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Bone adhesives, as alternatives to traditional bone fracture treatment methods, have great benefits in
achieving effective fixation and healing of fractured bones. However, current available bone adhesives
have limitations in terms of weak mechanical properties, low adhesion strength, and inappropriate
degradability, hindering their clinical applications. The development of bone adhesives with strong
mechanical properties, adhesion strength, and appropriate degradability remains a great challenge. In
this study, polyacrylic acid was incorporated with tetracalcium phosphate and O-phospho-L-serine to
form a new bone adhesive via coordination and ionic interactions to achieve exceptional mechanical
properties, adhesion strength, and degradability. The bone adhesive could achieve an initial adhesion
strength of approximately 3.26 MPa and 0.86 MPa on titanium alloys and bones after 15 min of curing,
respectively, and it increased to 5.59 MPa and 2.73 MPa, after 24 h of incubation in water or simulated
body fluid (SBF). The compressive strength of the adhesive increased from 10.06 MPa to 72.64 MPa over
two weeks, which provided sufficient support for the fractured bone. Importantly, the adhesive started
to degrade after 6 to 8 weeks of incubation in SBF, which is beneficial to cell ingrowth and the bone
healing process. In addition,
biocompatibility, and osteogenic activity. In vivo experiments showed that it has a better bone-healing
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1. Introduction

Fractures remain a significant health problem affecting indivi-
duals’ daily lives." According to a report in 2019, the number of
prevalent fractures has reached 455 million globally and
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that the bone adhesive has great potential in the treatment of bone fractures.

continues to increase.? Traditional treatment methods, such
as the application of plates, intramedullary nails, and screws>*
for fixation, carry the risk of secondary injury.> Moreover, the
handling of fragments resulting from comminuted fractures
remains challenging, which further complicates clinical treat-
ment. The utilization of bone adhesives"*®’ for bone fixation
and fragment bonding shows great promise. An ideal bone
adhesive material should exhibit good biocompatibility and
bioactivity, stimulating new bone formation while degrading at
an appropriate rate, thus reducing the risk associated with
surgical procedures.

Polymethyl methacrylate (PMMA) is the most common
commercially used material for bone fixation.*° However, its
monomer is toxic and can release a significant amount of heat
during the curing process, leading to potential damage to
surrounding tissues. Additionally, the polymer cannot degrade
in vivo, which can negatively impact tissue regeneration and
healing. Other types of bone cement, such as those composed
of calcium phosphate and magnesium phosphate, suffer from
brittleness, inadequate mechanical strength, and mismatched
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degradation rates, thereby limiting their effectiveness in treat-
ing fractures. Commercially available medical adhesives, such
as fibrin glue,'®'" have relatively weak bonding strength and
are not suitable for providing sufficient support to bone tissue.
Cyanoacrylate-based adhesives,'” on the other hand, exhibit
good bonding strength, but their polymerization process gen-
erates a significant amount of heat, and their bonding cap-
ability on wet tissue surfaces is poor.

Therefore, there is a great need for the development of
suitable bone adhesives that can address the limitations of
existing materials. One approach is to develop adhesives that
combine organic and inorganic components to mimic the
structure of bone and achieve optimal osseointegration. For

View Article Online
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example, Bai and coworkers™ prepared hydrogel adhesives by
co-assembling tannic acid with silk fibroin and hydroxyapatite
(HAP), which showed good wet adhesion properties. However,
the mechanical strength of these hydrogel adhesives was still
weak in terms of load-bearing capacity in practical applications.

To explore bone adhesives with effective strength and biologi-
cal activities, researchers have turned to biological bonding
phenomena observed in nature (such as barnacles, mussels
attaching to rocks, spider silk catching insects, etc.) for inspira-
tion. It was found that the coordination and ionic bonds™
between phosphate groups and Ca** ions are particularly effective
in achieving strong bonding on bone surfaces that contain large
amounts of calcium salts. Tetracalcium phosphate (TTCP) is a
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Fig. 1 Schematic illustration of the design of bone adhesives. (A) Composition used for the bone adhesive. (B) The possible mechanism of PAA forms
cross-linking structures in bone adhesives (OTH: TTCP and OPLS with water, OTP: TTCP and OPLS with PAA solution) and subsequent degradation. (C)
The bonding procedure of bone adhesives, and the healing process of bone fracture with the adhesive applied.
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basic calcium phosphate™ and the only calcium phosphate form
with a higher calcium-phosphorus ratio than HAP and it has the
potential to convert into HAP under conditions with appropriate
concentrations of Ca>" and phosphate ions, such as in simulated
body fluids (SBF).'® O-Phospho-i-serine (OPLS) is the main com-
ponent of the sandcastle worm glue'” and can be well bound with
calcium phosphate. Previously, Gall and coworkers developed a
bone adhesive based on TTCP and OPLS, and their mechanical
strength was enhanced by the addition of poly(lactic-co-glycolic
acid) (PLGA) fibers and chitosan lactate (CL).'®'® However, the
fiber-filling strategy mainly focuses on changing the physical
structure of the adhesive, and the addition of CL does not improve
its adhesion properties. In addition, the long-term degradability
of bone adhesives, which is crucial for the repair process of bone
fractures,’ has not been fully studied and optimized. Further
research is needed to investigate the effect of incorporation of
polymers to construct a reinforced network (via chemical interac-
tions such as covalent bonds, ionic bonds, etc.) in order to
improve the mechanical strength, adhesion properties, and
degradability of the adhesives.

