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Purpose: Osteoporosis, due to bone loss and structural deterioration, is a risk factor for
dental implant failure, as it impedes initial stability and osseointegration. We aim to assess
the effects of calcium phosphate polymer-induced liquid precursor (CaP-PILP) treatment,
which significantly increases bone density and improves early implant osseointegration in
ovariectomized rats.

Methods: In this study, CaP-PILP was synthesized and characterized through TEM, FTIR
and XRD. A rat model of osteoporosis was generated by ovariectomy. CaP-PILP or hydro-
xyapatite (HAP, negative control) was injected into the tibia, and the resulting changes in
bone quality were determined. Further, implants were installed in the treated tibias, and
implantation characteristics were assessed after 4 weeks.

Results: The CaP-PILP group had superior bone repair. Importantly, CaP-PILP had excel-
lent properties, similar to those of normal bone, in terms of implant osseointegration. In vivo
experiment displayed that CaP-PILP group had better bone contact rate (65.97+3.176) than
HAP and OVX groups. Meanwhile, a mound of mature and continuous new bone formed.
Moreover, the values of BIC and BA showed no significant difference between the CaP-PILP
group and the sham group.

Conclusion: In summary, CaP-PILP is a promising material for application in poor-quality
bones to improve implant success rates in patients with osteoporosis. This research provides
new perspectives on the application of nano-apatite materials in bone repair.
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Introduction

The systemic disease, osteoporosis, seriously impacts the health and quality of life
of older adults, and particularly of middle-aged and older women who have
experienced menopause.'” The prevalence rate of osteoporosis among Chinese
women >65 years old is as high as 51.6%.> Abnormal bone metabolism caused
by osteoporosis results in reduced bone mineral content, destruction of trabecular
bone microstructure, inferior bone biomechanical properties and damage to bone
regeneration and remodeling.*> As it has relatively active bone metabolism, alveo-
lar bone is the most prone to osteoporosis, which can lead to poor osseointegration

of intraosseous dental implants.®’ Dental implant restoration, as the good treatment
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for dentition defects and edentulous, cannot be applied to
patients with osteoporosis, as good implant osseointegra-
tion is key to implant success.®’

Initial implant stability is a major determinant of
implant integration.'” Numerous basic and clinical studies
have confirmed that initial implant stability is reduced in
osteoporotic bone, which prolongs the healing time of
risk of

loosening.'""'* Achievement of initial stability at an early

implant bone and increases the implant
stage of implantation is a major concern for dentists work-
ing with osteoporosis patients. Various methods to achieve
stability have been attempted, including implant surface
modifications (such as roughening or chemical modifica-

13-15

tion of surfaces), surgical operations (such as the

split-crest technique),lé’17

and drug therapies (such as
estrogen and bisphosphonates).'®° Nevertheless, implant
surface modification does not improve bone formation or
rebuild bone balance and remains far from clinical
application.?' Surgical trauma can easily lead to cortical
fractures of the fragile alveolar bone, increasing the risk of
implant failure.*” In addition, traditional drugs can have
serious adverse effects, such as osteonecrosis of the jaw,
subtrochanteric  fractures, eczema, cellulitis, and
osteosarcoma.”® Therefore, exploring effective and appro-
priate methods to improve osseointegration for orthopedic
applications in patients with osteoporosis is challenging.

Bone is an organic-inorganic composite multilevel
material, with complex structure and function, which prin-
cipally comprises type I collagen and calcium phosphate
crystals.*** Micromechanics data indicate the importance
of mineralized collagen fibers, which provide bone
strength characteristics.”®?” In mineralization, the crystal-
lographic c-axis of apatite aligns almost parallel to the
collagen fiber direction via an apatite crystallization on
the collagen template, and the stronger direction of apatite
and collagen co-aligns in one direction, which makes the
bone stiff and tough in the collagen/apatite-oriented
direction.”® Hence, mineralized fibers are clearly of great
significance to the biological and mechanical properties of
bone.

