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Water-Mediated On-Demand Detachable Solid-State
Adhesive of Porous Hydroxyapatite for Internal Organ
Retractions
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and Takuya Matsumoto*

Novel adhesives for biological tissues offer an advanced surgical approach.
Here, the authors report the development and application of solid-state
adhesives consisting of porous hydroxyapatite (HAp) biocompatible ceramics
as novel internal organ retractors. The operational principles of the porous
solid-state adhesives are experimentally established in terms of water
migration from biological soft tissues into the pores of the adhesives, and
their performance is evaluated on several soft tissues with different hydration
states. As an example of practical medical utility, HAp adhesive devices
demonstrate the holding ability of porcine livers and on-demand detachability
in vivo, showing great potential as internal organ retractors in laparoscopic
surgery.
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1. Introduction

Laparoscopic surgery has become the gold
standard for surgical management of dis-
eases in the reproductive (particularly gy-
necological) and digestive system (as for
cholecystectomy) owing to multiple ben-
efits compared with open surgery, such
as less blood loss, shorter hospital stay,
faster recovery of bowel movement with a
shorter f to first flatus, and less serious
perioperative complications including sur-
gical site infections.[1] However, it is still
challenging to expose the operative field
during laparoscopic surgery.[2] For exam-
ple, in upper-gastrointestinal (GI) surgery,
a retraction of the liver is crucial because

the lesser curvature of the stomach is covered by the left
lobe of the liver. The current retraction techniques involving
mechanical gripping, hanging, or suturing with notched for-
ceps, thin slings/tubes, or sutures/stitches,[3] have a poten-
tial risk of damaging the liver, causing lacerations and crush
injury.[4] In addition, these physical retraction techniques are
time-consuming, and the average time required for liver retrac-
tion is 2.8–8.6 min.[3] Therefore, a safe and convenient internal
organ retraction method/device is urgently needed for the next
generation of laparoscopic surgery.

An appealing alternative to mechanical retractors might
be the use of soft tissue adhesives such as cyanoacrylate,[5]

gelatin-resorcinol-formaldehyde/glutaraldehyde (GRFG),[6] and
fibrin[7] glues. These commercially-available glue-type adhesives
are convenient for applying the entire target area, eliminating
stress localization that would reduce tissue damages during the
retraction.[8] However, these adhesives have not been used for
internal organ retraction in clinical practices because cyanoacry-
late and GRFG show specific toxicity, and fibrin lacks adhesion
strength.[9] Researchers have developed unique adhesives with
high adhesion strength using biocompatible polymers such as
hydrophobically-modified gelatin,[10] dissipative hydrogels cou-
pled with bridging polymers,[11,12] and mussel-inspired adhe-
sives containing dihydroxyphenyl groups.[8] Solid-state adhesives
such as gecko-inspired tapes,[13] octopus-inspired nanosucker
arrays,[14] and silica nanoparticle dispersions[15] have also been
developed. However, the above adhesives have another potential
risk of damaging when the adhesive is detached forcibly (due to
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high adhesive strength) after the surgery. Therefore, a novel tech-
nology to control adhesive strength (i.e., on-demand detachabil-
ity) is desired.

Calcium phosphates such as hydroxyapatite (HAp) and octa-
calcium phosphate (OCP) are biocompatible and they have long
been used as implants or substitute materials for hard tissues
in orthopedics and dentistry. Recently, we showed that porous
HAp[16] and OCP[17] plates could be used as solid-state adhesives
for wet soft tissues.[18] Although these porous solid-state adhe-
sives have potential use as adhesive liver retractors, there are no
data on the adhesiveness of these solid-state adhesives on the
liver. Furthermore, our previous report[16] revealed that water in
the adherend was migrated (i.e., absorbed) into the HAp plate,
and a condensed layer of organics was formed on the tissue sur-
face contacting the HAp plate. We hypothesized that the migra-
tion of water from the adherend into porous solid-state adhesives
would be related to their adhesiveness. In general, the absorption
rate of a liquid depends on the pore size,[19] and the absorption
amount of a liquid depends on the open porosity of porous ma-
terials. In addition, the hydration state of adherend would also
influence the water migration. Therefore, this study examined
the effects of the porous structure (i.e., pore size and porosity) of
HAp adhesives on the adhesion strength of soft tissues in differ-
ent hydration states. We also evaluated the HAp adhesive as an
internal organ retractor and demonstrated the on-demand adhe-
sion/detachment of the HAp adhesive retractor on a porcine liver
in vivo.