In this study, various common synthetic and natural polymers
were first compounded with TTCP/OPLS adhesives, and their
effects on the bonding strength of the adhesives were investigated
and compared. It was found that polyacrylic acid (PAA), a syn-
thetic degradable polymer rich in carboxyl groups, is conducive to
chelating with metal ions and adhesion to bone tissue through
chemical bonding and non-covalent interactions.”®>* The bond-
ing strength of PAA-incorporated bone adhesive was significantly
higher than that of other polymer-incorporated adhesives inves-
tigated. The possible mechanisms of the enhancement of the
bonding strength were discussed. The adhesive properties,
mechanical properties, mineralization ability, biocompatibility,
osteogenic activity, and degradability of the adhesive were then
thoroughly investigated (Fig. 1A and B). Finally, the bone repair
ability of the adhesive was evaluated using a rat model with
femoral defects (Fig. 1C).

2. Materials and methods

2.1. Materials

O-Phospho-i-serine (OPLS, >98%) and tetracalcium phosphate
(TTCP, 2-20 pm) were purchased from Aladdin (Shanghai,
China). Polyacrylic acid (PAA) solution with a molecular weight
of 5 kDa and a concentration of 50 wt% was purchased from
Macklin (Shanghai, China). PAA solution with a molecular
weight of 240 kDa and a concentration of 25 wt% was pur-
chased from Alfa Aesar (Shanghai, China). PAA powder with a
molecular weight of 1250 kDa was purchased from Macklin
(Shanghai, China). Poly(ethylene glycol) (PEG, molecular weight
of 20 kDa), hyaluronic acid (HA), and carboxymethyl chitosan
(CMCS) were purchased from Macklin (Shanghai, China). Poly-
acrylamide (PAM, molecular weight of 10000 kDa) was pur-
chased from Sinopharm (Shanghai, China). Alginic acid (AA)
was purchased from Aladdin (Shanghai, China). Simplex® P
bone cement was purchased from Stryker (Beijing, China).

This journal is © The Royal Society of Chemistry 2024
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Mouse embryonic osteoblast precursor cells (MC3T3-E1) were
obtained from Fenghui Biotechnology (Hunan, China). Cell
Counting Kit-8 (CCK-8) and Calcein/PI Cell Viability/Cytotoxicity
Assay Kit were purchased from Beyotime (Shanghai, China).

2.2. Preparation of bone adhesives

PAA (molecular weight of 5 kDa and 240 kDa) solutions were
diluted to a concentration of 25 wt% using deionized water. PEG
powder was dissolved in deionized water to a concentration of
25 wt%. PAM, AA, HA, and PAA (molecular weight of 1250 kDa)
powders were dissolved in deionized water to a concentration of
1 wt% due to their low solubility. CMCS powder was dissolved in
deionized water to a concentration of 5 wt%. Next, 60 mg of
OPLS and 100 mg of TTCP were weighed, and 40 pL of deionized
water or polymer solution was added to the powder and mixed
thoroughly. The mass ratio of OPLS to TTCP was kept at 0.6
according to the literature,'® and the total liquid-to-solid ratio
was 0.25 throughout the study. Finally, the well-mixed paste was
applied to the substrate surfaces or injected into a silicone mold
for curing in air at room temperature for 15 min, followed by
soaking in deionized water at room temperature or SBF at 37 °C
for 24 h. The adhesive prepared from OPLS, TTCP, and PAA
solution was denoted as OTP, and that prepared from OPLS,
TTCP, and deionized water was denoted as OTH.

2.3. Adhesion test on a titanium alloy surface

Cylindrical titanium alloys with a height of 3 cm and a diameter of
1 cm (for the compressive shear test) or 2 cm (for the tensile test)
were bonded using OTP or OTH adhesives with the procedure as
described above, and cured at room temperature for 15 min, and
subsequently soaked in deionized water for 24 h. The compressive
shear strength and the tensile strength of the adhesives before and
after soaking in deionized water were evaluated using a universal
testing machine (CMT-1104). The speed of the universal testing
machine was set to 1 mm min ", For the compressive shear test,
the stress-displacement curve was recorded, and the maximum
stress observed at the point of failure was considered as the shear
strength of the adhesives. For the tensile strength test, the max-
imum load in the event of adhesion failure was recorded, and the
tensile strength was calculated according to eqn (1):

4F
=D @)

where P stands for tensile strength, D is the diameter of the
titanium plate (Ze., 2 cm), and F is the maximum tensile force.

2.4. Mechanical properties

Two hundred mg of adhesives were injected into a silicone mold
with an internal cavity of 4 mm in height and 6 mm in diameter.
After curing in air at room temperature for 15 min and soaking
in deionized water for 24 h, the sample was compressed at a
speed of 1 mm min ™" using a universal testing machine until it
was broken. The compressive stress-strain curve was obtained,
and the maximum stress value was recorded as the compressive
strength of the sample. Additionally, the mechanical stability of
the adhesives was assessed by compression testing after the
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samples were incubated in 10 mL of SBF at 37 °C or deionized
water at room temperature for up to 14 days. For the tensile test,
the adhesive sample was prepared by injecting 800 mg adhesives
into a dumbbell-type silicone mold with a thickness of 2 mm and
a middle width of 4 mm. After curing in air at room temperature
for 15 min and soaking in deionized water for 24 h, the sample
was stretched at a rate of 1 mm min~" using a universal testing
machine until it was broken.

2.5. pH measurement

Adhesives were fabricated into cylinder samples (4 mm in
height and 6 mm in diameter) as described above, and incu-
bated in 2 mL of phosphate-buffered saline (PBS, 10 mM, pH =
7.3) at 37 °C with shaking for up to 7 days. The pH value of the
solution was recorded at determined time points.

2.6. In vitro hard tissue adhesion test

Pig femurs were bought from a local market and cut into 1 cm X
1 cm x 2 cm cuboid blocks. The two bone blocks were bonded
using adhesives or PMMA bone cement. After curing in air for
15 min and soaking in SBF at 37 °C for 24 h, compression shear
tests were conducted using a universal testing machine as
described above, and the compressive shear strength of the
samples was recorded. The premolars were collected at West
China Hospital of Stomatology from orthodontic patients with
informed consent and approved by the ethical review committee
at the West China School of Stomatology, Sichuan University
(approval number: WCHSIRB-CT-2024-073). The tooth was cut
into two pieces, bonded together using adhesives, and cured in
the air for 2 h before testing.

