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A B S T R A C T   

The effective osteointegration of orthopedic implants is a key factor for the success of orthopedic surgery. 
However, local metabolic imbalance around implants under osteoporosis condition could jeopardize the fixation 
effect. Inspired by the bone structure and the composition around implants under osteoporosis condition, 
alendronate (A) was grafted onto methacryloyl hyaluronic acid (H) by activating the carboxyl group of meth-
acryloyl hyaluronic acid to be bonded to inorganic calcium phosphate on trabecular bone, which is then inte-
grated with aminated bioactive glass (AB) modified by oxidized dextran (O) for further adhesion to organic 
collagen on the trabecular bone. The hybrid hydrogel could be solidified on cancellous bone in situ under UV 
irradiation and exhibits dual adhesion to organic collagen and inorganic apatite, promoting osteointegration of 
orthopedic implants, resulting in firm stabilization of the implants in cancellous bone areas. In vitro, the hydrogel 
was evidenced to promote osteogenic differentiation of embryonic mouse osteoblast precursor cells (MC3T3-E1) 
as well as inhibit the receptor activator of nuclear factor-κ B ligand (RANKL)-induced osteoclast differentiation of 
macrophages, leading to the upregulation of osteogenic-related gene and protein expression. In a rat osteoporosis 
model, the bone-implant contact (BIC) of the hybrid hydrogel group increased by 2.77, which is directly linked to 
improved mechanical stability of the orthopedic implants. Overall, this organic-inorganic, dual-adhesive 
hydrogel could be a promising candidate for enhancing the stability of orthopedic implants under osteoporotic 
conditions.   

1. Introduction 

Implants are unique functional materials that are planted, buried, or 

fixed to a damaged part of human body to provide mechanical support, 
or replace functionally [1]. At present, implants are mainly used in 
artificial organ reconstruction, surgical repair, joint replacement and 
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other related fields [2,3]. However, the lack of biological fixation at the 
implant-tissue interface results in their separation, thus affecting the 
implantation effect [4,5]. Orthopedic implants, including bone nails, 
plates, pins and hybrid implants, play a crucial role in temporary fixa-
tion at fractures or lesions sites, facilitating bone repair [6]. However, 
these type of approaches can further contribute to weaken the bone, 
when osteoporotic. Early loosening of implants generally ends in failed 
fixation surgery [7]. Novel strategies to address the successful osseoin-
tegration between cancellous bone and implants under osteoporotic 
conditions represent a major unmet clinical need [8]. 

After orthopedic implantation, a local bone metabolism imbalance 
occurs due to the overactive osteoclasts making structural changes in the 
trabecular (porosity) and a reduction in bone composition (both organic 
and inorganic) around the implants [9,10]. Under this circumstances, 
the loose and porous condition will cause a gap between the implant and 
bone tissue, leading to micromotion of the implant [11]. At the same 
time, the reduction of organic and inorganic components in the bone 
matrix further hinders osseointegration of the “implanting interface” 
[12]. To balance the local bone metabolism under osteoporotic condi-
tions and meet bone structural as well as compositional requirements is 
crucial for solving the implant loosening problem [13]. 

Alendronate sodium is an essential member of the bisphosphonates 

(BPs) family and has been widely used as the first-line therapy for 
osteoporosis. The R1 side chain in alendronate sodium is related to the 
bone affinity, while the R2 is the primary determinant of the anti-
resorptive potency [14,15]. Recent studies demonstrated that a local 
delivery of BPs can enhance peri-implant bone density and fixation of 
implants [16,17]. 

Biomaterials, namely hydrogels that present high water contents, 
good biocompatibility and mechanical properties are excellent candi-
dates as to promote local bone repair [18–20]. Currently, different 
chemical modifications of BPs can be introduced in hydrogels to achieve 
their in situ adhesion and solidification, thus filling loose trabecular bone 
structures [21,22]. Though the single component release and unilater-
ally inhibition of osteoclasts can promote the reconstruction of cancel-
lous bone, there is a strong bone metabolism imbalance in osteoporotic 
areas, which makes it difficult to control the microenvironment of 
cancellous bone [22,23]. Moreover, currently published studies loaded 
alendronate into hydrogels are mostly lack of effective adhesion to the 
surrounding bone tissue, which might be flushed by body fluid and thus 
influence the osseointegration around the implants [21,22,24]. Previous 
studies have been able to demonstrate that hydrogels able to regulate 
local bone metabolism around intraosseous implants under osteoporotic 
conditions should meet the following requirements: (1). Coagulation in 

Scheme 1. Schematic illustration of double-adhesive hydrogel for Fixing Orthopedic Implants. A) Synthesis of oxidized dextran; B) Synthesis of AB; C) Synthesis of 
A-H; D) Fixing orthopedic implants and promoting cancellous bone reconstruction via regulating local bone metabolism in animal experiment. 
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the cancellous bone area [25]; (2). Integration with calcium 
phosphate-based inorganic substances [22]; (3). Combining with 
organic collagen tissue; (4). Promoting osteogenesis and inhibiting bone 
resorption [24]; (5). Certain interface affinity [26]. 

In this study, inspired by the complex and multifarious metabolic 
microenvironment of osteoporotic bone surrounded by the implants, an 
organic-inorganic, double-adhesive hydrogel that can: 1) promote 
osteogenesis; 2) inhibit bone resorption and 3) regulate local bone 
metabolism, was constructed to fix orthopedic implants under osteo-
porotic conditions. For that purpose, alendronate sodium was grafted 
onto methacryloyl hyaluronic acid (A-H) by activating the carboxyl 
group bonded to the inorganic calcium phosphate component of 
trabecular bone; further, aminated bioactive glass modified by oxidized 
dextran (AB-O) was chosen to bind to the organic collagen components 
of the trabecular bone. The hybrid hydrogel exhibited excellent inject-
ability and biocompatibility. After UV cross-linking, it adhered and so-
lidified in situ, filling the loose trabecular structure of bone, promoting 
osteogenesis and inhibiting bone resorption. In vitro, it could promote 
the proliferation of MC3T3-E1 and inhibit the osteoclast differentiation 
of macrophages induced by RANKL. In a rat osteoporosis model, this 
hybrid hydrogel showed the capability to significantly enhance interface 
osteogenesis around the implants, improve the generation of new bone 
and the mechanical stability of the implants (Scheme 1). Finally, his-
tological analysis further confirmed the hydrogel’s capabilities in 
balancing the bone metabolism around the implants in situ. 