Polymer-induced liquid-precursor (PILP) is a liquid-
phase amorphous mineral precursor stabilized by charged
polymeric additives.**~** In nature, this amorphous precur-
sor phase plays key roles in the formation process of
zebrafish fin, and rat skull and long bones.*® Recently, it
has been suggested that calcium phosphate-PILP can pene-
trate collagen fibers and occupy the internal nanoscale

space, promote intrafibrillar mineralization through the

formation of co-oriented arrays of lamellar HAP crystal
within the fibrils,*'”? and eventually form hierarchical
ordered bone structure. These findings deepen our under-
standing of biomineralization and provided inspiration for
the development of biomimetic materials, with bone con-
duction and osteoinduction abilities.** Yang et al. synthe-
sized a biodegradable mesoporous carrier to transport ACP
mineralization precursors, which were available to newly
deposited collagen fibrils in injured sites for collagen
biomineralization and bone regeneration.®” Further, Zhao
et al. developed a CMCh-ACP injectable and bioprintable
hydrogel, which had excellent osteoinduction effects and
could significantly improve the efficiency and maturity of
bone formation in vivo.*® In previous experiments, our
group utilized PAA to prepare homogeneously distributed
and ultra-small (approximately 1 nm) CaP-PILP>"*
which could efficiently increase bone mass, bone density
and mechanical properties in an osteoporotic rat model
through intrafibrillar mineralization.>’

Based on previous studies, here we confirmed the con-
siderable advantages of CaP-PILP for repairing osteoporo-
sis and assessed the potential of CaP-PILP to improve
implant osseointegration under osteoporotic conditions as
shown in Figure 1. First, a female ovariectomized (OVX)
rat model was established to simulate osteoporosis in
middle-aged and older postmenopausal women, which
was a well-accepted animal model for osteoporosis.”'’
Then, Cap-PILP was injected into the tibias of osteoporo-
tic rats to improve bone quality. Further, implants were
installed, and interfacial bone healing assessed, alongside
histological observation to evaluate improvements in
osteoporosis osseointegration.

Materials and Methods
Synthesis of CaP-PILP

CaP-PILP was prepared with reference to the method
developed in the laboratory of Professor Tang.’’ CaCl,,
Na,HPOy, and poly acrylic acid (PAA) (Mw, 450,000 Da)
were purchased from Sigma Aldrich (Beijing, China).
Polyaspartic acid (PASP) (Mw = 9000-11000 Da) was
from Ai-ke Chemicals (Chengdu, China). NaOH was
from Sinopharm Chemical Reagent Co, Ltd (Shanghai,
China). First, Solution A was prepared by mixing 4.3
g PAA, 2.15 g PASP, and 0.7284 g Na,HPO, in 50 mL
deionized water and agitating by magnetic stirring over-
night. Then, 2 mL of Solution A was added slowly, drop-
wise into a transparent solution containing a mixture of
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Figure | Schematic diagram: the early effects of CaP-PILP treatment of implant osseointegration in regenerated osteoporotic bone in vivo: The synthesis and injection of
CaP-PILP; The Repair pattern of CaP-PILP in osteoporotic bone; The installation of implants in rat’s tibial. The CaP-PILP increases bone density and promotes the formation

of the new bone around Ti implants.

2 mL 0.1 M CacCl, and 0.15 mL PASP (0.3 g/mL), under
ambient conditions, and the pH value adjusted to 7.4 using
NaOH.

Characterization of CaP-PILP

To determine the characteristics of CaP-PILP, a field emis-
sion transmission electron microscope (TEM, 2100F,
Japan) was used to observe the morphology of ACP in
the material and an EDS system was used to evaluate the
content of Ca, P. Before test, samples were dissolved in
ethanol and diluted 100%, then dropped on Nickel mesh
support film (T10023N, Beijing XXBR Technology Co.,
Ltd, China), absorbed the excess liquid, and dried it natu-
rally. For other tests, after the CaP-PLIP was pre-frozen at
—80°C for 2 h, and put it into a vacuum freeze dryer for 24
h. X-ray diffraction (XRD, Bruker D8 Advance, Bruker,
Germany) was used to determine whether there was an
amorphous phase in freeze-dried samples. Briefly, samples
were lyophilized and ground into fine powder, mixed with
KBr, and pelletized in a dish, then wave frequency

analyzed in the range 500-4000 cm ', and the content of
inorganic matter detected by thermogravimetric analysis
(TGA; TGAQ-500, TA instrument). The heating rate was
10°C/min in air, with a range of room temperature to
600°C.