2.7. Curing exothermic measurement

Two hundred mg of adhesives (75 mg of OPLS and 125 mg of
TTCP) or PMMA powder were prepared as described above.
From the time point of the addition of the liquid component
(i.e., PAA solution or deionized water), the temperature of the
paste in the curing process over 10 min was recorded using a
thermal imager (PI450i, Optris).

2.8. Invitro degradation and mineralization test

Two hundred mg of adhesive samples with a size of 4 mm in
height and 6 mm in diameter were prepared as described
above, and immersed in 10 mL of SBF in a constant shaker at
37 °C. The samples were removed from the solution, dried in an
oven, and weighed every week. For observation of structures,
the samples were collected and freeze-dried. The surface topo-
graphy of the samples was observed using scanning electron
microscopy (SEM, Regulus 8230, Hitachi) and the internal
structure of the samples was analyzed using microcomputed
tomography (micro-CT, SKYSCAN 1275, Bruker). The chemical
composition of the adhesives was examined via X-ray diffrac-
tion analysis (XRD, D8 Advance, Bruker), with the 20 range of
10-80°. The chemical groups of the adhesives were examined
using a Fourier transform infrared spectrometer (FTIR, IS 50,
Thermo). The scan was performed 32 times within a wavenumber
range of 4000 to 400 cm ™. The thermal stability of the adhesives
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was tested using a thermogravimetric analyzer (TGA, TG209F1,
Netzsch) under nitrogen protection, with a set heating rate of
10 °C min ' and a temperature range of 30-1000 °C.

2.9. Invitro cell compatibility and proliferation

Mouse embryonic osteoblast precursor cells (MC3T3-E1) were
cultured using o-modified Eagle’s medium («-MEM, supple-
mented with 10% fetal bovine serum and 1% penicillin/strep-
tomycin) at 37 °C in a 5% CO, incubator. For preparation of
sample extracts, ultraviolet-sterilized adhesives (200 mg) were
incubated in 2 mL of «-MEM medium at 37 °C for 24 h or
in sterilized deionized water at 37 °C for 7 and 14 days. The
resulting extracts were diluted 10-fold with o-MEM medium to
obtain the conditioned medium. To investigate the potential
toxicity of each component in the adhesive, TTCP, OPLS,
and PAA were added to the cell culture medium at the same
concentrations as those used in the extracting condition
(5 mg mL™, 3 mg mL™}, and 1 mg mL", respectively).
MC3T3-E1 cells were seeded in a 96-well plate with 5 x 10° cells
per well. After 24 h, the culture medium was replaced with the
extract medium or medium containing the testing components
and continued for incubation for 1 and 3 days. The medium
was replaced with fresh «-MEM medium and an aqueous
solution containing 1 wt% of zinc diethyldithiocarbamate as
the negative and the positive controls, respectively. The cell
viability was determined using CCK-8 assay as per the manu-
facturer’s instructions. For cell morphology and live-dead
observation, MC3T3-E1 cells were seeded in 24-well plates at
a density of 4 x 10" cells per well. The culture medium was
replaced with fresh culture medium or adhesive extracts on the
second day. After 3 days of culture, the medium was removed
and 250 pL Calcein/PI live-dead staining reagent was added
and incubated for 20 min. The cells were then rinsed twice with
PBS buffer and observed under an inverted fluorescence micro-
scope (TS2R-FL, Nikon).

For the cell adhesion test, the adhesives were fabricated into
thin discs with a diameter of 15 mm and a thickness of 0.5 mm,
sterilized by ultraviolet irradiation, and placed in a 6-well plate.
Five mL of culture medium was added to each well, and it was
incubated at 37 °C for 24 h to fully infiltrate the adhesive
sample. After that, the medium was replaced with 5 mL of cell
suspension containing 2 x 10° cells in each well. The culture
medium was changed after 48 h, and after incubation for 72 h,
the adhesive samples were collected. It was rinsed with PBS
twice and fixed in 4% paraformaldehyde for 30 min, washed in
deionized water twice, and dehydrated in ethanol (25%, 50%,
75%, 90%, 95%, and 100% for 15 min in each step). Finally, the
dried samples were sputter-coated with gold, and any cells
adhering on the surface were observed using SEM.

2.10. In vitro osteogenesis assay

Adhesive samples (1.5 cm in diameter and 0.5 mm in thickness)
were placed in 24-well plates, sterilized, and seeded with 1 x
10° MC3T3-E1 cells per well. It was then cultured with differ-
entiation medium consisting of 10% fetal bovine serum, 89%
a-MEM, 1% penicillin-streptomycin, 10 nM dexamethasone,

This journal is © The Royal Society of Chemistry 2024
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10 mM sodium PB-phosphoglycerate, and 50 mg L™ ascorbic
acid, with fresh medium replenished every 3 days. Staining was
conducted after 3, 7, and 14 days using a BCIP/NBT ALP
Chromogenic Kit (Beyotime). Furthermore, the alkaline phos-
phatase (ALP) activity of the cells was assessed using an alkaline
phosphatase (AKP/ALP) activity assay kit (Boxbio Science &
Technology), and the absorbance of the cell samples was
measured at 510 nm.

The expression of collagen type I (COL1a1) and runt-related
transcription factor (RUNX2) osteogenic genes was analyzed by
real-time quantitative polymerase chain reaction (RT-qPCR).
The adhesive sample (2.5 cm in diameter and 0.5 mm in thickness)
was placed in a 6-well plate, co-cultured with MC3T3-E1 cells at a
density of 4 x 10° cells per well, and the cells were lysed using
TRIzol®™ reagent (Invitrogen) after 3, 7, and 14 days to extract RNAs.
Then, SynScript™III RT SuperMix for the qPCR Kit (Tsingke) was
used for reverse transcription amplification, and the obtained cDNA
product was diluted 2-fold as a qPCR template, amplified by
ArtiCan“®® SYBR qPCR Mix (Tsingke), and the relative mRNA
expression of the target gene was counted using the 2~*“* method.
The primer sequences used in this study are listed in Table S1 (ESIY).

