unwanted adhesion to soft tissues (Fig. S6B). We 
also assessed the impact of the 10-min demineralization with 50 % 
H3PO4 on the mechanical strength of bone tissues from three-point 

bending tests with entire rat femurs, and there was no significant dif
ference in the strength before and after the demineralization (Fig. S6C).

To accurately investigate the fixation state of the HAp adhesive and 
the osteoconductivity of HAp adhesive, we utilized micro-CT scans and 
histological cross-sectional analysis (Fig. 6B and C). Micro-CT images 
revealed that the HAp adhesive slightly migrated within 24 h after im
plantation in the control group without demineralization, whereas it 
remained fixed in the demineralized bone tissue (Fig. 6B: 0 and 1 d). 
Histological sections demonstrated that the HAp adhesive adhered 
directly to the bone tissue, forming a condensed collagenous layer 
(Fig. 6C: 0 and 1 d). This phenomenon aligns with the previous in vitro 
findings, indicating that the adhesion mechanism of the HAp adhesive to 
demineralized bone in vivo is essentially the same as that observed on in 
vitro. Micro-CT images acquired at 1 w and post-implantation showed 
that the control group exhibited significant displacement, which became 
more pronounced at 1 m (Fig. 6B: 1 w and 1 m). In contrast, the adhesive 
fixed to demineralized bone maintained its position (Fig. 6B: 1 w and 1 
m). The angular displacement of the HAp adhesive was quantified from 
the CT images at 1 w, and it was shown that the demineralized group 
showed no significant deviation, whereas the control group exhibited an 
angular displacement of approximately 12.8◦ (Fig. 6D). Histological 
sections at 1 w post-implantation (Fig. 6C: 1 w) revealed that the HAp 
adhesive in both groups was encapsulated by fibrous connective tissue, a 
natural feature of the bone defect healing process, which included 
abundant osteoblasts and fibroblasts [69,70]. Images acquired after 1 m 
showed that the connective tissue at the interface between the HAp 
adhesive and the demineralized bone had disappeared and was replaced 

Fig. 5. Demineralization with concentrated H3PO4 for 10 min. A) Demineralized depths and B) apparent shear adhesion strengths of HAp on demineralized bone 
with different concentration of H3PO4 (N = 3). Error bars indicate standard deviations and different italic letters (a, b and c) on the bars indicate statistically 
significant differences. C) ATR-FTIR spectra at (a) amide I/II band and (b) OH + NH stretching band regions, and D) SEM images of the demineralized bone with 
different concentration of H3PO4. Abbreviations: HAp, hydroxyapatite; H3PO4, phosphoric acid; ATR-FTIR, attenuated total reflectance–Fourier transform infrared 
spectroscopy SEM, scanning electron microscopy.
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by newly formed bone tissue (Fig. 6C: 1 m). In contrast, the control 
group showed no significant remodeling compared to the 1-w time 
point, with interfacial gaps between HAp and bone tissues. The presence 
of interfacial gaps likely facilitated soft tissue infiltration, leading to the 
formation of fibrocartilage-like connective tissue [70], and this tissue 
subjected the HAp adhesive to continuous mechanical disturbance 
during bone remodeling, ultimately resulting in displacement. To eval
uate the osteoconductivity of the HAp adhesive, we quantitatively 
evaluated the bone-implant (HAp, in this study)-contact area from the 
H&E-stained sections at 1 m according to the literature [71], and it was 
shown that the bone-implant contact area (64.4 %) was significantly 
higher than that (15.2 %) in the control group (Fig. 6E). Based on the 

above results, the HAp fixed on the demineralized bone is expected to 
prevent the initial displacement due to immediate adhesion in a short 
term and to stabilize the fixation in a long-term due to the osteo
conductivity of HAp. The osteoconductivity is the inherent property of 
HAp, whereas traditional MMA bone cement is bioinert and its 
exothermic nature during polymerization [8] may cause thermal ne
crosis of surrounding bone tissue. Fibrin glue also does not promote new 
bone formation and must be combined with other bioactive components 
to facilitate bone integration [72].

Although this study demonstrates encouraging results, several limi
tations should be acknowledged. In vivo experiments were conducted 
exclusively on a limited number of small, single-species models. This 

Fig. 6. Fixation of HAp adhesive on bone in vivo. A) Digital images during the animal experimental process. B) Micro-CT images and C) H&E-stained cross sections 
of bone tissues with HAp adhesives at different implantation periods. D) Angular deflection of the HAp adhesive after implantation for 1 w (N = 6). E) Bone-contact 
ratio between the HAp adhesive and newly formed bone after implantation for 1 m (N = 6). The control test was performed without demineralization. Abbreviations: 
Micro-CT, micro-computed tomography; H&E, Hematoxylin and Eosin; HAp, hydroxyapatite; d, day(s); w, week(s); m, month(s).
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may yield outcomes divergent from those in medium-to-large species (e. 
g., humans), potentially affecting adhesive behavior and consequently 
limiting extrapolation to broader clinical applications and biological 
contexts. Furthermore, the observation period primarily focused on 
early post-implantation stages. The long-term implications for bone 
remodeling/integration remain unelucidated, as does a comprehensive 
understanding of biological performance (e.g., quantitative degradation 
kinetics, biomechanical property assessments) and potential immune 
responses. For the application of HAp adhesives to fixation of device on 
bone tissues, some modifications should be required. For instance, glue 
type adhesives should be applied to combine the device and HAp ad
hesives, and the shape of HAp adhesive should be changed to fit the 
target device’s geometry. These issues warrant careful investigation in 
future studies.

4. Conclusions

This study successfully achieved stable adhesion between bone tissue 
and the HAp adhesive using a demineralization-based approach. 
Treatment with different demineralizing solutions induced distinct al
terations in bone structure, which in turn differentially impacted 
adhesion strength. Among the organic matrix components, preservation 
of the triple-helix structure showed a positive correlation with the 
adhesion strength of HAp on demineralized bone. In addition, the 
presence of freezing water played a dominant role in facilitating rapid 
adhesion. Furthermore, we demonstrated that the HAp adhesive enables 
long-term positional stability through its adhesion to demineralized 
bone, suggesting its utility as a robust fixation material for bone sensors 
and other hard tissue applications, providing new strategies and broader 
application prospects for bone repair and other biological monitoring.
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Glossary

HAp hydroxyapatite

MMA methyl methacrylate
EDTA ethylenediaminetetraacetic acid
TCP tricalcium phosphate
Col-1 type I collagen
HCl hydrochloric acid
H3PO4 phosphoric acid
HCOOH formic acid
SEM scanning electron microscopy
ATR-FTIR attenuated total reflectance–Fourier transform infrared spectroscopy
Micro-CT micro-computed tomography
d, w, m day(s), week(s), month(s)
HV Vickers hardness
RH relative humidity
H&E hematoxylin and eosin
Wf freezing water
Wfb freezing bound water
Wnf non-freezing bound water
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