Establishment of an Osteoporosis Model

All animal experiments were carried out at Zhejiang Chinese
Medical University Laboratory Animal Research Center,
according to guidelines approved by the Laboratory Animal
Management and Ethics Committee (IACUC-20180502-03).
Female Sprague Dawley rats (12 weeks old) were used after
acclimatization to their new environment for 1 week. After
12 h for fasting, 56 SD rats were assigned randomly to two
groups: OVX group (40), sham operation (sham) group (16).
Each rat was anesthetized with 3% pentobarbital (1.5 mL/
per kg body weight). Then, ovariectomy>’ was carried out by
making a small incision on the belly line of each rat to
remove both ovaries, and the incision closed layer by suture.
For sham-operated rats, incisions were made and an
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equivalent amount of fat removed instead of the ovaries. 12
weeks after surgery, four rats were randomly selected from
sham and OVX groups. Microcomputed tomography (micro-
CT) was used to observe and analyze bone microstructure
changes to confirm that the osteoporosis model was success-
fully established.

CaP-PILP Injection

Rats that had undergone ovariectomy or a sham opera-
tion were divided into four groups: (1) sham group, (2)
OVX group, (3) ovariectomy and a percutaneously mini-
mally invasive injection of CaP-PILP into the osteo-
porotic tibia (CaP-PILP group), and (4) ovariectomy
and a percutaneously minimally invasive injection of
HAP  ([Cas(OH)(PO4)3]x,
Aladdin, China) into the osteoporotic tibia (HAP
group), each with 12 rats. Treatments were initiated in

<100nm particle size,

the 12th week after ovariectomy. Briefly, rats were
anesthetized and 50 pL of prepared CaP-PILP or HAP
minimally invasively was injected into the osteoporotic
tibia. Subsequently, 4, 8, and 12 weeks after drug injec-
tion, 4 rats in each group were randomly selected for
evaluation. In vivo osteoporotic bone recovery ability
was evaluated using micro-CT to determine the appro-
priate time for implant installment.

Implant Installation

Twenty rats were divided into four groups. Based on the
above method, the model was established. After the drug
was injected for an appropriate time, implants were
implanted. Screw-shaped titanium implants (dimensions:
diameter, 1.5 mm; length, 4 mm) were obtained from
Guangci MD Co (Ningbo, China). Two screws were
inserted into the right and left tibial metaphysis of animals.
Briefly, after rats were anesthetized and shaved, a 5 mm
incision was made on the internal side of knee joints, and
soft tissue was pushed aside via periosteum dissection to
expose the surgical area. A 1.3-mm diameter drill was
used to prepare the surgical site. The operation area was
irrigated with physiological saline to lower the local tem-
perature and reduce tissue damage. Screws were directly
rotated into the hole using the self-tapping technique.
Subsequently, the soft tissue was sutured back layered.
surgery, administered 50,000
U penicillin G benzathine intramuscularly daily for three

Following rats were

days.

Micro-CT Evaluation of Bone

Microstructure

Four weeks after surgery, rats were euthanized in 100%
CO,, and tibias harvested and fixed in 4% paraformalde-
hyde for 24 h. A micro-CT system (milabs U-CT, the
Netherlands) was used to assess osseointegration between
the screws and the surrounding bone. The measurement
conditions were as follows: 90 kV, 0.2 mA, voxel size 20
pm, and exposure time 300 ms. A full 3D reconstruction
of the implant was generated using software (Imalytics
Preclinical), with a radius of 3 mm around the implant
identified as defined region of interest (ROI). According to
the manufacturer’s technical instructions, related morpho-
metric parameters, including bone volume/total volume
(BV/TV, %), bone mineral density (BMD, units), and
trabecular separation (Tb.Sp, cm), were analyzed.

