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Background and Purpose: Strontium ranelate (SrR) is an oral pharmaceutical agent for 
osteoporosis. In recent years, numerous unwanted side effects of oral SrR have been 
revealed. Therefore, its clinical administration and applications are limited. Hereby, this 
study aims to develop, formulate, and characterize an effective SrR carrier system for spinal 
bone regeneration.
Methods: Herein, glycol chitosan with hyaluronic acid (HA)-based nanoformulation was 
used to encapsulate SrR nanoparticles (SrRNPs) through electrostatic interaction. Afterward, 
the poly(ethylene glycol) diacrylate (PEGDA)-based hydrogels were used to encapsulate pre- 
synthesized SrRNPs (SrRNPs-H). The scanning electron microscope (SEM), TEM, rhe-
ometer, Fourier-transform infrared spectroscopy (FTIR), and dynamic light scattering 
(DLS) were used to characterize prepared formulations. The rabbit osteoblast and a rat spinal 
decortication models were used to evaluate and assess the developed formulation biocompat-
ibility and therapeutic efficacy.
Results: In vitro and in vivo studies for cytotoxicity and bone regeneration were conducted. 
The cell viability test showed that SrRNPs exerted no cytotoxic effects in osteoblast in vitro. 
Furthermore, in vivo analysis for new bone regeneration mechanism was carried out on rat 
decortication models. Radiographical and histological analysis suggested a higher level of 
bone regeneration in the SrRNPs-H-implanted groups than in the other experimental groups.
Conclusion: Local administration of the newly developed formulated SrR could be 
a promising alternative therapy to enhance bone regeneration in bone-defect sites in future 
clinical applications.
Keywords: strontium ranelate, drug formulation, nanoparticles, hyaluronic acid, glycol 
chitosan

Introduction
Bone graft substitutes have been improved with advanced bone graft materials for 
significant bone regeneration in orthopedic applications. Conventional orthopedic 
surgical procedures such as spinal fusion, revised fracture, non-union, and bone 
tumor removal, require bone graft substitutes to improve the surgical outcome. 
More specifically, spinal fusion is an important surgical procedure1 that helps 
reduce pain by restoring defective spine stability. Advanced spinal fusion techni-
ques use suitable bioinspired bone graft materials to improve the fusion process, 
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including allografts, autografts, and synthetic bone 
substitutes.2 Autografts have emerged prominently in 
bone formation owing to their excellent osteoconductivity, 
osteoinductivity, and osteogenesis. However, autograft 
transplantation has clinical limitations, such as donor-site 
morbidity.3 Furthermore, contamination, immune rejec-
tion, and infection are significant drawbacks of their 
transplantation.3 Hence, the development of ideal biocom-
patible materials for bone tissue regeneration is essential in 
orthopedics tissue engineering.

In light of the above-mentioned issue, strontium ranelate 
(SrR) is an oral medication with distinctive dual pharmacolo-
gical properties for suppressing bone resorption and enhancing 
bone formation.4 Thus, it is also used to prevent bone loss, 
increase bone strength, and decrease fracture risks.5 

Furthermore, SrR can reduce the risk of vertebral and non- 
vertebral fractures in postmenopausal women.5 SrR has long 
been prescribed as a potent oral medication in orthopedic 
clinics.6 However, it shows low systemic bioavailability, 
which might result in poor efficacy and adverse side effects 
such as headaches, nausea, diarrhea, gastrointestinal discom-
fort, skin allergies such as eczema and dermatitis. Recently, the 
European medicine agency has issued a legal warning on the 
oral administration and clinical application of SrR, leading to 
additional monitoring for high-risk deep vein thrombosis, 
cardiac failure, and any potential unwanted adverse 
effects.7,8 Moreover, an effective and safer drug delivery to 
avoid systemic side effects6 is highly recommended. Site- 
specific local delivery would be a better choice for promoting 
bone regeneration9,10 owing to its recent clinical advancement 
for osteoporosis and fracture treatment via slow-release,6 

which prevents severe cardiovascular risks and adverse 
effects.11 In due course, this therapeutic approach may bypass 
intestinal and hepatic first-pass metabolism for oral adminis-
tration, thereby enhancing drug efficacy.