2. Materials and methods 

2.1. Synthesis of oxidized dextran 

5 g dextran (Aladdin, Shanghai) was dissolved in 100 ml of deionized 
water (DI water), and 5 g of sodium periodate (SINOPHARM Chemical 
Ltd, Shanghai) was dissolved in 60 ml of DI water. The sodium periodate 
solution was added to the dextran solution protected from light, and the 
mixture was stirred. Then, the mixture, was magnetically stirred and 
allowed to react for 6 h. One milliliter ethylene glycol was added to the 
system to stop the oxidation reaction. Subsequently, the reacted mixture 
was transferred to a dialysis bag with a molecular weight of 3500 and 
kept in deionized water for 48 h for dialysis. The DI water was replaced 
every 12 h. After dialysis was completed, the product was filtered with 
filter paper and placed at − 20 ◦C in the refrigerator, followed by the 48 
h’ freeze-drying to obtain the dry aldehyde dextran powder, denoted as 
O in this manuscript (Table S1). 

2.2. Synthesis of AB 

Bioactive glass (BG, porous microspheres of 45S5 bio-glass with an 
average diameter of 20–50 μm) was purchased from MERYER 
(Shanghai). The BG (400 mg) was added to 100 ml hexane, and the 
mixture was shaken. Then, 5 ml (3-Aminopropyl) triethoxysilane 
(APTES, Sigma, USA) was added to the mixture and stirred for 24 h at 
60 ◦C. Finally, the product was washed with alcohol and DI water 3 
times to obtain the aminated bioactive glass named AB in this 
manuscript. 

2.3. Synthesis of A-H 

According to the previous research [27], alendronate (J&K, Scien-
tific LTD) was coupled with methacryloyl hyaluronic acid (EFL, 
EFL-methacryloyl hyaluronic acid-400K, Suzhou, China) by using 
N-hydroxysuccinimide (NHS, Aladdin, Shanghai) and 1-ethyl-3- 
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC, Aladdin, 
Shanghai) as coupling agents. Briefly, 300 mg EDC, 150 mg NHS, and 
500 mg methacryloyl hyaluronic acid were dissolved in 100 mL PBS (pH 
5.0) with consistent stirring for 3 h. Then, 500 mg alendronate sodium 
was added into the solution with consistent stirring for another 3 days. 

Finally, the obtained product was dialyzed in the DI water with a dialysis 
bag (MW: 3000) for 3 days, followed by the freeze-drying process. 

2.4. Preparation of the double-bonded hydrogel 

Following previous protocols [28], 20 mg O and 30 mg AB were 
dissolved in 0.25 ml photoinitiator. The solution was ultrasonically 
heated at 50 ◦C and shaken for 0.5 h until the solution became yellow. 
10 mg A-H was dissolved in 0.25 ml photoinitiator, and the solution was 
stirred following ultrasonication for 0.5 h to allow A-H to fully dissolve. 
The above two solutions were physically mixed, and the hybrid hydrogel 
that could be cross-linked by UV was obtained. 

2.5. Weight loss and swelling test 

The hydrogel was prepared in the form of disks with 5 mm diameter 
and 2 mm thickness. The weight of the disks after lyophilization were 
recorded (W0). Then, disks were soaked in PBS for 7, 14, and 28 days at 
37 ◦C and weighed at each time point after washing and lyophilization 
(Wt.). Weight loss ratio=(W0-Wt)/W0*100%. Each experiment was 
repeated three times with three parallel samples (n = 3). For the 
swelling test, hydrogels were processed as the above-mentioned pro-
cedures and the swelling ratio calculated based on the formula: swelling 
percentage =(Wt-W0)/W0*100%. Each experiment was repeated three 
times with three parallel samples (n = 3). 

2.6. Mechanical testing 

The compression tests were performed on disk samples (5 mm 
diameter and 2 mm thickness), which were subjected to a strain rate of 
20% strain per minute on a mechanical testing machine (Shanghai 
Hengyi Precision Instruments Co, China). The stress models were 
calculated with the linear segment of the stress-strain curve. Each 
experiment was repeated three times with three parallel samples (n = 3). 

2.7. Ion release 

The A-H + AB-O hydrogel disks were soaked in simulated body fluid 
(SBF) for 12, 24, 48, 72, and 128 h. The SBF supernatant was collected to 
determine the concentrations of silicon, phosphorus and calcium by 
inductively coupled plasma atomic emission spectroscopy (ICP-AES, 
PerkinElmer Optima 7300, Waltham, MA, USA). Each experiment was 
repeated three times with three parallel samples (n = 3). 

2.8. Cell compatibility evaluation 

For the cytocompatibility testing, hydrogel sheets of all groups were 
spread over 24-well plates, sterilized by cobalt-60 irradiation, and 
exposed to 10% fetal bovine serum (FBS, Gibco, USA). The samples were 
soaked overnight in Minimum Essential Medium (MEM, HyClone, GE 
Life Sciences, USA). The mouse-derived pre-osteoblast cell line (MC3T3- 
E1, Procell, Wuhan, China) and bone marrow macrophages (BMMs) 
were seeded on the hydrogel sheets at a density of 2 × 104 cells/well and 
incubated at 37 ◦C, 95% relative humidity and 5% carbon dioxide. A 
live/dead staining kit ((Invitrogen, USA)) was used to stain the cells 
cultured for 3 days. The cells were cultured for 1, 3, and 5 days using the 
CCK-8 staining kit (Dojindo, Japan) for quantitative comparison. Each 
experiment was repeated three times with three parallel samples (n = 3). 

2.9. Osteogenesis evaluation 

After 7 days’ culture in Transwell plates, MC3T3-E1 cells were 
stained with alkaline phosphatase (ALP) staining kit (Cyagen, Guangz-
hou, China). After 21 days’ culture, MC3T3-E1 cells were stained with 
an alizarin red staining kit (Cyagen, Guangzhou, China). After that, the 
stained mineralized nodules were dissolved in perchloric acid, and the 
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absorbance of the solution was measured at 420 nm. Each experiment 
was repeated three times with three parallel samples (n = 3). Immu-
nofluorescence staining was used to explore the osteogenic induction 
properties of hydrogels. After co-culture with hydrogels for different 
durations, the MC3T3-E1 cells were fixed with 4% paraformaldehyde for 
20 min and permeabilized with 0.3% Triton-X (Aladdin, Shanghai, 
China) for 10 min. After that, cells were blocked with bovine serum 
albumin (5%, w/v) (BSA, Biosharp, Shanghai, China) overnight. Then 
these cells were incubated with primary antibodies against runt-related 
transcription factor 2 (RUNX2, Novus, USA) and osteocalcin (OCN, 
Novus, USA) followed by incubation with secondary antibody conju-
gated with fluorescent labels (Jackson, USA). After washing three times 
with PBS, the cells were stained with phalloidin (Yearsen, China) and 
4′,6-diamidino-2-phenylindole hydrochloride (DAPI, Abcam, USA). 
Finally, these cells were observed by a fluorescence microscope. 