Fluorescence Labeling of Bone Specimens
and Histologic Analysis

To evaluate the new bone around the implant, alizarin red
(30 mg/kg; Sigma) and fluorochrome calcein (20 mg/kg;
Sigma) were administered to each animal intramuscularly
2 and 3 weeks after surgery, respectively, as double-fluor-

escent labeling.*

Hard tissue slices were generated to
evaluate the bone-implant interface and calculate bone
implant contact (BIC). Briefly, samples were dehydrated
in a graded series of ethanol (70%, 90%, and 100%),
embedded in resin, photopolymerized, and the tissue was
cut by a tungsten steel knife on the slicer, then ground to
an ideal position (approximately 10 pm thickness along
the long axis of the implant) on the grinding machine.
Calcium precipitation labeled by alizarin red (old bone)
and calcein green (new bone) fluorochromes were
observed by fluorescence microscopy. Images were
obtained separately, reconstructed, and the overlap of
fluorochrome areas used to quantify the mineral apposition
rate (MAR).*' Subsequently, sections were stained with
acid fuchsin-methylene blue, and light microscopy was
used to capture the images. The area around the implant
thread was chosen as a ROI to calculate bone-to-implant
contact (BIC%) and neo-formed bone area (NBA) using

Image J software.

Absorption of Ca, P

150 pL of collagen solution (Gibco, the US) was
dropped into a clean dish, placed for 4 h in the ratio
of ammonia to deionized water 1:1 to form collagen gel,
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then soaked in deionized water for 30 min. Drop 50ul
prepared CaP-PILP onto the surface of collagen gel, and
add450ul deionized water for sustained release. A total
of 21 groups of samples were prepared, and 3 groups
were randomly selected for testing every day. Before the
test, 200 ul released liquid was added to 8 mL 5% dilute
nitric acid. The release concentration of Ca and P was
detected by ICP-MS (Agilent 7800, USA). The amount
of Ca and P deposition was calculated by the total
amount of Ca and P added to the material, and the

mineralization rate in vitro was evaluated.

Statistical Analysis

Data are presented as the meantstandard deviation. The
data were tested for normality using the Shapiro—Wilk test
in SPSS software. If followed by a normal distribution, the
statistical differences of data were assessed by Student’s
t test and one-way analysis of variance (ANOVA), fol-
lowed by Tukey’s test; P < 0.05 was considered statisti-

cally significant. If not, non-parametric statistical tests

Results

Characterization of CaP-PILP

As shown in Figure 2A and B, CaP-PILP was a yellow,
transparent, viscous, and injectable liquid. TEM analysis
indicated that CaP-PILP comprised amorphous nanoclusters
of approximately 1 nm (Figure 2C). XRD and FTIR further
confirmed that amorphous calcium phosphate was success-
fully prepared (Figure 2D and E). The stretching vibration

Uand

and bending vibration peak of PO,> were at 542 cm™
1060 cm ', respectively. The broad and strong absorption
peak at 3424 cm ' was represented for the O-H stretching
vibration absorption of carboxylic acid, and the stretching
vibration of C=0 was observed at 1597 cm™'. And, the peak
at 1409 cm ' and 1313 cm™' resulted from the absorption
peaks of O-H in-plane bending vibration and C-O stretching
vibration of PAA. XRD revealed a broad peak at 20 = 30°,
this wide peak showed that the material being examined did
not contain any crystals. TGA curves showed that the soli-
dified material comprised 27 wt% mineral, 31 wt% organics,

and 42 wt% water (Figure 2F). The EDS result of CaP-PILP

were used. showed the content of Ca and P in Figure S1. As shown in
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Figure 2 Preparation and characterization of CaP-PILP. (A) Photograph of CaP-PILP; a yellow, transparent and viscous fluid. (B) Photograph of CaP-PILP injection using
a |-mL syringe, showing that the material is flowing and injectable. (C) TEM images of CaP-PILP, indicating that the size of ACP is approximately | nm. The SAED shows that
the clusters are amorphous. (scale bar, 10 nm). (D) FTIR spectrum, (E) pXRD spectrum, and (F) TGA curve of CaP-PILP.
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Figure S2, the absorption of Ca and P in the collagen gel was
a slow process before 4 days and tended to be stable.