2.11. In vivo implantation experiments

Male Sprague-Dawley rats (6-8 weeks old, 200-250 g) were used in
in vivo implantation experiments. All the animal experiments were
conducted in accordance with ethical guidelines and were
approved by the ethical review committee at the West China
School of Stomatology, Sichuan University (approval number:
WCHSIRB-D-2023-471). To construct a femur defect in the animal,
the rats were anesthetized by inhalation of isoflurane using a
portable small animal anesthesia machine (R530, RWD Life
Science, Shenzhen, China), and the skin on the surgical region
was shaved and disinfected. Then, an oblique incision was made
along the rat femur to expose the surgical site. A notch with a size
of approximately 5 mm x 3 mm x 1 mm in the middle of the
femur was made using an electric grinder, followed by application
of ~50 mg of OTP adhesive or PMMA to the notch site. After that,
the muscle and skin were sutured. Each rat was intraperitoneally
injected with 100 000 units of penicillin after surgery. After 4 or 8
weeks, the animals were sacrificed and the femur was harvested
and analyzed using micro-CT (LCT50, SCANCO, Switzerland).

2.12. Statistical analysis

All data were reported as mean =+ standard deviation (n > 3). A
one-way analysis of SPSS program combined with the student ¢-
test was used to evaluate the statistical significance of the
variance. The differences were considered statistically signifi-
cant when p < 0.05 (ns: non-significant, * p < 0.05, ** p <
0.01, *** p < 0.001).

3. Results and discussion
3.1. Preparation process and adhesion properties of adhesives

The adhesive was prepared by simply mixing TTCP and OPLS
powders with a polymer solution to form a homogeneous mixture.

This journal is © The Royal Society of Chemistry 2024
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The paste-like adhesive then solidified and bonded the adherends
together within ~15 min (a conventional waiting time recom-
mended in the clinic*®). First, the effects of different polymer
solutions on the bonding strength of the adhesives were investi-
gated (Fig. S1, ESIt). The compressive shear strength of the
adhesives after adhesion to the titanium alloy and immersion in
deionized water at room temperature for 24 h was measured. The
result showed that the compressive shear strength of the adhesive
was 4.01 MPa without the addition of polymer solution, and
increased to 4.61 MPa and 4.68 MPa after the addition of AA and
HA, respectively. Furthermore, the compressive shear strength of
the adhesive with PAA increased to 5.59 MPa. These results
demonstrate that the presence of carboxyl groups has a positive
effect on the adhesion properties. However, the adhesion perfor-
mance of the adhesive with the addition of CMCS added was not
improved, probably due to its insufficient content of carboxyl
groups. Since bones experience stress in both transverse and
longitudinal directions, the adhesion strengths against transverse
compressive shear force and longitudinal tensile force were studied
(Fig. 2A). The effect of PAA concentration on the performance of the
adhesive was then thoroughly investigated (Fig. 2B). As can be seen,
the initial compressive shear strength of the adhesive (after curing
for 15 min) was 2.97 MPa without the addition of PAA (i.e.,, OTH
adhesive). It decreased slightly to 2.46 MPa after the addition of
2.5 wt% of PAA (molecular weight of 240 kDa). Further increasing
the concentration of PAA resulted in an enhancement of
the compressive shear strength to 2.65 MPa of 12.5 wt%, and to
3.26 MPa of 25 wt% (the maximum concentration of PAA can be
achieved due to the high viscosity of the polymer solution). This
could potentially be attributed to the fact that at a low concen-
tration of PAA, which results in partial dissolution of TTCP to
produce Ca®**, but the low amount of carboxyl groups cannot
undergo sufficient cross-linking with Ca®* ions to form an effective
cross-linked structure. As the concentration of PAA increases, the
carboxyl groups react and cross-link with Ca** ions to a higher
extent, thereby forming a stable structure and increasing the
adhesion strength.

Subsequently, the adhesive was cured in water for a pro-
longed period to investigate its performance in an aqueous
environment, mimicking the in vivo conditions (Fig. 2C). Inter-
estingly, the compressive shear strength of the adhesive con-
tinued to increase to a maximum value of 5.59 MPa over 24 h,
which was higher than the reported values of OPLS/TTCP
adhesives reinforced with PLGA and CL,*° and it remained at
this level afterwards. This is probably because PAA requires a
longer time for diffusion and to achieve a sufficient cross-
linking with TTCP and OPLS. Therefore, as the immersion time
increases, the components bind tightly and further cure on the
titanium alloy surface, enhancing mechanical interlocking and
chemical adhesion. This indicates that the adhesive can main-
tain good adhesion even in the moist environment of the body,
potentially enabling convenient curing during clinical surgery
and forming stable adhesion post-operation.

The adhesion performance of the adhesive with PAA of
different molecular weights was then investigated (Fig. 2D
and E). As can be seen, except for the OTP adhesive with the
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Fig. 2 Mechanical properties of adhesives. (A) Schematic illustration of the compressive shear test (left) and tensile test (right). (B) Compressive shear
strength of titanium alloys bonded by adhesives mixed with deionized water or PAA (240 kDa) solution at different concentrations. (C) Compressive shear
strength of titanium alloys bonded by the adhesives mixed with 25 wt% PAA (240 kDa) solution, cured in air for 15 min, and soaked in deionized water at
room temperature for different periods. (D) Compressive shear strength, and (E) tensile strength of titanium alloys bonded by the adhesives mixed with
deionized water or PAA aqueous solutions (25 wt% for PAA with molecular weights of 5 kDa and 240 kDa, or 1 wt% for PAA with a molecular weight of

1250 kDa) before and after soaking in water at room temperature for 24 h.