Hydrogels were placed on the upper chamber of a 6-well transwell 
culture plate (Corning, USA), and 3 × 105 MC3T3-E1 cells were seeded 
on the lower chamber. After 7 days and 14 days’ co-culture, the super-
natant was collected and analyzed by enzyme linked immunosorbent 
assay (ELISA, MultiSciences, LiankeBio, China). In addition, cells were 
harvested from the lower chamber for the real-time quantitative real- 
time (RT-qPCR) to evaluate the expression of osteogenic genes, 
including RUNX2, OCN, and osteopontin (OPN). Glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) was used as an internal reference. 
The primer sequence was designed by Genewiz, as shown in Table 1. 
Each experiment was repeated three times with three parallel samples 
(n = 3). 

2.10. Osteoclast evaluation 

The BMMs were obtained from the tibia and femur of mice following 
a previously described protocol [29]. BMMs were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM, Gibco, USA), 10% FBS, 100 U/ml 
penicillin (Gibco, USA) and M-CSF (30 ng/ml) (R&D, USA) for 12 h. The 
hydrogel sheets were placed in the upper chamber and the BMMs were 
collected in the lower chamber of transwell plates. RANKL (50 ng/ml) 
(R&D, USA) and M-CSF (30 ng/ml) were added to the culture media and 
cells were cultured for another 5 days. Tartrate-resistant acid phos-
phatase (TRAP) staining (Sigma USA) was performed on the 5th day. 
Antibodies against MMP-9 (Abcam Cambridge, UK) immunofluores-
cence staining was performed according to the aforementioned method. 
The supernatant was extracted for ELISA and the BMMs were collected 
in the lower chamber for RT-qPCR to detect the expression of 
osteoclast-related genes, including MMP-9, C-FOS, NFATc1. Actin was 
used as an internal reference, and the primer sequences were designed 
by Genewiz, as shown in Table 1. Each experiment was repeated three 
times with three parallel samples (n = 3). 

2.11. Establishment of an osteoporosis model and screw placement 

Female Sprague-Dawley (SD) rats were provided by the Experi-
mental Animal Center of Soochow University. Animal breeding and 
related operations were supervised and approved by the Ethics Com-
mittee of the First Affiliated Hospital of Soochow University. This study 
used 3-month-old female SD rats (250–300 g). These rats were placed in 
a temperature-controlled environment; the temperature was kept at 
25 ◦C, the humidity was kept at 55%, and an alternating 12 h light/dark 
cycle was utilized. All operations were performed using anesthesia by 
intraperitoneal injection of 10% (wt.%) chloral hydrate. 

Briefly, 6 SD rats were randomly selected from the 86 SD rats for 
SHAM operation (removal of adipose tissue around the ovaries) and the 
remained 80 rats for OVX operation (removal of bilateral ovariectomies 
to induce osteoporosis). Eight weeks later, 6 rats were randomly selected 
from the OVX group and the 6 rats in the Sham group were sacrificed 
together. After sample collection, the micro computed tomography 
(Micro-CT) analysis, hematoxylin-eosin staining (HE) and Masson 
staining were performed to confirm the establishment of an animal 
model of osteoporosis (n = 5 samples per group). The remained 72 SD 
rats in the OVX group were randomly divided into 8 groups with 9 rats in 
each group: The control group (4 weeks after Screw placement), A-H 
group (4 weeks after Screw placement), A-H + AB group (4 weeks after 
Screw placement), A-H + AB-O group (4 weeks after Screw placement) 
and Control group (8 weeks after Screw placement), A-H group (8 weeks 
after Screw placement), A-H + AB group (8 weeks after Screw place-
ment), A-H + AB group (8 weeks after Screw placement), A-H + AB-O 
group (8 weeks after Screw placement). Each SD rat got bilateral 
experimental with two screws in the distal femora under sterile condi-
tions. 4 weeks and 8 weeks’ post-implantation, the rats were sacrificed, 
respectively. The following investigations, CT analysis (n = 4 samples 
per group), pull-out test (n = 3 samples per group), toluidine blue hard 
tissue sections (n = 4 samples per group), HE, Masson staining (n = 3 
samples per group) were performed in each group. 

Before screw placement, the surgical site was shaved and disinfected. 
The animal was fixed laterally. By the aseptic surgical techniques, in-
cisions were made in the skin, fascia and periosteum to expose the 
lateral condyles of the distal femur. First, a 1 mm Kirschner wire was 
used to drill a medullary canal on the femoral condyle. The hydrogel was 
injected into the screw channel, and the channel was exposed to ultra-
violet irradiation. Finally, an unmodified titanium alloy cortical bone 
tapping screw (1.5*6 mm, BIOVET, Suzhou, China) was placed in situ. 
After the surgery, each rat was intraperitoneally injected with 80,000 
units of penicillin, and the rats were checked every three days. 

2.12. Micro-CT 

A micro-CT scanning system was used (BRUKER, Kontich, Belgium). 
The multilevel threshold method (bone threshold = 135; implant 
threshold = 255) was used to distinguish bone from other tissues. The 
volume of interest (VOI) in the OVX rats was determined to be 1 mm 
from the growth plate and 3 mm from the trabeculae of the femoral 
condyle. In 3D VOI, the BV to TV was calculated as BV/TV. The average 
absolute values for Tb.N, Tb.Th, Tb.Sp and BMD were determined. The 
Conn.D was used to characterize the connectivity of the trabecular 
network. Scanning and reconstruction were performed, and the sup-
porting analysis software was used to rebuild a 3D digital image for each 
specimen. (n = 5 samples per group). 

2.13. Pull-out test 

Femur tissues from the rats were fixed at the testing machine 
(Shanghai Hengyi Precision Instruments Co, China) applied with a 500 
N pull force. Briefly, a vascular clamp was used to adequately link the 
screw heads to the testing machine’s jack, and a clamping system drilled 
with a 5 mm hole was mounted to stabilize the femur tissues. When the 

Table 1 
Primer sequences used for gene expression by RT-qPCR.  

Primer name Orientation Sequence (5′-3′) 

RUNX2 Forward TGATGAGAACTACTCCGCC 
Reverse GTGAAACTCTTGCCTCGTC 

OCN Forward CTACCTTGGAGCCTCAGTC 
Reverse TTAAGCTCACACTGCTCCC 

OPN Forward GGTGAAAGTGACTGATTCTGG 
Reverse GAGGACACAGCATTCTGTG 

GAPDH Forward ACTCTTCCACCTTCGATGC 
Reverse CCGTATTCATTGTCATACCAGG 

MMP-9 Forward GTCCAGACCAAGGGTACAG 
Reverse ATACAGCGGGTACATGAGC 

C-FOS Forward GAACGGAATAAGATGGCTGC 
Reverse TTGATCTGTCTCCGCTTGG 

NFATc1 Forward ACTATGAGACGGAAGGCAG 
Reverse CCAAGTAACCGTGTAGCTG 

actin Forward GAAGATCAAGATCATTGCTCCT 
Reverse CATCCACATCTGCTGGAAGG  
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screw was completely separated from the bone, and the maximum 
breaking load was recorded, the mechanical test was stopped. (n = 3 
samples per group). 