According to a previously published article, SrR- 
loaded chitosan film promotes in vitro osteoblast prolifera-
tion and differentiation on the titanium surface.9 Another 
research reported that the polycaprolactone-laponite scaf-
fold developed for the encapsulation and controlled release 
of SrR could maintain in vitro cell viability and enhance 
ALP activity.10 However, to the best of our knowledge, 
limited or rare research has been done on the developed 
multi-carriers for sustained release of encapsulated SrR on 
the preclinical safety, in vivo therapeutic efficacy for bone 
regeneration. Thereby, it is essential to clarify whether 
sustainably released SrR from drug carriers is biocompa-
tible and therapeutically effective in vivo.

Cationic polysaccharide glycol chitosan (GCS) or 
chitosan12 and its nanoformulations are excellent drug- 
carrier for delivery systems due to their suitable physico-
chemical features, biocompatibility, biodegradability, and 
mucoadhesiveness. Hydrophilic drugs, such as SrR, can 
also be efficiently nanoencapsulated with chitosan-based 
nanoparticles (NPs).13 Furthermore, hyaluronic acid (HA)- 
based biomaterials14 have been used extensively in receptor- 
mediated controlled-release and targeted drug delivery 
systems.15,16 Recent studies have shown that osteocytes and 
osteoblasts express HA (and its receptor, such as CD44).17 

Hence, HA and GCS-based composite biomaterials could be 
used as a newly designed nanocarrier system for SrR encap-
sulation. Poly(ethylene glycol) diacrylate (PEGDA)18 is clas-
sified by the US Food and Drug Administration as a safe 
polymeric material for clinical use. It can further be used as 
an efficient hydrogel scaffold system in tissue engineering.19 

Both natural and synthetic polymeric materials are generally 
used in drug delivery systems.20 They can also be expected to 
provide adequate mechanical support for sustained drug 
release in maintaining a safe therapeutic concentration of 
active drug substance.

In this study, SrR was encapsulated in GCS/HA nano-
carrier (SrRNPs). The developed SrRNPs were embedded 
into PEGDA-based hydrogels (SrRNPs-H) for site-specific 
local drug delivery to improve osteogenesis. Local admin-
istration of SrR should minimize the side effects.21 The 
physicochemical characteristics of various test formula-
tions and material–cell interactions were evaluated. The 
in vitro and in vivo bioavailability in inducing bone regen-
eration were analyzed.

Furthermore, we hypothesized that SrRNPs-H could 
enhance osteogenesis in a rat decortication model along 
with the site-specific slow release of SrR. The multiple 
carrier-delivery system was anticipated to be effective and 
safe for local administration, which will enable the 
enhancement of bone regeneration. Thus, these biocompa-
tible polymeric nanocomposite hydrogels could stand out 
as an excellent and potential biomaterial for future ortho-
pedic applications.

Experimental Section
Materials
Chemical-grade biomaterials HA (MW 41 kDa) and GCS 
were purchased from Long Chen Shing (Kaohsiung, 
Taiwan) and Sigma-Aldrich, respectively. Other reagents 
and chemicals used were of analytical grade and obtained 
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from Sigma-Aldrich, Uni-Onward Corp., Bioman 
Scientific Co. Ltd, ASIA Bioscience Co., Ltd, Thermo 
Fisher Scientific, and GeneDireX Inc., all from Taiwan.

Optimal Formulations and 
Characterization of SrRNPs
SrR, as an active drug, was loaded into GCS/HA NPs via 
a simple electrostatic interaction-mediated nanoformula-
tion procedure. A similar finding was reported.13 First, 
GCS in acetic acid and HA (deionized (DI) water) were 
subsequently and separately prepared. Further, the SrR 
powder was dispersed uniformly in the HA solution and 
then stirred at 600 rpm (room temperature) to acquire 
a solution of 0.1% (w/v) SrR in HA. Various concentra-
tions of GCS solutions were added drop-by-drop to the 
above solution with continuous stirring until the mixture 
was cloudy, and the mixture was further stirred for 30 
s. Various concentrations of GCS were obtained: very 
low (0.09 mg/mL), low (0.17 mg/mL), medium 
(0.32 mg/mL), high (0.44 mg/mL), and very high 
(0.55 mg/mL). Finally, the test concentrations of GCS 
were incorporated with SrR and HA solution mixture to 
develop the nanocomplex (SrRNPs).