CaP-PILP Improved Periprosthetic Bone

Mass in a Rat Model of Osteoporosis
OVX rats were the most commonly used animal model for
postmenopausal osteoporosis. Here, results demonstrated
that an osteoporosis rat model was successfully established
(Figure S3, 4). The surgical procedures of CaP-PILP injec-
tion and implant insertion in rats are shown in Figure 3.
Rats were harvested after drug injection at 4, 8, and 12
weeks and micro-CT was used to evaluate bone repair in
each group (Figure 4A). BV/TV (%), and BMD (units), Tb.
Sp (cm)were analyzed using micro-CT software and the
results presented in graphical form (Figure 4B-D). After 4
weeks, there was a small amount of bone formation in the
CaP-PILP group, which did not differ significantly from that
in HAP and OVX groups. Micro-CT analysis revealed that
BV/TV; BMD and Tb.Sp in sham groups had a significant
difference (p < 0.01) than in the other three groups
(Figure 4B-D). After 8 weeks, bone mass increased signifi-
cantly in the CaP-PILP group. Although the data in CaP-
PILP group were lower than that in the sham group (BV/TV:

A

p <0.01; BMD: p <0.05 and Tb.Sp: p < 0.01), a significant
difference was found between OVX group and CaP-PILP
group. Micro-CT analysis revealed that BV/TV in CaP-PILP
group (0.31 £ 0.122) was significantly higher (p < 0.01) than
that in OVX group (0.14 + 0.021). Likewise, the value of
BMD in CaP-PILP group (1.46 + 0.42x10°) was signifi-
cantly elevated than those of OVX (0.69 + 0.96x10%) and
HAP groups (0.82 + 0.16x10%) (p < 0.01). CaP-PILP group
tended to perform better in BMD. For Tb.Sp, CaP-PILP
group appeared to decrease (0.0386 + 0.0158), while HAP
group (0.0616 + 0.0038) was abnormally increased, and
there was a distinct difference between the two groups
(p < 0.01). At 12 weeks, bone repair in CaP-PILP group
showed a slower growth trend compared with 8 weeks.
While rats in both the HAP and OVX groups showed better
bone improvement, they were still lower than CaP-PILP
group. Interestingly, no significant difference was found
between the CaP-PILP group and the sham group.

Overall, CaP-PILP significantly promoted the bone
repairment in osteoporosis rats, and the best time to repair
osteoporosis was 8 weeks after injection, when new bone
formation increased significantly to the maximum value

and there was no significant increase later.

Figure 3 (A) The surgical procedures of the minimally invasive injection of CaP-PILP into tibia. (B) The implant surgery procedures in rats, including skin incision,

implantation hole, implant insertion, layered sutures.
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Figure 4 Micro-CT images and analysis in the following groups of rats: sham, OVX, HAP and CaP-PILP group after 4, 8, and 12 weeks. (A) Reconstructed Micro-CT images
of tibia transverse. Quantitative analysis of micro-CT data: (B) Percent bone volume (BV/TV). (C) Bone mineral density (BMD). (D) Trabecular separation (Tb.Sp). Data
were expressed as mean % SD (n = 5); ¥ P < 0.05; **, #, or & P < 0,01 (ANOVA), *Represents comparison with sham group, "Represents comparison with CaP-PILP group

and ®Represents the comparison between HAP group and OVX group.

CaP-PILP Increased Implant

Osseointegration in Osteoporosis Rats
Microtomographic Analysis of Implants

confirmed that CaP-PILP could
improve bone quality and enhance implant osseointegra-

Micro-CT analysis

tion in osteoporotic rats. Three-dimensional images recon-
structed by micro-CT (Figure 5A) clearly illustrated new
bone formation around the implants. The highest level of
newly formed bone was detected in the sham and CaP-
PILP groups, followed by the HAP and OVX groups.
Quantitative analysis of micro-CT data, including calcula-
tion of BV/TV (%), BMD (units), and Tb.Sp (cm) pre-
sented as a bar graph. CaP-PILP injection to OVX rats
could enhance the BV/TV level (75.60 £ 1.57) even
though the level was still lower than that in the sham
group (77.98 + 2.18), but there was not significantly

different (Figure 5B). However, BV/TV levels in HAP
and OVX groups were significantly lower than the other
two groups and had statistical differences. There was no
significant difference in BMD among sham, HAP and
CaP-PILP group (Figure 5C). CaP-PILP group (0.036 +
0.008) tended to improve the trabecular bone microstruc-
ture, resulting in a similar level to the sham group (0.028 +
0.008) in Tb.Sp. Conversely, HAP group showed an
abnormal increased level (0.048 £+ 0.008) and was signifi-
cant different with sham (p < 0.01) and CaP-PILP group
(p < 0.05) (Figure 5D).