2.14. Histology 

After the specimens were processed, 200 μ m sections were cut from 
the tissues with a German EXAKT300CP hard tissue microtome, and the 
sections were ground to 25 μ m with a German EXAKT400S grinder. 
Finally, they were polished with 4000 grit sandpaper, and the ground 

Fig. 1. Physical characterization of the double adhesive hydrogel. A-B) FTIR spectra of DEX, ODEX, BG and AB; C) SEM images of AB; D) Particle size analysis of AB; 
E) FTIR spectra of H and A-H; F) 1H NMR of A, H, and A-H; G-I) Swelling test, mechanical test, and weight loss analysis of A-H, A-H + AB, and A-H + AB-O (n = 3); J) 
ions release behavior of the A-H + AB-O hydrogels (n = 3); K) interior SEM images of A-H,A-H + AB,A-H + AB-O; L) digital images of adhesion between the hydrogel 
and rat’s femur (Plastic ring was 1.01 g, rat’s femur was 0.83 g). 
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was stained with methylene blue. (n = 4 samples per group). After 
removing the screws, they were embedded in paraffin, and the middle 
part of the defected area was cut longitudinally and processed with H&E 
and Masson. Image J software was used to quantitively analyze the 
collagen area ratio around the screws to the total area. (n = 3 samples 
per group). The expression of collagen type I, OPN, TRAP, and CD31 
around the screws was assessed by immunohistochemistry. Image J was 
used to analyze the positive staining area around the screws. (n = 3 
samples per group). 

2.15. Statistical analysis 

The number of samples (n) used for each experiment was indicated in 
the figure legends. All data were expressed as mean ± standard devia-
tion (SD). Statistical analyses were performed by GraphPad Prism 7.0 
Software (USA). The student’s t-test was conducted for analysis of data 
when comparing two groups. One-way ANOVA or two-way ANOVA 
followed by Tukey’s multiple comparison test was conducted for anal-
ysis of data when comparing multiple groups. Difference with a proba-
bility value (p) < 0.05 were considered to be statistically significant. All 
experiments were performed with at least three independent samples. 

3. Results and discussion 

3.1. Synthesis and physical properties of the double-bonded hydrogels 

The A-H + AB-O double-adhesive hydrogel consisted of oxidized 
dextran-modified aminated bioactive glass (AB-O) and alendronate 
grafted methacryloyl hyaluronic (A-H). After the oxidation of dextran, 
the Fourier transform infrared spectroscopy (FTIR) curve exhibited a 
peak at 1731 cm− 1 which indicated that a large number of aldehyde 
groups were successfully grafted on the dextran molecular chain 
through the oxidation reaction (Fig. 1A) [30]. The APTES modified BG 
(Fig. 1B) was also proved to contain many grafted amino groups on its 
surface, and a peak representing NH2 was found at 1635 cm− 1 [31]. 
Scanning electron microscopy (SEM) (Fig. 1C) indicated that the ami-
nated 45S5 BG surface was smooth, and the particle size was homoge-
neous. The average diameter of the AB was 35.52 ± 5.51 μm (Fig. 1D). 
The oxidized dextran was bound to the aminated bioactive glass through 
an amide bond. The additional aldehyde group on the oxidized dextran 
molecular chain can combine with the amino group of bone tissue 
collagen, mediating the double-bonding hydrogel capacity that results 
in organic adhesion and bone formation. According to the previous 
literature [27], the carboxyl group is activated by NHS and EDC, and the 
amino group on alendronate sodium and the carboxyl group on meth-
acryloyl hyaluronic acid react with each other to produce methacryloyl 
hyaluronic acid grafts with alendronate (A-H). The FTIR curve showed 

Fig. 2. Evaluation of the biocompatibility of the organic-inorganic, double-bonded hydrogels in vitro. A-B) Live/dead staining of BMMs and MC3T3-E1 cells on 
different hydrogels after 3 days’ co-culture. C-D) CCK-8 assay of BMMs and MC3T3-E1 cells. (n = 3, all values were mean ± std. dev., NS, not significant, *p < 0.05, 
**p < 0.01 when comparing A-H + AB-O and other groups via two-way ANOVA analysis followed by Tukey’s multiple comparison test by GraphPad Prism 7.0 
Software (USA)). 

W. Jiang et al.                                                                                                                                                                                                                                   



Bioactive Materials 12 (2022) 169–184

175

(caption on next page) 

W. Jiang et al.                                                                                                                                                                                                                                   



Bioactive Materials 12 (2022) 169–184

176

that a new peak at 2928 cm− 1, which is attributed to the vibration of the 
imino group (-CH2-) as the A containing an imino group was successfully 
grafted onto H. Moreover, the wave peak at 1631 cm− 1 is slightly 
widened, due to the formation of amide bonds. The peak at 1321 cm− 1 is 
weaker, suggesting the consumption of carboxyl groups after A grafting 
(Fig. 1E). The 1H NMR spectra also confirmed the successful synthesis of 
A-H. Two characteristic peaks (Fig. 1F) appear at 2.95 ppm and 1.92 
ppm in A. The peaks at 1.9 ppm and 3.12–4.51 ppm are attributed to the 
methyl proton and ring of the acetamido group in H, respectively. The 
peak corresponding to the amide bond appears at 2.70 ppm in A-H, 
confirming the successful bonding of A to H [32]. H grafted with A can 
be combined with calcium in the hydroxyapatite of bone tissue, also 
favoring the double-bonding capacity of the hydrogel, inorganic adhe-
sion and inhibiting bone resorption. 

The swelling capacity is an important parameter of hydrogels. Here, 
the swelling ratio at different time point was calculated to determine the 
water absorption capacity of the hydrogels. As shown in Fig. 1G, after 
12 h, the swelling ratio of A-H + AB-O group, A-H + AB group and A-H 
group was 482.9%, 337%, and 184.9%, respectively. Compared to the 
other two groups, the water absorption capacity of the A-H + AB-O 
group was greater by 145.9% and 298%, respectively. This might be 
related to the fact that the binding tightness of the long-chain hydrogel 
molecules decreased with the addition of AB and O, leading to the higher 
swelling ratio. This capacity indicated that the hydrogel could fill the 
loose and porous structure of osteoporotic areas in the presence of body 
fluids. 