2. Results and Discussion

2.1. HAp Plates with Different Porous Structures

An aqueous dispersion of low-crystallized HAp nanoparticles
(particle size, 43 nm; solid content, 6.0 wt%) was prepared ac-
cording to the previous report.[16] The dispersion was a viscous
liquid because a network structure of HAp nanoparticles formed
by particle–particle interactions[20] owing to zwitterionic-charged
surfaces consisting of Ca2+, PO4

3−, and OH−. After the disper-
sion was dried to prepare the plate, nanosized pores were gen-
erated by the nanoparticle network structure in the plate. In
this study, no binder molecules such as water-soluble polymers,
which adsorb and cover the HAp surface, were used to prepare
plates. Typically, HAp plates (5 × 5 × 1 mm3) were prepared by
drying the dispersion in a mold (10 × 10 × 1 mm3) at 60 °C. Heat
treatments were conducted to change the porous structure of the
plates (Figure 1A).

When the treatment temperature was below 800 °C, the HAp
plate did not shrink significantly (Figure 1B) and hence the
porosity did not change significantly (Figure 1C). Conversely, the
pore size increased significantly (Figure 1D) because of the local
densification of the pore wall due to the crystallization of HAp
(Figure S1A, Supporting Information).[21] The increase in the
pore size was accompanied by a decrease in the specific surface
area (Figure 1E). The SEM observation also revealed the increase
in pore size at the surface (Figure 1F).

The heat treatment above 1000 °C induced a significant shrink-
age (Figure 1B) with a reduction in porosity (Figure 1D) and pore
size (Figure 1E) due to the sintering of crystals (Figure S1B, Sup-
porting Information). The final size of each HAp plate (5 × 5 × 1
mm3) was adjusted by changing the initial mold size calculated

from the linear shrinkage by the heat treatment. The heat treat-
ment of the HAp plate improved its flexural strength from 4 to
70 MPa (Figure S1C, Supporting Information).

2.2. Effect of Pore Structure on Immediate Adhesion

Ex vivo shear adhesion tests (Figure 1G) were conducted at 30 s
after contacting the samples onto mouse dermis to quantitatively
evaluate the immediate soft tissue adhesion, wherein chemi-
cal and physical interactions were involved without considering
cellular functions due to the short contact time. The apparent
shear adhesion strength did not change after the heat treatment
at 600 °C and decreased as the heating temperature increased
(Figure 1H). The histological sections of the mouse dermis con-
tacting the HAp plates indicated the condensation of the tissue
matrix near the HAp surface (Figure 1I), and the thickness of the
condensed layer decreased as the heating temperature increased
(Figure 1J). The dense (i.e., highly-sintered) HAp plates prepared
at high temperature did not show significant tissue condensa-
tion or adhesion (Figure 1H,J). The shear adhesion strength of
the mouse dermis showed the highest correlation to the poros-
ity (R2 = 0.9101) of HAp plate and the condensed layer thickness
(R2 = 0.9196) of the tissue (Figure S3, Supporting Information).
Considering that the condensed layer on the tissue surface was
formed by water capillary action from tissues into the pores of
HAp plates, the water absorption would be the key factor for the
immediate adhesion of porous solid-state adhesives.

The water absorption behaviors of various HAp plates were
studied by placing a droplet of pure water or cell culture medium
on the plate and recording the images using a high-speed cam-
era (Figure S2A, Supporting Information). When the heat treat-
ment temperature was below 800 °C, the water absorption rate
increased with temperature (Figure S2B, Supporting Informa-
tion) because of the increased pore size (Figure 1E) at the same
porosity (Figure 1D), which is consistent with the Washburn cap-
illary rise equation.[19] The water absorption rate decreased above
800 °C (Figure S2B, Supporting Information) due to the sig-
nificant reduction in porosity (Figure 1D). Because HAp plates
with different pore sizes at the same porosities (prepared below
800 °C) did not cause a significant difference in the immedi-
ate shear adhesion strength for soft tissues (Figure 1E), it im-
plied that the porosity (i.e., water absorption capacity) was more
important than the pore diameter (i.e., water absorption rate).
This would be because the water absorption rate was sufficiently
high, even for the small pore size in this experimental condi-
tion. Of note, these results suggest that the adhesion strength of
HAp plate would be enhanced by increasing its porosity, which
could be achieved by using polymer bead or sponge templating
methods.[22] The HAp plate could absorb not only pure water
but also cell culture media containing organics and inorganics
(Figure S2B, Supporting Information) and water in the tissues
(Figure S2D–G, Supporting Information). The adsorption rate of
these solutions decreased compared to that of pure water, which
could be due to the surface-active organics in the solutions.