Histological and Histomorphometric Analysis

Bone turnover around the implants is shown in Figure 6A.
Alizarin (red color) and calcein (green color) were used to
stain calcium precipitation. According to the order of
administration, the presence of old bone was illustrated
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Figure 5 Assessment of implant osseointegration in the following groups of rats: sham, OVX, HAP and CaP-PILP group, after implantation in vivo for 4 weeks. (A)
Representative 3D reconstruction images of peri-implant region, showing the new bone formation. Bone parameters of ROl around the implant: (B) BV/TV. (C) BMD. (D)
Tb.Sp. Data were expressed as mean % SD (n = 5); % #or® P < 0.05; **or P < 0.01 (ANOVA), *Represents comparison with sham group, “Represents comparison with
CaP-PILP group and *Represents the comparison between HAP group and OVX group.

by red fluorescent areas, while new bone was indicated by
green areas. There was no significant difference in area of
red fluorescence among the four groups, while the com-
parisons of levels of green fluorescence area showed that
the sham group > CaP-PILP group > HAP group > OVX
group (Figure 6C). Further, levels in the CaP-PILP (12.34
+1.267) and sham groups (15.81 +1.549) did not differ
significantly, while there was a significant difference
between the sham group and the other two groups.
MAR, a dynamic histomorphometric parameter indicating
the thickness of newly formed mineralized bones in unit
time, was used to quantify the formation of new bones. As
shown in Figure 6D, the CaP-PILP group had the highest
bone turnover (0.93 =+£0.064), which was significantly
higher than those in the OVX (0.53+0.077, p < 0.01) and
HAP groups (0.59+£0.072, p < 0.01), but still lower than
sham group (1.2440.129, p < 0.05). Figure 6B shows that
in the sham group, approximately 80% surface around the
implant was covered with deposits of calcified bone
matrix, and the new bone was in close contact with the
implant with no clear gaps. CaP-PILP group also had good

bone contact (BIC: 65.97+3.176, Figure 6E) and there was
a mound of mature, continuous, and compact new bone
formation (BA: 25.47+1.575, Figure 6F). Moreover, BIC
and BA values in the CaP-PILP group did not differ sig-
nificantly from those in the sham group. In the OVX
group, a small amount of red-stained new bone was
detected around the implant without direct contact. There
was slight more formation of new bone in the HAP group
than the OVX group, and some new bone made direct
contact with the implant.

Discussion

Postmenopausal osteoporosis is a common human meta-
bolic disease.**** Lack of estrogen leads to bone metabo-
lism disorders and bone mass loss.** Furthermore, the
microstructure and physicochemical composition of bone
matrix are affected; the quality of mineralized collagen
fibers is reduced, resulting in a significant decrease in the
bone calcium-to-phosphorus ratio, which is considered an
indicator of bone matrix quality.*>*® More importantly,
bone mineralisation may be altered due to changes in ion
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Figure 6 Histological and histomorphometric analysis of the following groups of rats: sham, OVX, HAP and CaP-PILP group, after implantation in vivo for 4 weeks. (A)
Double fluorescence labeling images. Red alizarin color: old bone; green calcein color: new bone (scale bar; 100 um). (B) Histological sections stained with Acid fuchsin-
methylene blue. Quantitative analysis: (C) Fluorochrome area. (D) Mineral apposition rate. (E) Bone implant contact. (F) Percentage of new bone area. Data were expressed
as the mean * SD (n = 5); *or #P < 0.05; **or **, P < 0.01 (ANOVA); *Represents comparison with sham group, “Represents comparison with CaP-PILP group.

exchange and mineral chemistry.>*”*® This altered crystal-
lization can affect the hardness, solubility, and fragility
(among other parameters), of bone, and thus the overall
quality of bone tissue.*”>* At present, most therapeutic
agents for osteoporosis are antiresorptive medications,
(BPs),”!
hormone,** and raloxifene,® among others. These drugs

including  bisphosphonates parathyroid
are clearly successful in combating bone loss; however,
they make no contribution to induction of bone
formation,>* while bone mass and bone quality are impor-
of dental

implants.’>® Thus, alternative, more effective methods

tant factors that determine the success
of osteoporosis treatment are needed.