To investigate the mechanical properties of the hydrogel after the 
addition of AB and O, a mechanical test was performed (Fig. S1) [33]. 
Fig. 1H showed that, with the increased strain ratio, the A-H + AB-O 
group exhibited a smaller elastic modulus than the other two groups 
demonstrating that the composite hydrogel had good ductility and 
toughness, which may be attributed to the loose cohesion of hydrogel 
molecules. 

To further explore the structural stability of the hybrid hydrogel, we 
conducted a weight loss experiment [31]. The results presented in Fig. 1I 
illustrated that after the hydrogels were immersed in PBS for 7 days, 
there was no difference in the weight loss ratio among all the three 
groups. (p > 0.05, n = 3) By the 28th day, the weight loss ratio of A-H +
AB-O reached 43.5%, which was not significantly different from that of 
the other two groups indicating a long degradation time of the A-H +
AB-O group. 

The ions release behaviors of A-H + AB-O hydrogels in simulated 
body fluid (SBF) were presented in Fig. 1J. Due to the rapid exchange of 
Ca2+ in the BG with H+ in the solution, the release of Ca2+ increased 
rapidly within 24 h. This ion exchange formed silanol groups (Si–OH) on 
the surface of the bioactive glass and increased the pH of the solution. A 
high pH will damage the silicate network and cause the release of Si2+. 
The silicon-rich layer formed on the bioactive glass surface adsorbed 
Si2+ and phosphate ions in the solution, leading to the gradually 
decreasing concentration of Si2+ and P3+ in the solution [34]. 

The SEM results (Fig. 1K) revealed that each hydrogel group had a 
sponge-like structure with uniform porosity and good interconnectivity. 
The microstructure analysis of the A-H + AB-O hydrogel showed that 
this hydrogel exhibited a 3D composite pore structure with a rough 
surface. The pore distribution was uniform and interpenetrated with a 

diameter of 100 ± 20 μ m. Besides, the BG particles were homoge-
neously integrated into these pores. Overall, the organic-inorganic, 
double-adhesive hydrogel demonstrated a good microphysical struc-
ture with even distribution of biologically active microspheres inside the 
pores. 

The adhesion between hydrogels and the surface of bone tissues is a 
critical factor in promoting the repair and regeneration of cancellous 
bone [35]. The adhesion ability between the hydrogel and bone tissues 
was evaluated in vitro (Fig. 1L). In brief, the A-H + AB-O hydrogel was 
injected onto the femoral condyle of rat in vitro (Fig. 1L–1), then the 
screw cap was embedded in the A-H + AB-O (Fig. 1L–2). After UV 
irradiation, the screw was firmly fixed on the surface of the femoral 
condyle by the solidified hydrogel (Fig. 1L–3). Additional weight (total 
weight: 5.88 g) was added to the femur. Then tweezer was used to hold 
the screw on the femur, the whole system was still stable (Fig. 1L–4). In 
spite of the absence of chemical bonding between the screw and the 
hydrogel, this phenomenon in Fig. 1L–4 could be attributed to the 
adhesiveness between the hydrogel and bone as well as the stiffness of 
the hydrogel which embedding the screw. 

3.2. Evaluating the biocompatibility of the double-bonded hydrogels 

To evaluate the biocompatibility of the double-bonded hydrogels, 
the Live/Dead staining was performed on BMMs and MC3T3-E1 cells in 
vitro. Limited dead cells in the A-H + AB-O hydrogels confirmed the 
good biocompatibility of A-H + AB-O hydrogels compared to the other 
two groups (Fig. 2A and B). To quantitatively analyze cell proliferation 
in the different groups, CCK-8 assays were performed (Fig. 2C and D). 
After one day of co-cultivation, the optical density (OD) values for each 
group were not statistically different (p > 0.05, n = 3). After 5 days, the 
OD values for the A-H + AB-O group were higher than that of two other 
groups, and the differences were statistically significant (p < 0.05, n =
3). SEM images of the hydrogel cultured with MC3T3-E1 cells showed 
that the cells adhered to the surface of hydrogel with stretched 
morphology. In addition, a large number of cell colonies grow in clusters 
on the hydrogel surface. The neighboring cells formed a stretched mesh 
structure (Fig. S2). These results indicated that the hybrid hydrogel was 
biocompatible. 

3.3. In vitro osteogenesis evaluation 

Alkaline phosphatase (ALP) is one of the essential proteases involved 
in the osteogenic differentiation process. ALP can hydrolyze organic 
phosphates, increase the local PO4

3− concentration, and promote cal-
cium salt deposition after combining with Ca2+. Calcified nodules are an 
important manifestation of matrix mineralization [36]. To verify the 
osteogenic ability of the hydrogels in vitro, ALP staining, and the alizarin 
red staining were respectively performed on MC3T3-E1 cells cultured on 
the surface of different hydrogels on days 7 and 21. The results of the 
ALP staining revealed that the dyed extent of the A-H + AB-O group and 
the A-H + AB group was significantly higher than those of the A-H group 
and the control group due to the additional BG (Fig. 3A). As shown in 
Fig. 3B, for the alizarin red staining, a small number of red mineralized 
nodules with irregular shapes and small clumps were observed in the 
control group and the A-H group. However, in the A-H + AB-O and A-H 

Fig. 3. Osteogenesis evaluation. A-B) ALP and alizarin red staining of MC3T3-E1 cells cultured in osteogenic medium with different hydrogel groups. C-D) 
immunofluorescence staining of RUNX2 on day 7 and OCN on day 14, with the nuclei stained blue (DAPI), the proteins stained green and the cytoskeletal structure 
stained red. E-F) quantitative analysis of ALP activity and alizarin red staining results (n = 3, all values were mean ± std. dev., NS, not significant, **p < 0.01, ***p <
0.001 when comparing Control and other groups via one-way ANOVA analysis followed by Tukey’s multiple comparison test by GraphPad Prism 7.0 Software 
(USA)). G-H) semiquantitative analysis of the fluorescence intensity of RUNX2 and OCN (n = 3, all values were mean ± std. dev., NS, not significant, *p < 0.05, **p 
< 0.01, ***p < 0.001 when comparing A-H and other groups; #p < 0.05 when comparing A-H + AB and A-H + AB-O via one-way ANOVA analysis followed by 
Tukey’s multiple comparison test by GraphPad Prism 7.0 Software (USA)). I-J) ELISA results of the concentration of collagen I and OPN in the cell supernatant (n = 3, 
all values were mean ± std. dev., NS, not significant, *p < 0.05, **p < 0.01 when comparing Control and other groups via one-way ANOVA analysis followed by 
Tukey’s multiple comparison test by GraphPad Prism 7.0 Software (USA)). (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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+ AB groups, many red mineralized nodules were observed. Some of 
these nodules were clumps with brown or red staining, indicating strong 
positive reactions. In this study, the positive level of ALP staining and 
the ALP activity in the A-H + AB-O group was higher than that in the 
other groups, especially the control group on the 7 days (p < 0.001, n =
3) (Fig. 3E). After dissolving the mineralized nodules with perchloric 

acid, we measured the absorbance of the dissolving solution at 420 nm, 
as shown in Fig. 3F. The mineralization level in the A-H + AB-O group 
and the A-H + AB group were both significantly higher than that in the 
control group and the A-H group, and there was no significant difference 
between the A-H + AB-O group and the A-H + AB group (p > 0.05, n =
3). Since the RUNX2, OCN and OPN were the gene markers of 