2.3. Immediate Adhesion for Different Soft Tissues

In the following experiments, the HAp plate heated at 600 °C was
used as the HAp adhesive. To reveal the adhesion mechanism
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Figure 1. Preparation and characterization of HAp with different porous structures. A) Digital photographs of HAp plates after heat treatments at
different temperatures. B) A linear shrinkage of HAp plates after the heat treatments (N = 3). C) Porosity, D) pore size, and E) specific surface area (SSA)
of HAp plates after the heat treatments, determined using mercury intrusion porosimetry (N = 3). F) SEM images of HAp plates showing the porous
structures. G) Digital photographs taken during shear adhesion test using a mouse dermis. H) Apparent shear adhesion strengths of HAp plates with
different porous structures (N = 5). I) Histological sections of mouse dermis before and after contacting the HAp plates, showing condensed layers
(indicated with arrows) at the surfaces contacted with porous HAp plates. J) Condensed layer thickness of mouse dermis after contacting HAp plates
after heat treatments at different temperatures (N = 5). Error bars indicate standard deviations.
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Figure 2. Adhesion properties of porous HAp plates onto various tissues. A) H&E-stained sections and SEM images of porcine tissues: epidermis,
dermis, alveolar mucosa, buccal mucosa, and liver. B) Representative DSC heating curves of the porcine tissues, showing the melting of frozen water
below 0 °C. C) Contents of free water (Wf), freezing bound water (Wfb), and non-freezing bound water (Ws) of porcine tissues. D) Apparent shear
adhesion strengths of HAp plates treated at 600 °C on porcine tissues (N = 5). E) Variations of water content and apparent shear adhesion strength of
HAp plates treated at 600 °C on wet porcine tissues during drying in the air (N = 3). Error bars on each graph indicate standard deviations.

in detail, different porcine tissues were used as adherends be-
cause porcine tissues have a larger size than mouse tissues used
in the preliminary tests described earlier and show more similar-
ity with human tissues. The tissues used in this study included
the epidermis, dermis, alveolar mucosa, buccal mucosa, and liver
(Figure 2A). The epidermis (dry surface) and the alveolar mucosa
(wet surface) have keratinized stratum corneum layers. The buc-
cal mucosa (wet surface) contains a layer with a low degree of
keratinization, and the dermis (wet surface) is free of keratinized
layers. In addition, the retraction target, liver, was also used in
this study. The liver is covered with Glisson’s capsule consisting
of collagen and the serous membrane that comprises a single
layer of mesothelial cells.[23] The liver used in this study was the
left medial lobe of drained liver.[24]

As described in the previous subsection, the water migration
from the tissue to the HAp plates would be a key factor for imme-