In the stability test, SrRNPs were immersed into different 
pH phosphate-buffered saline (PBS). The pH and tempera-
ture of SrRNPs were evaluated by a pH meter (SUNTEX 
INSTRUMENTS, SP2300) and a thermocouple (LUTRON 
ELECTRONIC ENTERPRISE CO., LTD, TM-925). 
According to the published literature, storage temperature 
(4°C),22 body temperature (37°C),23 and biological environ-
mental pH (6.0–7.4),24 were usually designed for the carrier 
stability test. Thus, the stability test was performed in the 
given pHs and temperatures.

The dynamic light scattering and zeta potential data were 
measured using Malvern Zetasizer (Malvern Instruments, 
UK). The pH and temperature stability of SrRNPs were 
also evaluated. The micro-morphological characterization 
of the hydrogel scaffolds was examined by scanning electron 
microscopy (SEM) (SU3500; Hitachi, Tokyo, Japan) and 
transmission electron microscopy (TEM). SEM analysis 
was carried out at an attuned working distance and voltage 
of approximately 3 mm and 10 kV.

Fourier transform infrared spectroscopy (FTIR) 
(Nicolet iS50; Thermo Fisher Scientific) was used to char-
acterize and observe the chemical properties and composi-
tion of the fabricated SrR-nanocomplex. The quantitative 
encapsulation efficiency of SrR was assessed using 

a microplate spectrophotometer, as per the previous 
article.13 The amount of SrR in the NPs was determined 
by absorbance (320 nm). The supernatant was obtained 
from the process of SrRNPs centrifugation (10,000 rpm, 
20 min) and analyzed by the absorbance approach devel-
oped and validated previously. The concentration of SrR in 
the supernatant was obtained by comparing the concentra-
tion to a created absorbance analytical curve. The amount 
of SrR embedded into the NPs was verified by subtracting 
the supernatant quantity from the total quantity utilized 
before centrifugation. The examination of encapsulation 
efficiency was conducted in triplicate.

Cellular Interactions
The osteoblasts were obtained from New Zealand (NZ) 
white rabbits (Wei-Hsin Co., Taiwan). The harvested 
osteoblasts were according to the previously published 
protocol. The NZ adult rabbits’ bone was obtained after 
euthanasia, and tissues were minced into small parts and 
washed. Then, tissues were incubated in Dulbecco’s 
Modified Eagle Medium (DMEM) and supplemented 
with 10% fetal bovine serum and 1% PSA at 37°C in 
a humidified incubator with 5% CO2. Cells typically 
migrated from the tissues within 10–14 days and reached 
confluence at 3–4 weeks.25

Cellular interactions with the synthesized NPs were inves-
tigated by GCS labeling with Cy5-N-hydroxysuccinimide 
(NHS)-ester dye, as per a previous study.26 The NHS ester on 
Cy5 could react with GCS in dimethyl sulfoxide in the absence 
of light. After the reaction was complete, the solution was 
dialyzed and purified fluorescent Cy5-NPs for further study. 
The NPs test samples intracellular uptake were examined, 
culturing the cells on coverslip of confocal dishes (1.0 × 104 

cells/dish) and incubated till confluence. The dishes containing 
cells were then washed twice with fresh medium and treated 
with Cy5-NPs, or Cy5-NPs pretreated with HA (1 mg/mL, 1 h) 
as an HA receptor inhibitor medium, which was dispersed in 
the same medium. The cells were washed twice with PBS after 
an additional incubation for 120 min before microscopic ana-
lysis. Fluorescence microscopy was performed to visualize the 
morphology of cells counterstained with DAPI.