Fig. 4. Osteoclast evaluation. A) TRAP staining of BMMs cells cultured in RANKL-containing medium with different hydrogel groups. B) Immunofluorescence assays 
for MMP-9 on day 5, with the nuclei stained blue (DAPI), the protein stained green and the cytoskeletal structure stained red. C-D) quantitative analysis of TRAP 
positive cell number; Quantitative analysis of TRAP positive staining area. E) semiquantitative analysis of the fluorescence intensity in MMP-9. F-G) ELISA analysis of 
the concentration of MMP-9 and TRAP concentrations on day 5 in the cell supernatant. (n = 3, all values were mean ± std. dev., NS, not significant, *p < 0.05, **p <
0.01, ***p < 0.001 when comparing A-H + AB-O and other groups via one-way ANOVA analysis followed by Tukey’s multiple comparison test by GraphPad Prism 
7.0 Software (USA)). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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osteogenesis [37], we performed RUNX2 and OCN immunofluorescence 
staining (Fig. 3C and D). The results showed that the fluorescence level 
of RUNX2 and OCN in the A-H + AB-O group was significantly more 
potent than that in the A-H and A-H + AB groups, which was consistent 
with the results of semi-quantitative fluorescence analysis (Fig. 3G and 
H). We also examined two osteogenic indicators COL-1 (7 days) and 
OPN (14 days) in the culture supernatant (Fig. 3I and J). The expression 
of the two osteogenic indicators in the supernatant of the A-H + AB-O 
group was higher than that in the supernatant of the control group (p <
0.05, n = 3). RT-qPCR was performed to evaluate the expression levels 
of osteogenic genes (RUNX2，OCN, OPN) expression at 7 and 14 days 
(Fig. 5). The results of RT-qPCR were consistent with the results of 
osteogenic indicators in the culture supernatants and confirmed the 
aforementioned results. 

3.4. In vitro osteoclast evaluation 

Tartrate resistant acid phosphatase (TRAP) is highly expressed in 
osteoclasts. The hydrogels and BMMs were co-cultured in a transwell for 
5 days and then stained with TRAP. TRAP staining results (Fig. 4A) 
showed that the alendronate-loaded group significantly inhibited 
RANKL-induced osteoclast differentiation. The quantitative analysis of 
the staining results (Fig. 4C) indicated that the number of osteoclasts 
decreased from 61.1 ± 3.3 (A-H) to 17.7 ± 4.1 (A-H + AB-O), and the 
positive staining area of osteoclasts (Fig. 4D) decreased from 42 ±
4.08% (A-H) to 7.7 ± 2.1% (A-H + AB-O), which may be attributed to 
the high local concentration of alendronate released from the A-H + AB- 
O group. Compared to the pure A-H group, the A-H + AB-O group 
exhibited reduced fluorescence in the osteoclast-related protein, MMP-9 
(Fig. 4B). The semi-quantitative fluorescence intensity decreased from 
419.2 ± 32.7 (A-H group) to 13.08 ± 9.45 (A-H + AB-O group) (Fig. 4E). 
We also examined the osteoclast indexes, MMP-9 and TRAP, on day 5 in 
the culture supernatant (Fig. 4F and G). The expression of these two 
osteoclast indexes in the supernatant of the A-H + AB-O group was lower 
than that in the supernatant of the other groups. In addition, it was 

significantly different from the control group (p < 0.01, n = 3). NFATc1 
and C-FOS are downstream genes promoting the differentiation of 
osteoclast precursor cells into mature osteoclasts in the NF-kB pathway 
[38]. We also performed RT-qPCR to evaluate the gene expression levels 
of MMP-9, C-FOS and NFATc1 (Fig. 5). The RT-qPCR results were 
consistent with the TRAP staining, semi-quantitative fluorescence 
analysis, and ELISA. 

3.5. Establishing the osteoporosis model in vivo 

According to the previous reports [39], we used SD rats to establish 
the osteoporosis model through ovariectomy (Fig. 6A). Micro-CT was 
performed on SHAM group and OVX group after 8 weeks to confirm the 
establishment of osteoporosis. According to the Micro-CT results, the 
bone mass of the femoral condylar was decreased, the trabecular bone 
structure was disordered, and the bone marrow cavity was enlarged in 
the OVX group compared to the SHAM group (Fig. 6B). In addition, H&E 
and Masson staining (Fig. 6C and D) also indicated the differences be-
tween the two groups. Specially, the normal plate-shaped trabecular 
bone was observed in the SHAM group. In contrast, rod-shaped trabec-
ular bone degeneration was observed in the OVX rats. Micro-CT quan-
titative analysis (Fig. 6E, F, G, H, I) further revealed that bone mineral 
density (BMD), the bone volume (BV), connectivity density (Conn. D), 
number of trabecular bones (Tb. N) and trabecular bone thickness (Tb. 
Th) in the region of interest were reduced by 74%,69%, 29% and 57% in 
the OVX group, respectively. The trabecular bone spacing (Tb. Sp) 
correspondingly increased by a factor of 6.8 after 8 weeks post ovari-
ectomy (Fig. 6J). These results confirmed the successful establishment of 
the osteoporosis rat model. 