diate adhesion. Therefore, the water content (Figure S4A, Sup-
porting Information) and the hydration structure (Figure 2B,C)
of each tissue were evaluated. The hydration structure on poly-
mer and ceramic biomaterials has been characterized into three
distinct types (i.e., free water, intermediate water, and bound
water) depending on the interaction between them.[25,26] These
structures can be distinguished using nuclear magnetic res-
onance (NMR), differential scanning calorimetry (DSC), and
Fourier-transform infrared spectroscopy (FT-IR). Free water has
no interaction with polymer chains. It shows a short NMR corre-
lation time (tc) value of 10−12–10−11 s similar to bulk water, an O–
H stretching vibration at around 3200 cm−1 in FT-IR, and a crys-
tallization/melting at 0 °C in DSC. Freezing-bound water (i.e.,
intermediate water) interacts weakly with polymer chains. It ex-
hibits lower mobility with a tc value of 10−10–10−9 s, a stretching
vibration around 3400 cm−1, and a crystallization/melting below
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0 °C. Non-freezing water (i.e., bound water) interacts strongly
with polymer chains. It shows much lower mobility with a tc
value of 10−8–10−6 s, a stretching vibration around 3600 cm−1,
and no crystallization is detected in DSC even at −100 °C. Of
note, intermediate water has fundamental importance in the pro-
tein adsorption capacity of polymer surface.[27] Although inter-
mediate water is also presented in biopolymers such as cross-
linked gelatin gels,[28] there is no report on the hydration struc-
ture of biological tissues. To estimate the hydration structures in
porcine tissues, DSC measurements were conducted for porcine
tissues frozen at −100 °C (Figure 2B and Figure S4B, Support-
ing Information). In each DSC heating curve, an endothermic
peak was observed below 0 °C, indicating the presence of inter-
mediate water in biological tissues. The endothermic peak above
0 °C was counted as free water. The three hydration structures
were detected, and free water content was the least in all the tis-
sues (Figure 2C). The intermediate water was the largest in con-
tent, and its content and melting point were different among the
tissues (Figure 2B,C). These results indicate that the hydration
structure depends on the composition of the tissue (Figure S4A,
Supporting Information). For example, by comparing the dermis
and the buccal mucosa with the same lipid contents, the buccal
mucosa with less protein (i.e., more polysaccharides) had more
intermediate water. In addition, by comparing the buccal mucosa
and the liver with the same protein contents, the liver with more
lipids had more non-freezing bound water. It would be because
ice structure tended to form around the hydrophobic component
of the lipid and/or strong interactions were involved between wa-
ter and the ionic head groups in the lipid bilayers.[29]

The shear adhesion tests on different tissues (Figure 2D) show
that the HAp plates did not adhere to the epidermis and alveolar
mucosa with keratinized stratum corneum layers. Additionally,
the shear adhesion strength on the buccal mucosa with a low
degree of keratinization was significantly smaller than that on
the dermis without keratinized layers. These results confirm the
importance of water migration from tissues into HAp plates for
immediate adhesion. When comparing the tissues without ker-
atinized layers, the shear adhesion strength on the dermis with
more intermediate water was higher than that on the liver with
more non-freezing bound water. Attenuated total reflection (ATR)
FT-IR measurements of tissue surfaces revealed the decrease in
intermediate water content after the attachment of HAp, which
was accompanied by the condensation of organics on the tissue
surface (Figure S5, Supporting Information). This result indi-
cates that the mobility water interacting with biomolecules would
influence the water migration from tissues into HAp plates.
Of note, the low shear adhesion strength onto the liver should
also be related to the strength of the liver itself (i.e., the tensile
strength of the human liver capsule is reported to be 10 kPa,[30]

which was almost the same value as the tensile adhesion strength
of porcine liver onto HAp plates shown in Section 2.4). Therefore,
to separate the effect of the water from the other factors, the same
dermis with different water contents was used as adherends.
First, an intact porcine dermis was immersed in a saline to create
an initial state containing more water (80 wt%; Figure 2E) than
the intact state (68 wt%; Figure S4A, Supporting Information).
The water content and the shear adhesion strength were mea-
sured after the dermis was dried in air (Figure 2E). At the ini-
tial state when the water content was 80 wt%, the shear adhesion

strength was almost zero. The shear adhesion strength increased
to 146 kPa when the water content decreased to 70 wt%, where
free water was almost negligible (Figure 2C). Further drying re-
duced water content and led to lower shear adhesion strength.

From the aforementioned results, the mobility of water (i.e.,
hydration structure) in tissues should impact the adhesion of the
porous solid-state adhesives (Figure 3A). First, the capillary action
enhanced the macroscale close contact between the tissue and
HAp plate. Second, the number of molecular scale interaction
between the HAp and matrix organic molecules (such as colla-
gen) increased by the increased concentration (i.e., condensation)
of matrix organics. Regarding the molecular scale interaction,
the collagen triple helix exposes carbonyl groups on the surface
that can interact electrostatically with calcium ions on the HAp
surface.[31] Besides, the dehydration of tissues can induce salting-
out and collagen aggregation[32] or the disruption of the triple he-
lix (depending on their amino acid sequence[33]). The hydropho-
bic moieties are exposed and contribute to the hydrophobic inter-
action of HAp modified by the adsorption of lipids[34] from the tis-
sue. Therefore, the adhesion strength would be enhanced by the
surface modification of HAp with amphiphilic molecules[35] or
low-energy electron irradiation.[36] Rose and coworkers showed
that a strong and rapid adhesion between two hydrogels can be
achieved using nanoparticulate adhesives, and they claimed that
the adhesiveness depends not only on the ability of nanoparticles
to adsorb onto polymer gels but also the ability of polymer chains
to reorganize dissipate energy under stress when adsorbed onto
nanoparticles.[15] Third, the dehydration after contacting with the
HAp plate would increase the stiffness of the tissue surfaces be-
cause the water provides a lubricating effect in collagen fibrils,[37]