To examine intracellular alkaline metals’ distribution 
after the internalization of metal particles (SrR), test samples 
(Control, SrR, NPs, and SrRNPs) were incubated with osteo-
blasts cells. Intracellular alkaline metals were qualitatively 
(microscopy) and quantitatively (absorbance spectroscopy) 
analyzed in cells stained with Alizarin red S (ARS). Stained 
samples were examined under an inverted phase-contrast 
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light microscope (Nikon Eclipse-Ti; Nikon Instruments, 
Melville, NY) and a microplate reader.

Cell proliferation was studied after incubating cells 
with the test sample, including control, NPs, SrRNPs, or 
the same amount of SrR as the test cells. Fluorescent 
Calcein cell cytotoxicity kit (Molecular Probes, Eugene, 
OR) was utilized for qualitative analysis of live cells 
through fluorescence microscopy. Furthermore, MTT 
assay was evaluated in triplicate for quantitative assess-
ment of cell viability.

Preparation of Photo-Polymerized 
Hydrogel Encapsulated SrRNPs
A hydrogel solution was synthesized by mixing 0.2 g/mL 
PEGDA (MW 3400 Da) in sterilized water. A photoinitiator, 
Irgacure 2959, was then mixed into the above PEGDA mix-
ture and gently stirred to obtain a desired concentration of the 
mixture. The SrRNPs were added to the PEGDA polymeric 
hydrogel solution and mixed to obtain the composite mix-
ture. (SrRNPs-H) Rheological studies of the polymeric 
photo-cross-linked were performed under different UV 
light irradiation time (0, 50, or 100 s; 365 nm; 10 mW/ 
cm2), as similarly described previously.27 The viscoelastic 
properties (G´ and G”) of photo-cross-linked gels were deter-
mined with a rheometer (Haake Rheostress 1). Rheological 
data of mechanical strength (Y-axis) vs. time (X-axis) were 
presented.

In vitro Release
Drug release from the composite hydrogels (SrR-H), nanocar-
rier (SrRNPs) or nanocomposite hydrogels (SrRNPs-H) was 
elucidated with the same amounts of SrR solution, which were 
placed in separate dialysis bags (MW 3500 Da). According to 
previously published literature, the effective dosage of SrR was 
0.25–0.5 mM.6 The amount of SrR (0.3 mM) was then picked 
in the formulations for the release study. Dialysis bags with 
various formulations were placed in an aqueous solution inside 
the tubes under constant stirring using a shaker-plate. The test 
samples were removed at specific time intervals, and the 
amount of drug released was measured at approximately 320 
nm with UV/VIS spectroscopy using a microplate reader.13 

The percentage of drug released from the nanocomposite 
hydrogel was evaluated in triplicate.

In vivo Study
Male Wistar rats were obtained from BioLASCO (Taipei, 
Taiwan) and housed under the control and care of the 

Laboratory Animal Center of Taipei Medical University. 
The animal studies were approved by the TMU Institute of 
Animal Care and Use Committee (LAC-2017-0083, LAC- 
2018-0007, LAC-2019-0216 and LAC-2020-0157) and 
procedures were compliances with the standard guidelines 
of the institutional animal care and use committee of LAC- 
TMU. Spinal fusion was performed on rodent spine for 
new bone formation, per previous studies.28 Anesthesia 
was achieved with an inhalant of Isoflurane (1–4%). 
Under aseptic conditions, a dorsal incision around the 
lumbar and sacral pine area was done for all animals. 
Prepared formulations were administered in different rats, 
and the dorsal wounds were sutured with 3.0 nylon with-
out tension. All treated animals were sacrificed in the post- 
operative of 4 weeks and 8 weeks.

A bone graft was implanted after dorsal decortication in 
the spinal region for bone regeneration. The male Wistar rats 
were divided into three groups: control (decortication only), 
group two (decortication followed by local administration of 
the developed PEGDA hydrogel), and group three (SrRNPs- 
H) (local administration of SrR at hydrogel concentration of 
0.16 mg/mL after decortication). During the experiment, 
implants at the spinal region were visualized by X-ray. The 
radiographic X-ray images were quantitatively analyzed by 
the ImageJ software. The radiographic grayscale ratio of the 
decorticated site/surrounding tissue was measured by an 
image analyzing software (ImageJ).