3.6. In vivo application of the double-bonded hydrogel 

Eight weeks after the ovariectomy, titanium (Ti) screws were placed 
in all osteoporotic rats with femoral condyles (Fig. 7A). In this study, the 
control group was denoted as the PBS group. The A-H, A-H + AB, and A- 

Fig. 5. A) Expression level of osteogenesis-related genes including RUNX2, OCN, OPN (n = 3, all values were mean ± std. dev., NS, not significant, **p < 0.01, ***p 
< 0.001, ****p < 0.0001 when comparing A-H + AB-O and other groups; #p < 0.05, ##p < 0.01 when comparing Control and A-H via two-way ANOVA analysis 
followed by Tukey’s multiple comparison test by GraphPad Prism 7.0 Software (USA)). B) Expression level of osteoclastogenesis-related genes including MMP-9, c- 
FOS, NFATc1 on day 5 (n = 3, all values were mean ± std. dev., NS, not significant, **p < 0.01, ***p < 0.001, ****p < 0.0001 when comparing A-H + AB-O and 
other groups; #p < 0.05, ##p < 0.01, ###p < 0.001 when comparing Control and A-H; &p < 0.05, &&p < 0.01, &&&p < 0.01 when comparing A-H and A-H + AB via 
one-way ANOVA analysis followed by Tukey’s multiple comparison test by GraphPad Prism 7.0 Software (USA)). 
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Fig. 6. Establishment of the animal model. A) Ovariectomy image of SD rats. B) Micro-CT 3D reconstructed images. C-D) H&E and Masson’s trichrome staining. E-J) 
quantitative analysis of Micro-CT results including BV, BMD, Conn.D, Tb.N, Tb.Th, and Tb.Sp (n = 5, all values were mean ± std. dev., *p < 0.05, **p < 0.01 when 
comparing OVX and SHAM via student’s t-test analysis by GraphPad Prism 7.0 Software (USA)). 

W. Jiang et al.                                                                                                                                                                                                                                   



Bioactive Materials 12 (2022) 169–184

180

Fig. 7. In vivo application of the double-bonded hydrogel. A) The process of screw implantation in SD rats. B) Micro-CT 3D reconstructed images. C-E) Micro-CT 
analysis of BV/TV, Conn.D and Tb.N (n = 4, all values were mean ± std. dev., NS, not significant, *p < 0.05, **p < 0.01, ***p < 0.001 when comparing A-H + AB-O 
and other groups via two-way ANOVA analysis followed by Tukey’s multiple comparison test by GraphPad Prism 7.0 Software (USA)). F) The results of pull-out 
testing (n = 3, all values were mean ± std. dev., NS, not significant, *p < 0.05, **p < 0.01, ***p < 0.001 when comparing A-H + AB-O and other groups via 
two-way ANOVA analysis followed by Tukey’s multiple comparison test by GraphPad Prism 7.0 Software (USA)). G) Histomorphometric results of BIC (n = 4, all 
values were mean ± std. dev., NS, not significant, *p < 0.05, **p < 0.01, ***p < 0.001 when comparing A-H + AB-O and other groups via two-way ANOVA analysis 
followed by Tukey’s multiple comparison test by GraphPad Prism 7.0 Software (USA)). H) Representative samples stained with toluidine. 
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H + AB-O hydrogels were respectively injected into the screw channel in 
femoral condyles before screw implantation, denoted as A-H group, A-H 
+ AB group, and A-H + AB-O group. The screw was fixed precisely on 
the femoral condyle. The size of the Ti screw was completely matched 
with the rat femoral condyle. After 4- and 8-weeks’ implantation, all rats 
were sacrificed, and the femoral condyles implanted with Ti screws were 
analyzed by Micro-CT (Fig. 7B–E). Interface osteogenesis and the for-
mation of the new bone surrounding Ti screws were evaluated in the 
different hydrogel groups. After 4- and 8-weeks’ implantation, the per-
centage of BV/TV in the A-H + AB-O group was significantly enhanced 
compared to that in the other groups (P < 0.05, n = 4). This result might 
be attributed to the dual organic-inorganic bonding of the A-H + AB-O 
hydrogel in the screw channel, making the whole system stable 
regardless of the influence caused by the body fluids leading to the 
enhanced osseointegration. After eight weeks, the BV/TV in the A-H +
AB-O group (8.967 ± 0.709%) increased 2.51- and 1.22- times 
compared to that in the A-H group (3.567 ± 0.764%) and the A-H + AB 
group (7.333 ± 0.503%). In addition, the BV/TV in the A-H + AB-O 
group after eight weeks was higher than that in four weeks (7.300 ±
0.557%). A significant better interface osteogenesis and good bone 
condition were observed in the A-H + AB-O group, indicating that the 
organic-inorganic, double-bonding hydrogel could effectively improve 
the metabolism of disordered bone around the implants. For example, 
after 8 weeks, the Conn. D and Tb. N of the A-H + AB-O group (25.337 ±
1.932%, 2.464 ± 0.219%) was significantly higher than that of the 

control group (12.403 ± 1.046%, 1.059 ± 0.090%) (P < 0.01, n = 4). 
The BV in the A-H group and the A-H + AB group also slightly improved. 
However, hydrogel in these two groups only exhibited single functions 
(either improved adhesion or induced osteogenesis), but the A-H + AB-O 
group had improved adhesion and induced osteogenesis capabilities 
simultaneously. These results confirmed that the key factors, such as 
organic-inorganic double bonding, osteogenesis promotion, and osteo-
clast inhibition, were equally important in promoting the reconstruction 
of cancellous bone around the implants and enhancing newly formed 
bone condition, especially in the osteoporosis model. The anchorage 
force of the screws was measured by pull-out testing (Fig. 7F, Fig. S3. S4) 
[21]. After 8 weeks, the pull-out force for the screws in the A-H + AB-O 
group was 2.35 times higher than that in the control group and 1.27 
times higher than the pull-out force for the screws in the A-H + AB-O 
group after four weeks. The trend was consistent with the formation of 
new bone around the implanted screw. 

3.7. Quantitative histology analysis and tissue morphology 

In this study, toluidine blue staining was used to observe bone 
growth in the threaded area of the bone/screw interface and the 
implant-bone contact (BIC) in osteoporotic rats [40]. As shown in 
Fig. 7H, after 4- and 8- weeks post-surgery, there was limited bone 
formation around the screw in the control group, while the new bone 
formation in the A-H + AB group, and A-H + AB-O group was enhanced. 

Fig. 8. H&E and Masson staining. A-B) H&E and Masson staining in each group, 4- and 8- weeks post-surgery. C-D) quantitative results of H&E and Masson staining 
in the proportion of bone collagen (n = 3, all values were mean ± std. dev., NS, not significant, *p < 0.05, **p < 0.01, ***p < 0.001 when comparing A-H + AB-O and 
other groups via two-way ANOVA analysis followed by Tukey’s multiple comparison test by GraphPad Prism 7.0 Software (USA)). 
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Fig. 9. Immunohistochemistry. A-D) immunohistochemistry of collagen type I, OPN, TRAP, and CD31. E-H) quantitative results in the proportion of positive areas in 
collagen I, OPN, TRAP, and CD31 (n = 3, all values were mean ± std. dev., NS, not significant, *p < 0.05, **p < 0.01, ***p < 0.001 when comparing A-H + AB-O and 
other groups via two-way ANOVA analysis followed by Tukey’s multiple comparison test by GraphPad Prism 7.0 Software (USA)). 
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Moreover, the hard tissue slices of the A-H + AB-O group showed an 
increased continuous bone matrix formation around the screws and a 
significant increase in the surrounding bone trabeculae. The BIC is one 
of the standards used to quantify the degree of osseointegration [41,42]. 
As shown in Fig. 7G, compared with that of the control group after 8 
weeks post-surgery, the BIC of A-H + AB group, and A-H + AB-O group 
increased by 2.25, and 2.77, respectively. The BIC of the A-H + AB-O 
group after 8 weeks post-operation also increased by 1.16 compared 
with that of the experimental group after 4 weeks post-operation. From 
the former results, osteoclast formation was greatly inhibited by 
alendronate, and bioactive glass exhibited excellent bone-forming abil-
ity; these factors greatly promoted the metabolism of bone by balancing 
osteogenesis and bone resorption. In our study, the enhanced osseoin-
tegration around the implants had a tight relationship with the syner-
gistic effects of organic-inorganic double adhesion facilitating cell 
growth and reducing hydrogel loss in body fluids. Although this hy-
pothesis should be confirmed in future studies, our results revealed that 
the organic-inorganic, double-bonding hydrogel improved osseointe-
gration and cancellous bone reconstruction around screws under oste-
oporotic conditions. 