and the increased stiffness would increase the adhesion strength.
An additional effect of the water migration would be the viscos-
ity change of the water layer at the interface of HAp and tissues.
For example, Kurihara et al. showed that the presence of water
at the single molecule level made the mica adhere 12 500 times
stronger than in the presence of thicker water layer.[38]

Based on the above adhesion mechanism, the adhesion
strength can be controlled by changing the water hydration struc-
ture of tissues, and the shear adhesion strength decreased to
approximately one-fifth by adding 10 μL of water to one HA
plate adhering on the tissues (Figure 3B). The decreased adhe-
sion strength would be caused by re-hydration of tissues. After
water addition, the residual adhesion forces could be detected,
which would be due to the molecular scale interaction between
the HAp and matrix organic molecules (such as collagen). The
HAp adhesive demonstrated advantageous features as an inter-
nal organ retractor because it has sufficient adhesive strength and
is detachable without damaging the tissue after surgery. There-
fore, the feasibility of the HAp adhesive as a liver retractor was
assessed.

2.4. HAp Adhesive for Liver Retraction

First, the feasibility of the HAp adhesive as a liver retractor was
assessed qualitatively using a mouse liver (Movie S1, Supporting
Information). The HAp plate adhered to the mouse liver immedi-
ately after the contact, and the liver could be retracted by moving
the HAp plate. The HAp plate adhered to the mouse liver could be
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Figure 3. HAp adhesives as an internal organ retraction. A) Proposed mechanism of immediate adhesion of soft tissues on porous HAp plate. B)
Detachment of HAp plates on mouse dermis by adding water. C) H&E-stained sections of mouse livers before and after the attachment of the HAp plate
followed by detachment by adding water. D) A prototype retractor device made with HAp plate array and sequential photographs of porcine liver retraction
and detachment of the prototype device. Two retractor devices were attached to the liver and the peritoneum, respectively and fixed by hook-and-loop
fasteners. After usage, the devices were detached from the tissues by adding water.

removed by adding water. The amount of water added influenced
the detachment force (Figure 3B). The histological evaluation of
the liver showed no noticeable change in cell morphologies after
the HAp attachment, followed by detachment with adding water
(Figure 3C).

Next, the HAp adhesive was assessed using porcine liver ex
vivo and in vivo. Because the immediate adhesion strength of a
HAp plate was 10.8 ± 1.0 kPa on the porcine liver in the tensile
mode (Figure S6, Supporting Information), an adhesive device
consisting of an array of HAp plates was prepared as a liver retrac-
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tor (Figure 3D). Using a total of 48 HAp plates, the 192-g porcine
liver could be lifted ex vivo (Figure S7 and Movie S2, Support-
ing Information). The failure analysis after the tensile adhesion
tests revealed that the HAp surface was covered with membranes
after forced detachment from the liver without water addition
(Figure S6, Supporting Information). In contrast, the area cov-
ered with the membranes decreased after detachment with wa-
ter addition, reflecting the decreased adhesion strength by water
addition. Of note, proteomic analysis of the membrane on HAp
with and without water addition could help to understand the
molecular-level interaction between HAp and the target tissues.

In the case of liver retraction, it is not necessary to lift the whole
liver, and 12 plates were used in vivo to retract the porcine liver
(Figure 3D; see also Movie S3, Supporting Information). After
applying another adhesive device on the peritoneum and com-
bining the device on the liver with the hook-and-loop fasteners
on the back, it was possible to keep the liver retraction. By adding
saline, these devices could be easily detached from the organs in
vivo. No liver damages such as lacerations and crush injury were
observed, and the liver capsule remained intact after the in vivo
experiment on the porcine liver.