(F) Digital photographs of the titanium alloy surfaces after compressive shear

testing (up) and tensile testing (down) showing the failure modes. (G) Digital photograph of the setup for the compression test, with the inset showing the
adhesive samples. (H) Compressive stress—strain curves, and (I) strength of the adhesives before and after soaking in water at room temperature for 24 h.

addition of PAA of 1250 kDa, the compressive shear strengths
of the other two OTP adhesives (with PAA of 5 kDa and 240 kDa)
were higher than that of OTH adhesives (without the addition
of PAA) after curing in water for 24 h (Fig. 2D and Fig. S2A,
ESIt). The maximum compressive shear strength was achieved
by OTP adhesive with the addition of PAA of 240 kDa
(5.59 MPa), and it was higher than that of OTP adhesive with
the addition of PAA of 5 kDa (5.01 MPa) and PAA of 1250 kDa
(3.48 MPa). This difference may be attributed to the shorter
molecular chain length of the OTP adhesive with the addition
of 5 kDa PAA, in comparison to the OTP adhesive with the
addition of 240 kDa PAA, which limits the formation of a robust
network structure. On the other hand, OTP adhesive with the
addition of 1250 kDa PAA, which was added at a lower concen-
tration of 1 wt% due to its low solubility, might exhibit lower
adhesion strength due to the insufficient number of carboxyl
groups available for chelation with calcium ions.

The tensile strength of the bonded titanium alloys by the
adhesives showed a similar trend (Fig. 2E and Fig. S2B, ESIt), with
the maximum strength achieved by the OTP adhesive with the
addition of PAA of 240 kDa (i.e., 3.11 MPa after 15 min curing in air
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and 3.32 MPa after 24 h curing in deionized water). Therefore, PAA
of 240 kDa was used in the rest of this study for OTP adhesive
preparation. In addition, the failure mode of the adhesive was
analyzed (Fig. 2F). As can be seen, the compressive shear test
results showed that both OTP and OTH failed in interfacial
adhesion, whereas the failure results of the tensile strength test
revealed that the OTH adhesive primarily experienced an interfacial
adhesion failure. In contrast, the OTP adhesive mainly exhibited a
cohesive failure. This indicates that the addition of PAA might
enhance the interfacial adhesion and cohesion of the adhesive,
possibly due to the interactions between the abundant carboxyl
groups in PAA, the metal ions on the titanium surface, and the Ca**
ions in the adhesive. Furthermore, the effect of the addition of PAA
on the curing process was also assessed (Fig. S3, ESIt). It was
observed that OTH cured and provided sufficient bonding force
between two metal columns (200 g each) within 1.5 min, while OTP
formed a stable bond after 2 min. This implies that the addition of
PAA slows down the curing process of the adhesive, which might be
attributed to the addition of PAA hindering the interactions
between TTCP and OPLS. Nevertheless, the curing time of OTP is
still acceptable in clinical applications.

This journal is © The Royal Society of Chemistry 2024
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3.2. Compressive and tensile strengths

In an actual scenario, the bonded bones usually need to bear
the load. For this purpose, the bone adhesive itself is required
to have sufficient mechanical strength. In this study, the
samples were prepared in a cylindrical shape (Fig. 2G) and
the compressive strength of OTP and OTH before and after
curing in deionized water for 24 h was evaluated (Fig. 2H and I).
The results indicated that the OTH and OTP exhibited compar-
able compressive strengths of 11.39 MPa and 10.06 MPa,
respectively, before incubation in water. However, the compres-
sive strength of OTP increased to 54.77 MPa after 24 h of curing
in water, compared with that of OTH which only increased to
32.58 MPa after 24 h of curing. This result is aligned with the
trend of increasing compressive shear strength (Fig. 2D). In
addition, the tensile test (Fig. S4, ESIT) shows that the tensile
strength of the OTP was 1.62 MPa after curing in air for 15 min,
which was higher than that of OTH (0.78 MPa). After immer-
sion in deionized water for 24 h, the tensile strength of OTH
increased to 1.28 MPa, and that of OTP was maintained at a
comparable level (1.64 MPa). This trend is aligned with that of
the tensile strength in the adhesion test (Fig. 2E) before and
after incubation in water. Furthermore, the compressive
strength of OTP after 7 and 14 days in SBF at 37 °C and in
deionized water at room temperature was measured (Fig. S5,
ESIT). The compressive strength of OTP in water increased to
70.94 MPa after 14 days. Moreover, the adhesive showed a
compressive strength of 77.69 MPa after 7 days in SBF, and
72.64 MPa after 14 days. To the best of our knowledge, this is
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the highest value of compressive strength in bone adhesives
after prolonged curing reported so far. The adhesive achieves a
high compressive strength faster in SBF than in water. This may
be because the presence of various ions in SBF facilitates the
curing process of the adhesive, leading to a quicker attainment
of stable compressive strength. These findings suggest that the
adhesive remains mechanically stable for two weeks in a wet
environment, exhibiting a certain load-bearing capacity. These
results further imply that the addition of PAA enhances the
mechanical strength of the adhesive itself, which could be
attributed to the COO™ groups from PAA reacting with TTCP
and promoting the dissolution of TTCP and formation of a
higher amount of Ca®>" (Fig. 1B). The resulting Ca®>" ions
subsequently participate in the ionic cross-linking reactions,
facilitating the bridging between PAA chains.>* Consequently,
the bonding between the organic and inorganic components is
enhanced, leading to improved cohesion in the adhesive.