In this study, CaP-PILP was synthesized for injection
to repair osteoporosis, facilitating implant osseointegra-
tion. CaP-PILP was composed of uniformly distributed
amorphous calcium phosphate (ACP) clusters, with
a high concentration of ultra-small size particles (1 nm).
CaP-PILP had good injectability, allowing the use of mini-
mally invasive injection methods to deliver ACP to the
tibia.>” ACP serves as a transient precursor to HAP, which
can be deposited in intrafibrillar regions by direct or extra-
fibrous particle delivery, and then converted into HAP
aligned with the orientation of collagen fibers;”’~® this
effect may be important for bone repair. Biocomposites

containing ACP have been used to treat caries, as well as

for remineralization, bone repair, and in other
applications;**** however, preparation of ACP is extre-
mely difficult because of its polymorphism and transience,
which limits its application in biomedicine.”® High con-
centration ACP tends to exist in a more stable crystal
form, while low concentrations are insufficient to provide
sufficient calcium and phosphorus ions.®” Many studies
have attempted to use high-concentration polymers to
encapsulate and stabilize sufficient ACP but have focused
solely on crystallinity and ignored the effects of ultra-
small particle size.”*”°" Collagen fibrils are twisted col-
lagen triple-helix molecules that contain only approxi-
mately 1.8-4 nm-sized tortuous subchannels.’” Such an
exceptional structure is inaccessible to most ACP poly-
mers by direct precipitation, which limits the performance
of ACP. Here, two negatively charged polymers, PAA and
PASP, were used to synergistically prepare CaP-PILP and
ensure the stability of ultra-small particle size ACP.
Previous studies have shown that ultra-small particle size
ACP can easily pass through the collagen interstitial area,
orient to the collagen matrix, and then crystallize in the
fibrils to form mineralized collagen fibrils. Further, the
core mechanism underlying CaP biological activity is par-
tial dissolution and release of ionic products in the body,
with size and crystallinity important factors that determine

the absorption rate.>'***® Ultra-small particle size and
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amorphous ACP provide particular advantages for degra-
dation. As a reservoir of calcium and phosphorus, ACP
partially dissolves to increase local ion concentrations,
affects the bone marrow microenvironment, participates
in cell responses, and thereby regulates the rate of bone
formation, and enhances the potential for this process to
occur.47:62:63

After CaP-PILP was injected, high concentration and
ultra-small particle size ACP clusters were quickly dis-
persed throughout the bone marrow cavity. When an initial
inflammatory response occurred, the osteoclasts were acti-
vated, promoting the degradation and absorption of
materials.**** This may explain why there was almost no
difference in the repair effect at 4 weeks. With continuous
degradation of CaP-PILP, ACP restricted by the polymer
was exposed, quickly recognized and penetrated the col-
lagen fibers, located nucleation sites, and aggregated into
an ordered crystal phase along the C axis through direc-
tional attachment, giving the damaged collagen fibers cor-
responding biomechanical properties.***” Furthermore,
the high content of phosphorylated anion side chains in
the stabilizer, PASP, participated in the biomineralization
by contributing to induction of collagen
Additionally, some ACP degraded,
which increased the concentration of calcium and phos-

process
. . . 25
mineralization.

phorus ions in the environment. Osteoblasts sensed the
partially dissolved and disordered bone minerals, leading
to regulation and initiation of osteogenic signals, and
enhanced differentiation and extracellular matrix
generation.*”*>® Subsequently, the local supersaturated
ions recrystallized, deposited, and induced natural biomi-

2467 and then bone

neralization of newly formed tissues,
regeneration accelerated. Our results reflected this sharp
change; at 8 weeks, BV/TV values were significantly
increased, and BMD recovery was excellent; although
the mean value was slightly lower than that in the sham
group, the difference was not significant, and it was sig-
nificantly better than those of the HAP and OVX groups.
Tb.Sp also showed a significant downward trend, indicat-
ing that osteoporosis had been relieved. At 12 weeks, bone
repair improved further, but the difference was not signifi-
cant, possibly because calcium and phosphorus ions had
become depleted without additional supplementation.
Conversely, the HAP group did not show significant
improvement until 12 weeks, and was still not comparable
with the other groups. Although it has the same chemical
composition as ACP, HAP comprises highly stable crystals
with strong anisotropy in its crystal lattice, and usually

takes the form of elongated needles or plates.*'%®

Although HAP is nano-sized, it has a lower ability to
induce collagen mineralization than ACP.>>~*° Due to the
low rate of HAP absorption and degradation, osteoclasts
become more active and cause more bone resorption when
they are exposed to HAP.*>°*®° This may explain why,
although HAP could increase bone mass by direct deposi-
tion, bone changes were not obvious until 12 weeks after
administration.