Commercially available soft tissue adhesives have not been
used in clinical practice for internal organ retraction because
of their toxicity or low adhesion strength.[9] Although biocom-
patible adhesives have been developed, these adhesives would
have another risk of organ injury when the retracted organs
are peeled forcibly from the adhesives after the surgery. Re-
cently, on-demand detachable adhesives were developed by uti-
lizing the temperature-induced sol-gel transition[39] and light-
induced decomposition.[40] Compared with these adhesives, the
solid-state adhesive HAp retractor developed in this study has ad-
vantages, such as no time-consuming setting reaction for the ad-
hesion of HAp and easy detachment of HAp without decomposed
products. In addition, HAp materials are biocompatible and have
been used clinically for many years, and in this study, no liver
damage was observed in the in vivo experiments with porcine liv-
ers. Further evaluation of the mechanical and biological safety of
the porous HAp retractor, including the effect on liver function,
is required for clinical applications because immediate adhesion
involves dehydration of tissue surfaces. To use the porous HAp
retractor in laparoscopic surgery, it is also necessary to optimize
the device shape design to reduce the operation time for liver re-
traction.

3. Conclusions

This study examined the effects of the porous structure (i.e., pore
size and porosity) of HAp adhesives on the adhesion strength of
soft tissues with different hydration states. For the mouse der-
mis, the porosity of the HAp adhesive showed a higher corre-
lation with the shear adhesion strength than that with the pore
size. When comparing the tissues without keratinized layers, the
shear adhesion strength on the tissue with more intermediate
water was higher than that on the tissue with more non-freezing
bound water. The water content of dermis also changed the shear
adhesion strength of HAp adhesives. We also evaluated the HAp
adhesive as an internal organ retractor, and demonstrated the on-
demand adhesion/detachment of the HAp adhesive retractor on
a porcine liver in vivo.

4. Experimental Section
Materials: Unless otherwise mentioned, all materials were of reagent-

grade and used as received from FUJIFILM Wako Pure Chemical Corpo-
ration (Osaka, Japan). Milli-Q water (Millipore Corp., Bedford, MA, USA)
with a specific resistance of 18.2 × 106 Ω·cm was used.

HAp-Nanoparticle Dispersions and Plates: An aqueous dispersion of
HAp nanoparticles was prepared according to the method described in a
previous study.[41] Briefly, an aqueous solution of calcium nitrate (42 mm,
800 mL) was poured into a 1 L reactor and its initial pH was adjusted to 10
by adding a 28% ammonia solution under stirring. An aqueous solution of
diammonium phosphate (100 mm, 200 mL) was added to the reactor at
room temperature (≈20 °C). The resulting mixture was stirred for another
24 h, then centrifuged and washed until the pH of the solution became
neutral.

The aqueous dispersion of HAp (6 wt%) was degassed, and 400 μL of
the dispersion was transferred to a polypropylene (PP) mold (10 mm ×
10 mm × 0.3 mm). Once the dispersion was dried in the mold at 60 °C
for 24 h, a HAp plate was obtained. The dried HAp plate was then heated
from room temperature to a predetermined temperature (600, 800, 1000,
or 1200 °C) at a heating rate of 10 °C min−1 and maintained at the tem-
perature for 1 h. The heater of the furnace was automatically turned off
after 1 h, and the sample was naturally cooled in the furnace to room tem-
perature. The resulting heat-treated samples were used without further
purification.

Basic Characterizations of HAp Plates: The linear shrinkage after the
heat treatment was determined from digital photographs before and af-
ter the treatment using an image analysis software (Image J; NIH, MD,
USA). Five measurements were conducted for each sample, and the aver-
age value was calculated.

Three-point flexural strengths of the samples were measured on a uni-
versal testing machine (Ez-test; Shimadzu Corp., Kyoto, Japan) equipped
with a load cell of 500 N at a span of 3.0 mm at a loading rate of 0.5 mm
min−1. The thickness of each sample was measured with a micrometer
(MDC-25 MJ; Mitutoyo Corp., Kanagawa, Japan). Five measurements were
conducted for each sample, and the average value was calculated.