3.3. Exvivo hard tissue bonding capacity

The main inorganic component of bone is calcium phosphate.
It is expected that the adhesive can bind to Ca®>" on the
fractured bone surface through ionic and coordination bonds
to achieve a strong adhesion effect with the bones. As can be
seen, the fractured porcine femur bonded by OTP adhesive
after 15 min of curing could withstand a weight of approxi-
mately 10 kg (Fig. 3A), and after 2 h of curing, the broken teeth
bonded by OTP adhesive could withstand a weight of approxi-
mately 5 kg (Fig. 3B). This suggests that the adhesive can
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Fig. 3 Ex vivo hard tissue bonding capacity. Demonstration of the process of bonding (A) pig femur bones and (B) human tooth with OTP adhesive. (C)
Digital photograph and schematical illustration (inset) of the bone adhesion test. (D) Adhesive strength of OTP and OTH adhesives, and PMMA to
cancellous and cortical bone before and after soaking in SBF at 37 °C for 24 h.
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achieve effective adhesion to different hard tissues and is
versatile in its applications. To further quantitively measure
the adhesion strength, compression shear tests were performed
on the porcine femurs (cortical bone and cancellous bone cut
into cuboid blocks) using a universal testing machine (Fig. 3C).
The results revealed that after undergoing 15 min curing in air,
the OTP adhesive displayed an adhesion strength of approxi-
mately 1 MPa to both porcine cortical bone and cancellous
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bone (Fig. 3D). After soaking in SBF for 24 h, the adhesion
strength to porcine cancellous bone increased to 1.57 MPa,
while that to porcine cortical bone reached 2.73 MPa. Notably,
these values were approximately 1 MPa higher than the adhe-
sion strength observed for OTH on bone surfaces. In contrast,
the adhesion strength on porcine cancellous bone and cortical
bone using PMMA bone cement after soaking in SBF for 24 h
was only 0.42 MPa and 0.93 MPa, respectively. These findings
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Fig. 4 Mineralization and degradation. (A) SEM images of OTH and OTP adhesives before and after incubation in SBF at 37 °C. (B) XRD and (C) FTIR
results of OTP adhesive before and after incubation in SBF at 37 °C. (D) Degradation profile of OTP and OTH adhesives over 12 weeks of incubation in SBF
at 37 °C. (E) Digital photographs of OTP and OTH adhesives before and after incubation in SBF at 37 °C for different periods.
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clearly demonstrate that OTP adhesives possess an excellent
hard tissue bonding capability, and they have the potential to
bond bones and maintain good adhesion stability in an in vivo
environment with body fluids.

3.4. Biomineralization and degradability

Since HAP is the primary form of calcium phosphate present in
bones, converting the calcium phosphate components in the
adhesives into HAP is essential for promoting bone cell growth
and, consequently, aiding in the repair of bone fractures.>>>®
To evaluate the mineralization capacity, the adhesives were
incubated in SBF at 37 °C over prolonged periods, and the
surface morphology was observed using SEM (Fig. 4A). As can
be seen, compared with that before incubation (Day 0), HAP
was formed on the adhesive surface after 7 days and its amount
increased after 14 days. In addition to the globular HAP as
shown in Fig. 4A, a thin sheet of HAP with petal morphology,
another typical crystalline form of HAP,*” was also observed
(Fig. S6, ESIf). XRD results showed that the intensity of the
diffraction peaks belonging to HAP (i.e., 21.7°, 25.9°, 28.0°%
32.9°% and 34.3°) gradually increased, while the main diffraction
peak of TTCP (i.e., 29.3° 29.9°, and 31.2°) decreased after
incubation of OTP and OTH in SBF (Fig. 4B and Fig. S7, ESIT),
confirming the transformation of calcium phosphate into HAP.

In addition, the TGA and derivative thermal gravimetric
curves in Fig. S8 (ESIY) illustrate the decomposition processes
of OTP before and after incubation in SBF. Before incubation,
the decomposition of OTP could be divided into five stages. The
temperature range of 30 °C to 150 °C corresponded to the loss
of residual water in the sample. The range of 150 °C to 200 °C
represented the decomposition of OPLS. The decomposition of
PAA occurred between 200 °C and 360 °C. The broad peak
between 360 °C and 540 °C might be attributed to the decom-
position of amorphous calcium phosphate formed in OTP.
Subsequently, the main decomposition process involved the
decomposition of most of the calcium phosphate. The decom-
position phase of OPLS in OTP disappeared after 7 and 14 days
in SBF, which may be due to its degradation during the long-
term incubation. The increase in the decomposition tempera-
ture from approximately 410 °C to 500 °C indicates the transi-
tion from amorphous calcium phosphate to HAP.>® The
appearance of peaks related to CO;>~ groups (718, 788, and
1455 cm™)*>?° could be observed in the FTIR spectra of the OTP
adhesive after 7 and 14 days of incubation (Fig. 4C), indicating
that calcium carbonate also appeared in the OTP adhesive. The
presence of HAP and calcium carbonate shows the similarity of
the structural composition of the adhesive with that of bone
after SBF incubation,®’ and the favorable mineralization cap-
ability is conducive to bone cell adhesion and growth.

The bone healing process can be divided into phases of
hematoma (inflammation), bone production (soft callus for-
mation), and bone remodeling (hard callus formation).?* For an
ideal bone adhesive, it is required to provide sufficient and
stable mechanical support in the hematoma phase, and when
the bone production and remodeling phases start, the adhesive
should be gradually degraded to allow the ingrowth of cells and