Based on bone repair performance, 8 weeks was
selected as the time point for implantation experiments.
Osseointegration was assessed at 4 weeks after implanta-
tion to explore the early stability of the implant after CaP-
PILP repair. In this study, osteoporotic bone repaired using
CaP-PILP showed superior osseointegration. 3D recon-
struction of Micro-CT was used to visualize the bone
content around the implant. Further analysis of micro-CT
data confirmed that CaP-PILP prosthetic bone showed
early implant stabilization, similar to that of normal
bone. The process of bone growth around an implant is
similar to bone healing, and includes the three overlapping

8,70

processes: inflammation, repair, and remodeling.

Insertion of the implant will cause bone damage and
immediate inflammation, which continues for 3—4 days
until the damage is mitigated.>*’" Then, bone repair and
remodeling commence. Bone with high fragility and poor
serious

biomechanical endurance will sustain more

which

46,50

damage, aggravates and prolongs

inflammation, and further deteriorates bone metabo-
lism homeostasis;*® this may have contributed to the poor
osseointegration observed in OVX rats. Relative bone
volume was slightly better in the HAP than the OVX
group, but trabecular separation was surprisingly greater.
This may be because the bone enhancement effect of HAP
on osteoporotic bone was primarily mediated by direct
deposition.”? In the HAP group, collagen fibers remained
in state of low mineralization, indicating that micromecha-
nical parameters had not recovered. Furthermore, large
amounts of HAP were recognized as foreign, which sti-
mulated more active bone resorption.*>** CaP-PILP was
designed and developed based on the biomimetic miner-
alization theory, and not only improved bone density but
also enhanced bone strength characteristics by promoting
intrafibrillar remineralization. After repairment, the bone is
closer to normal bone in structure and function. Overall,
CaP-PILP showed good osseointegration ability, similar to
that of normal bone in the early stage of implant
placement.
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CaP-PILP shows notable advantages in bone repair and
provides excellent support for the implant's early stability.
Due to the difficulty of preparation, the previous research
on ACP rarely involved ultra-small particle size. Although
the advantages of mineralization in collagen are recog-
nized, in practical applications, large particle size ACP is
usually used as a reservoir of calcium and phosphorus
ions.” In this study, we focused on the mineralization of
collagen guided by ultra-small particle size ACP, which
was rarely used in biomedical bone engineering. In vitro
collagen fiber remineralization experiments showed that
CaP-PILP could promote approximately 95% intrafibrillar
mineralization.>” Further, in vivo experiments showed that
the fluidity of CaP-PILP allowed it to act directly in the
surgical area by means of minimally invasive injection.
The results demonstrated that CaP-PILP could signifi-
cantly increase bone mineral density and biomechanical
properties in an osteoporotic rat model to natural bone
levels with a single dose of injection, which were helpful
for implant fixation.

Natural bone provides inspiration for the development of
new biomaterials used in bone repair and regeneration.
Although CaP-PILP shows excellent application prospects, it
also has several limitations to the present study. CaP-PILP is
insufficient to provide the mineral mass required for rebuilding
a healthy and suitable implant environment. Furthermore, ACP
is extremely unstable, which provides a huge challenge for
clinical application. Our future studies need to improve the
properties of CaP-PILP for clinical application.

Conclusion

In this study, we synthesized CaP-PILP, containing a high
concentration of 1 nm ACP and confirmed that it could
enhance the stability of early implant osseointegration in
ovariectomized rats. CaP-PILP treatment transforms the
structural and mechanical properties of osteoporotic
bone. The use of bionic methods to develop biomaterials
has gained increasing recognition. Our data provide new
approaches for improving implant osseointegration in
osteoporotic bone.
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