The surface morphology of the film was observed with a scanning elec-
tron microscope (SEM, JSM-6701F; JEOL Ltd., Tokyo, Japan) at the Cen-
tral Research Laboratory in Okayama University Medical School. The dried
sample was loaded onto an aluminum stub and coated with osmium
(Neoc-Pro, Meiwafosis Co. Ltd., Tokyo, Japan).

The porosities, pore-size distributions, and specific surface areas were
determined using mercury intrusion porosimetry (AutoPore IV 9520; Mi-
cromeritics Instrument Corp., Norcross, GA) after the samples were dried
under vacuum at 60 °C for 24 h. Three measurements were conducted for
each sample, and the average value was calculated.

Crystallographic analysis was conducted by X-ray diffraction (XRD,
RINT2500HF; Rigaku Corp., Tokyo, Japan) using Cu-Ka (1.54 Å) irradia-
tion at 40 kV and 200 mA. The samples were scanned from 20° to 45° at a
scan speed of 2° min−1.

In Vitro Mouse Dermis Attachment (Adhesion) and Detachment: All the
animal procedures using mice were strictly in accordance with the Guide-
lines for Animal Experiments at Okayama University after the approval of
the experimental protocol by Okayama University (OKU-2020530).

The shaved skin tissues were excised from the back of 6-week-old male
BALB/c mice (Japan SLC, Inc., Shizuoka, Japan) after being euthanized
with CO2 gas or an overdose of isoflurane. The reticular dermal layer
was exposed by removing the superficial fascia, trimmed into 5 mm ×
40 mm strips, immersed in a saline solution (0.9 w/v% NaCl solution),
and used within 1 day after isolation. After the saline solution on the
trimmed tissues was removed with filter papers, the HAp plate fixed on
a piece of thick paper with double-side tape was attached to the tissue
with an overlapping area of 5 mm × 5 mm, as reported previously.[42]

Shear adhesion tests were performed with a mechanical tester (Ez-test;
Shimadzu Corp.) at a speed of 150 mm min−1 after contacting HAp plates
for 30 s. The apparent shear adhesion strength was calculated from the
maximum load (fracture force) divided by the overlapping area (N = 5).
The detachment was evaluated by measuring the shear adhesion strengths
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after adding water (5–30 μL) at the interfaces of HAp plates and tissues
(N = 5).

For the measurement of condensed layer on mouse dermis, the tis-
sues before and after contacting HAp plates for 30 s were embedded in
a cryosection medium, and immediately frozen thereafter. The cryosec-
tions used in this study were obtained according to a previously reported
method using adhesive films.[43] with a cryomicrotome (CM-3050S, LE-
ICA). These sections were then fixed with paraformaldehyde and stained
with eosin before being observed under a microscope.

Evaluation with Porcine Soft Tissues: The relationship between the tis-
sue characteristics and the shear adhesion strength of HAp plates (after
heating at 600 °C) was evaluated by using epidermis and dermis (excised
from frontal skins), alveolar mucosa, buccal mucosae, and liver of slaugh-
tered barrow hogs (≈6-month-old; weight, 100–120 kg; Tokyo-Shibaura
Zoki KK., Tokyo, Japan).

For histological and SEM observation, each tissue was fixed with a so-
lution of 2% paraformaldehyde and 2% glutaraldehyde followed by 2% os-
mium tetroxide solution, dehydrated with ethanol, and then immersed in
tert-butanol. For histological observation, the dehydrated sample was em-
bedded in paraffin and a section was made with a microtome. The section
was stained with hematoxylin and eosin (H&E) before observation under
a microscope. For SEM observation, the sample was freeze-dried and then
coated with osmium (Neoc-Pro).

For the composition of each tissue, weight percentages of crude pro-
teins, total lipids, and water were measured by the Kjeldahl method,[44]

Soxhlet extraction with diethyl ether[44] and gravimetric method, respec-
tively. In the Kjeldahl procedure, after digestion in concentrated sulfuric
acid, the total organic nitrogen was converted to ammonium sulfate. Am-
monia was formed and distilled into a boric acid solution under alkaline
conditions. The borate anions were titrated with a standard hydrochloric
acid solution to calculate the content of nitrogen representing the amount
of crude protein in the sample. Most proteins contained 16% nitrogen;
thus, the conversion factor was 6.25.[44] The water content was calculated
after the DSC measurements described below.