This journal is © The Royal Society of Chemistry 2024
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the formation of bone structures. An average duration for bone
healing ranges from 8 to 16 weeks, and the bone remodeling
phase initiates after 3 to 4 weeks of hematoma. Therefore, the
bone adhesive must be stable at least until then."***3* The
OTP adhesive is stable, and its compressive strength increases
to 72.64 MPa after 2 weeks of incubation in SBF (Fig. S5, ESIT).
In addition, the in vitro degradation behavior of the OTH and
OTP adhesives was tested by incubating in SBF over even
prolonged periods (Fig. 4D and E). There was no significant
change in the size and shape of the OTH and OTP adhesives
over 6 weeks of incubation, and the mass loss was less than
10%. However, after 6 weeks, the degradation rate of the OTP
adhesive accelerated, causing structural destruction and loss of
its original shape. After 12 weeks, only about 15.6% of the OTP
adhesive remained, which basically met the degradation needs
of fracture healing. In contrast, the OTH adhesive still retained
its original shape after 12 weeks, with a mass remaining close
to 90%. The slow degradation rate of OTH might adversely
affect the healing process of the bone fracture. In addition, the
results from micro-CT scanning of the adhesive residuals after
degradation showed that OTP had a higher porosity compared
to that of OTH after degradation (Fig. S9, ESIf). In sum, the
OTP adhesive maintained its mechanical and morphological
stability in the early stage of fracture, while PAA was later
degraded by hydrolysis, oxidation, and decarboxylation, leading
to molecular chain breakage®*™” (Fig. 1B). In addition, the
presence of carboxyl groups in PAA accelerates the dissolution
of TTCP, thus releasing more Ca®>' that chelates with the
carboxyl groups. In the meantime, ion exchange occurs under
the action of metal ions (Na*, K', etc.) in SBF, promoting the
process of Ca®" release.*®? The breakage of PAA molecular
chains and dissolution of TTCP result in the formation of more
pores within the adhesive, thereby accelerating the degradation
rate in the later stage and ultimately leading to the gradual
destruction of the adhesive as a whole. It should be noted that
the test was mainly confined to the in vitro environment, and
various enzymes and oxidants present in the body will also
facilitate the degradation of the adhesives. In conclusion, the
OTP adhesive exhibits gradual degradation, thereby allowing
cell ingrowth without impeding fracture healing.

3.5. Biocompatibility and osteogenic differentiation

The biocompatibility of adhesive materials intended for bone
implantation applications is crucial. However, some traditional
acrylate bone cements and adhesives undergo an exothermic
reaction during the curing process,*>*! which can potentially
cause damage to bone tissue if the temperature becomes
excessively high. The temperature change of OTH and OTP
during the curing process was recorded and compared with
that of a commercially available PMMA bone cement (Fig. 5A
and B). As can be seen, the temperature of OTH and OTP
adhesives was kept below 35 °C during the curing process. In
contrast, over 10 min of curing, the temperature of the PMMA
bone cement reached up to 48 °C, which may cause damage to
the bone tissue and lead to thermal necrosis at the site of
application.”® This phenomenon is due to PMMA being cured
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through a free radical polymerization reaction, which will
release a significant amount of heat, while the curing of the
OTH and OTP adhesives is mainly the formation of coordina-
tion and ionic interactions between the carboxyl groups of PAA,
the phosphate groups of OPLS, and the Ca®" of TTCP and bones
in a relatively mild process.

Additionally, when the pH of the material significantly
deviates from the internal environment of an organism, it can
have adverse effects. The pH during the bone repair process
undergoes dynamic changes, with the ideal value being around
7.4.*% Slight alkalinity is beneficial for the deposition of Ca>*
and mineralization.*>** However, both excessive acidic condi-
tions (pH < 5) and alkaline conditions (pH > 9) disturb the
physiological balance and deposition of Ca** and can result in
cell death.**** The influences of OTH and OTP adhesives on
the pH of PBS buffer over a prolonged period were investigated
(Fig. S10, ESIt). The results showed that the pH of PBS with
OTH decreased from 7.30 to 5.70 after 24 h of incubation, and it
remained at this level over 7 days. This could be attributed to
H' released from phosphate and carboxyl groups in OPLS.
Similarly, the pH of PBS with OTP decreased to 5.60 after
24 h of incubation and remained stable afterwards. This
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indicates that the addition of PAA in the OTP adhesive has
little effect on the pH of the surrounding environment.
Furthermore, the biocompatibility of the adhesives and their
components was evaluated by culture of mouse embryonic
osteoblast precursor (i.e., MC3T3-E1) cells. Firstly, TTCP, OPLS,
and PAA were added to cell culture medium at the same
concentrations as those used for extracting adhesive in med-
ium (5 mg mL~", 3 mg mL "', and 1 mg mL™", respectively). The
results showed that after 1 day of co-culture, the cell viability in
each of the groups containing the respective component was
above 90% (Fig. S11, ESIt), indicating the good biocompatibil-
ity of the components used for the adhesives. The live/dead
staining of the cells after three days of culturing with the
adhesives extract showed that there was no difference in the
morphology of MC3T3-E1 cells compared with the control
group, and few dead cells were observed in all the groups
(Fig. 5C). This demonstrated the excellent biocompatibility of
the OTH and OTP adhesives. Interestingly, the quantitative cell
viability results showed that both OTH and OTP adhesives had
a certain proliferative effect on the cells. The cell viability of the
OTP group was about 18% and 21% higher than that of the
negative control group (cells were cultured using a normal
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Fig. 5

In vitro biocompatibility and osteogenic differentiation. (A) Representative exothermic images, and (B) time-temperature curves of OTH and OTP

adhesives, and PMMA during the curing process. (C) Fluorescence microscopic images of the live/dead staining of MC3T3-E1 cells after culture with OTH
and OTP extracts for 3 days. Scale bar represents 200 um. (D) Cell viability of the MC3T3-E1 cells cultured in OTH and OTP extracts for 1 and 3 days. (E)
SEM images of MC3T3-E1 cells adhering to OTH and OTP surfaces after 3 days of culture. (F) ALP staining images, and (G) ALP activity of the MC3T3-E1
cells cultured on the surface of OTH and OTP for 3, 7, and 14 days. Gene expression of (H) COL1al and (I) RUNX2 in MC3T3-E1 cells cultured on the
surface of OTH and OTP for 3, 7, and 14 days.
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medium that did not contain extracts) after 1 and 3 days,
respectively (Fig. 5D). This could be probably attributed to the
synergistic effect of Ca®>" in TTCP and OPLS that affects the
expression of cyclin D1 and cyclin-dependent kinases, and
enhances extracellular matrix production,*®™*® resulting in a
positive effect on cell proliferation. In addition, the adhesives
were incubated in deionized water for 7 and 14 days, and the
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extracts were co-cultured with MC3T3-E1 cells for 1 and 3 days
(Fig. S12, ESIT). The results showed no cytotoxic effects, indi-
cating no toxic substances leached from the fragments or
residuals of the adhesives after prolonged incubation. Interest-
ingly, after 3 days of incubation, the extracts from OTP adhe-
sives after 7 days and 14 days of extraction showed an increase
of 23% and 15% in cell proliferation, respectively. This is
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In vivo bone repair evaluation. (A) Schematic illustration of the timeline of the animal experiment. (B) Representative micro-CT images of rat