To explore the osteogenesis of the hybrid hydrogel in the screw 
channel, we took cross-sections of the screws removed from the samples 
after 4- and 8- weeks post-surgery for histological sectioning and 
quantitative analysis (Fig. 8A–D). After 4 weeks post-operation, the 
number of red-stained collagen fibers (H&E) and blue-stained collagen 
fibers (Masson staining) in the A-H + AB and A-H + AB-O groups were 
greater than that in the control group and the A-H group. Fibrous con-
nective tissue was mostly filled around the nail channel in the control 
group and the A-H group. The trend was more obvious 8 weeks’ post- 
operation. Further quantitative analysis showed that compared with 
that of the control group, A-H group, and A-H + AB group after 8 weeks 
post-operation, the H&E red-stained area in the A-H + AB-O group after 
8 weeks post-operation, was higher by 2.96, 2.74, and 1.47, respec-
tively. Compared with that of the A-H + AB-O group after 4 weeks post- 
operation, the H&E red-stained area in the A-H + AB-O group after 8 
weeks post-operation was higher by a factor of 1.2. Similar trends were 
also observed in the Masson staining. 

4- and 8- weeks post-surgery, collagen I and OPN immunohisto-
chemical staining indicated that a wide range of positive staining areas 
appeared in the tissue surrounding the screw channel (Fig. 9A. B). The 
expression level of collagen I and OPN were higher in the A-H + AB-O 
group than in the control group, A-H group, and A-H + AB group. The 
quantitative analysis results (Fig. 9E and F) were also consistent with 
this trend. TRAP staining was used to identify the osteoclasts in the 
histological sections of samples, 4- and 8- weeks post-operation 
(Fig. 9C). As expected, the control group showed a larger trap-positive 
area than that in the other groups due to the excessive osteoclastic ac-
tivity during osteoporosis. However, few osteoclasts around the screw 
channel in the A-H + AB-O group attributed to the organic adhesion of 
the double-bonding hydrogel on the cancellous bone, leading to the local 
release of alendronate sodium with high concentration. The quantitative 
results of the TRAP staining were consistent with this trend (Fig. 9G). 
Bioactive glass can release silicon ions that can enhance the hydrogel’s 
ability in promoting vascularization and tissue regeneration [43]. CD31 
is known as a member of the immunoglobulin superfamily. It mediates 
cell adhesion through endothelial cell expression [44]. Therefore, it is 
widely used in evaluating revascularization in the body. As shown in 
Fig. 9D, the blood vessels around the screw channel were stained with 
brown and had round or oval structures. 4- and 8- weeks post-operation, 
the A-H + AB-O and A-H + AB groups had more brown staining and 
wider distribution blood vessels than that of the control group and the 
A-H group. Moreover, according to the quantitative analysis (Fig. 9H), 
the CD31 positive area in the A-H + AB-O group (28.9 ± 2.854%) was 
larger than that in the control group (11.703 ± 2.204%), A-H group 
(8.907 ± 2.053%), and A-H + AB group (19.83 ± 2.873%), 8 weeks 
post-operation (P < 0.05 n = 3). Additionally, the CD31 positive area in 

the A-H + AB-O group was 1.39 times higher than that in the A-H +
AB-O group, 4 weeks post-surgery. 

Although the ovariectomized rat is one of the most commonly used 
models in medical research, further investigations on the large animal 
models are still needed. Moreover, we only used a fixed concentration of 
alendronate and bioactive glass based on the previous literature. The 
influence of different concentrations of alendronate and bioactive glass 
on bone formation in the screw channel will be explored in future 
studies. Furthermore, it is still unstudied whether the different con-
centrations of oxidized glucan will affect the hydrogel’s capabilities in 
promoting osteogenesis and inhibiting osteoclast. Lastly, it is necessary 
to evaluate the abilities of hydrogel in adhesion and promoting angio-
genesis in vitro. 

Clinically, it is still challenged to treat the osteoporotic fracture 
because of the poor osteogenesis at the bone-implant interfaces. In this 
study, the organic-inorganic, double-adhesive hydrogel might simulate 
the adhesion of the chemical components of trabecular bone without 
significant influence on the osseointegration around the implants. It is a 
minimally invasive way for the implantations. In addition, it can 
decrease the financial burden providing a promising candidate for 
osteoporotic patients. Nonetheless, based on this work, further 
improvement is to be made on the current hydrogel due to its distance 
from a clinically competent one. 

4. Conclusions 

In this study, alendronate was grafted onto methacryloyl hyaluronic 
acid by activating the carboxyl group of methacryloyl hyaluronic acid. 
This graft was combined with BG modified by oxidized dextran, and UV 
crosslinking was used to cure the hybrid material in the cancellous bone 
area around implants, resulting in an injectable “organic/inorganic 
double-bonding hydrogel” that could regulate local bone metabolism 
and fix orthopedic implants under osteoporotic conditions. This double- 
adhesive hydrogel bonded not only with inorganic calcium phosphate 
on trabecular bone but also with organic collagen on trabecular bone. 
Meanwhile, the R2 side chains in alendronate can increase the anti-
resorptive efficiency by inhibiting the mevalonate pathway. Moreover, a 
bone-like apatite layer was generated on the surface of the bioactive 
glasses after a series of interface reactions. These two effects balanced 
the bone metabolism around the implants with increased osseointegra-
tion. This organic-inorganic, double-adhesive composite hydrogel was 
an emerging treatment with limited cytotoxicity in vitro. It simulated the 
adhesion capability of the chemical components in the trabecular bone 
without losing osseointegration ability and biocompatibility. This 
hybrid hydrogel could be a promising candidate for effectively fixing the 
implants in patients with osteoporosis. 
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