The phase transition of water in the intact tissue was measured under
a nitrogen atmosphere using a DSC instrument (DSC-60 Plus, Shimadzu
Corp.). The wet sample (≈10 mg) was weighed in a DSC aluminum pan,
and then the pan was sealed hermetically. The sealed pan was first cooled
down to −100 °C at the cooling rate of 2 °C min−1, held at −100 °C for
1 min, and then heated to 25 °C at a heating rate of 2 °C min−1. The dry
sample weight was determined after the DSC measurement, after drying
at 100 °C in a vacuum until the weight did not change. The amounts of
different types of water in the samples were calculated by the following
equations:[27]

WC = (W1 − W0) ∕W1 (1)

WC = Wnf + Wfb + Wf (2)

Wfb = DHm,subzero∕334
(
J g−1) (3)

Wf = DHm,total∕334
(
J g−1) − Wfb (4)

where WC is the water content; W0 is the weight of the sample after drying
at 100 °C in vacuum; W1 is the weight of the wet sample before drying;
Wnf, Wfb, and Wf are the amounts of non-freezing bound water, freezing-
bound (intermediate) water, and free water, respectively; DHm, subzero and
DHm, total are enthalpy changes below 0 °C and total enthalpy changes
during heating, respectively.

The shear adhesion strength of the HAp plate on each porcine tissue
was evaluated under the same conditions described above. The water con-
tents of dermis under evaporating water at room temperature for different
periods (0–160 min) were determined using Equation (1).

Mouse Liver Retraction: An incision was made in the middle of the ab-
domen of a 6-week-old male BALB/c mouse (Japan SLC, Inc.) after being
euthanized with an overdose of isoflurane. An HAp plate was attached to
the liver. To remove the HAp plate, 50 μL of saline was dropped onto the
surface.

Ex Vivo Porcine Liver Retraction: The retractor device was fabricated by
arraying the twelve HAp disks (5 mm in diameter; after thermal treatment
at 600 °C) on a tape (20 × 20 mm2 in size; Scotch DUCT-EX183M; 3M
Company, Saint Paul, MN, USA). Two holes were made in the tape and a
thread was threaded through the hole (Figure S7B, Supporting Informa-
tion). Part of the liver (192 g) of slaughtered barrow hogs (≈6-month-old;
weight, 100–120 kg; Tokyo-Shibaura Zoki KK.) was used for ex vivo retrac-
tion.

To measure the tensile adhesion strength, an HAp disk (5 mm in di-
ameter; after thermal treatment at 600 °C) on a tape (6 × 6 mm2 in size;
Scotch DUCT-EX183M) was attached to the liver surface. As a control, a
tape without HAp was also attached to the liver surface. The tensile ad-
hesion tests were performed with a mechanical tester (Ez-test; Shimadzu
Corp.) at a speed of 150 mm min−1. The apparent shear adhesion strength
was calculated from the maximum load divided by the attached area (N =
5).

In Vivo Porcine Liver Retraction: The animal procedures using swine
were strictly in accordance with the Guidelines for Animal Experiments at
Kobe University after the approval of the experimental protocol by Kobe
University (P210606-R1).

After a pig (female; 13 weeks old; 35.3 kg) was anesthetized, an inci-
sion was made in the middle of the abdomen of the pig. A hook-and-loop
fastener (pressure-sensitive AK tape; ARACOH Co. Ltd., Shizuoka, Japan)
was attached to the back of retractor devices consisting of the twelve HAp
disks (5 mm in diameter; after thermal treatment at 600 °C) on a tape
(20 × 20 mm2 in size; 3M Extreme Hold Duct Tape). Two devices were
attached to the liver and peritoneum, respectively, and connected by the
hook-and-loop fastener, so that the liver was retracted by moving the peri-
toneum. To remove the retractor devices, a saline (50 mL) was poured on
the surfaces. After the removal, the liver damage was evaluated by gross
observation.

Statistical Analysis: After the normality and homogeneity of variance
were calculated using the Shapiro-Wilk and Bartlett tests, respectively, the
Tukey-Kramer test was used for intergroup comparative analysis. All statis-
tical tests were performed using R (version 3.3.2)[45] at preset alpha levels
of 0.05.
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