femurs filled with OTP adhesive and PMMA after 4 and 8 weeks. Arrows indicate the bone defect sites. A quantitative analysis of (C) the bone volume
fraction (bone volume/total volume, BV/TV) and (D) the bone surface fraction (bone surface/volume, BS/BV) within the notch calculated from the micro-

CT data.
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consistent with the above observations (Fig. 5D), probably due
to the enhanced dissolution of TTCP and consequently
increased Ca”" release. To further investigate cell growth on
the surface of the adhesives, the adhesive was co-cultured with
MC3T3-E1 cells for three days, and the cell adhesion was
observed using SEM (Fig. 5E). The images revealed that the
cells were able to adhere and grow on the adhesive surface,
displaying normal cell morphology of MC3T3-E1 cells with
elongated and stellate shapes.

Moreover, to assess the in vitro osteogenic activity of the
adhesive, MC3T3-E1 cells were co-incubated with OTH and OTP
adhesive for 3, 7, and 14 days, and their ALP activity was
determined. As depicted in Fig. 5F and G, the ALP activity of
OTP was slightly higher than that of the OTH group at 14 days.
In addition, the expression of osteogenesis-related genes
(type I collagen (COL1al) and runt-associated transcription
factor 2 (RUNX2)) in MC3T3-E1 cells after 3, 7, and 14 days of
co-incubation with OTH and OTP adhesive was investigated
using RT-qPCR (Fig. 5H and I). The elevated expression of
COL1a1l is widely regarded as indicative of promoted osteoblast
activity and bone matrix synthesis.'® Upregulation of RUNX2
expression is often viewed as a hallmark that accelerates the
process of osteogenic differentiation.’>>" The results indicated
that the expression of COL1al in MC3T3-E1 cells cultured with
OTP was higher than that in the OTH group after 3 days of
incubation, with no significant difference observed in the later
stages. RUNX2 expression in cells co-cultured with OTP sur-
passed that in the OTH group at 7 and 14 days. Overall, OTP
demonstrated a higher inclination to foster osteogenic differ-
entiation compared to OTH.

3.6. In vivo bone repair capability

To assess the bone repair of the adhesive in vivo, an incision
was made on the femoral bone of a rat, and OTP adhesive or
PMMA was applied to the defect (Fig. 6A). Bone samples were
harvested after 4 and 8 weeks, respectively. Micro-CT scans
were performed at the surgical site of the rat’s femoral bone.
The results of 3D reconstruction showed that new bone formed
in the surgical site of both the OTP and PMMA groups (Fig. 6B).
However, the bone mineral density images of the PMMA group
showed a significantly larger area with lower bone density on
the surface of the rats’ femur compared with the OTP group
after 4 weeks of surgery. The width was greater than the size of
the incision in the surgery (i.e., 3 mm), indicating possible
damage to the surrounding bone tissue caused by the exother-
mic reaction of PMMA. The quantification results revealed that
the ratio of bone volume to total volume (i.e., BV/TV) in the OTP
group was 0.53 at 4 weeks and increased to 0.66 at 8 weeks
(Fig. 6C). There was no significant difference compared with
that of the PMMA group. The ratio of bone surface area to bone
volume (i.e., BS/BV) in the OTP group was 5.98 mm " at 4 weeks
and increased to 6.11 mm ™' at 8 weeks (Fig. 6D). In contrast,
the PMMA group increased from 7.54 mm™ ' to 12.11 mm
which was significantly higher than that of the OTP group. This
indicates that new bone maturation is higher in the OTP group
and the proportion of cortical bone is larger. In sum, these
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preliminary in vivo results indicate that OTP adhesive has good
bone healing capability compared with PMMA bone cement,
and it shows great potential for bone surgery applications.

4. Conclusion

In this work, bone adhesives with excellent mechanical proper-
ties, adhesion properties, and suitable degradability were pre-
pared by the incorporation of PAA into TTCP/OPLS. The
adhesion performance of the adhesives was enhanced by opti-
mization of the concentration and molecular weight of PAA.
Thanks to the coordination and ionic interactions between the
carboxyl group of PAA, the phosphate group of OPLS, and Ca®" in
TTCP, the OTP adhesive exhibited good adhesion to titanium
alloys, bones, and teeth. In addition, the adhesion strength
could be further improved after incubation in an SBF environ-
ment, demonstrating its exceptional wet adhesion ability. The
adhesive remains mechanically stable for at least two weeks in a
wet environment, exhibiting a prolonged load-bearing capacity.
After 6 to 8 weeks, the OTP adhesive started to degrade, which
potentially allowed cell ingrowth and bone regeneration at the
fracture site. The OTP adhesive also exhibits remarkable miner-
alization capability, good biocompatibility, and osteogenic activ-
ity. Finally, a preliminary in vivo study using a rat femoral bone
defect model showed that OTP adhesive had good bone repair
ability. These results indicate that OTP has great potential for
bone surgery applications in the clinic. However, further
research on a comprehensive investigation using large animals
for the in vivo performance of prolonged safety and load-bearing
effects should be conducted before the adhesives are translated
for clinic applications.
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