Osteogenesis Evaluation of Biological 
Responses
Spinal specimens were harvested at 8 weeks after surgery. 
Micro-computed tomography with radiographic assess-
ment was performed to measure bone density and biologi-
cal responses after implantation of the developed 
formulations. Micro-computed data were thresholded, con-
verted into binary images29 and their grey-level (pixel) 
were calculated by using ImageJ software. Bodyweight 
changes in rats were measured to detect any in vivo toxi-
city following implantation of the test formulations. 
Biocompatibility was evaluated for any local biological 
response, such as inflammation after implantation of the 
test sample. The animals were sacrificed, and their tissues 
were harvested at 8 weeks after implantation. All tissues 
were harvested, formalin-fixed, dehydrated, immersed in 
various ethanol concentrations, and paraffin-embedded 
in a standard protocol. Retrieved specimens were fixed in 
buffered formalin (10% v/v), dehydrated by a graded 
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ethanol series, and embedded in paraffin. The specimens 
were then sectioned to around 10 µm-thick sections and 
stained by hematoxylin and eosin (H&E) to visualize 
nuclei and cytoplasm. Finally, the H&E-stained tissue 
sections were observed by an optical microscope. Gait 
analysis is a systematic investigation of treated animal 
locomotion, improved by instrumentation to measure ani-
mal body movements, body mechanics, and the muscles’ 
bioactivity. Therefore, animal motion ability after decorti-
cation on the different administered formulations, the gait 
analysis of treated animals was then estimated through 
a Footprint Analysis.

Statistical Analysis
Statistical analysis of experimental data (average ± stan-
dard deviation) was conducted using GraphPad Prism ver. 
7.01 (Graph Pad Software, La Jolla, CA), Student's t-test 
or SigmaPlot 14 (Systat Software, San Jose, CA). Group 
comparisons were performed by two-way analysis of 

variance or Student’s t-test, and differences in results 
were considered statistically significant at p < 0.05.

Results
Characterization and Optimal 
Formulation of SrRNPs
Figure 1A shows the NPs formulation with different con-
centrations of GCS, which is directly related to turbidity as 
a measure of both the density and size of NPs.30 As 
depicted in Figure 1B and C, DLS data indicated an 
increase in particle sizes from nano-size to micro-size 
with increasing GCS concentration. A previous study 
showed that medium-sized materials (ca. 300–500 nm) 
could be suitable for drug delivery.31 As mentioned pre-
viously, the NPs of approximately 300–500 nm could load 
therapeutic agents for lesion delivery, resulting in 
a therapeutic effect.32 Therefore, the “medium GCS 
group” was optimized for further analysis. In addition, 

Figure 1 Physicochemical properties and particle size of GCS and HA/SrR-nanocomplex formulation. (A) Turbidity development indicating NPs formation with different 
concentrations of GCS. (B) DLS of the particle size distribution for the different formulations (x-axis in log scale). (C) Particle sizes of different GCS concentrations (n = 3). 
(D) Average particle sizes of the medium GCS group under different pH and temperature conditions. (n = 3, *Representing p<0.05).
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the medium GCS group showed pH and temperature sta-
bility, DLS data (Figure 1D). Stability enhancement is 
likely derived from the partial charge donation of anionic 
HA, thus boosting the durability of SrRNPs during the 
aqueous phase. This finding was also consistent with 
a previous finding that polysaccharide-based NPs are resis-
tant to harsh pH environments.33

The SrRNPs had negative zeta potential (Figure 2A), 
as confirmed by DLS analysis. The TEM and SEM micro- 
morphological evaluation revealed that the nanomaterials 
comprised sphere-shaped NPs of nano-sized distribution 
(Figure 2B). FTIR data (Figure 2C) showed the spectral 
analysis that indicated the test sample chemical structure, 
which revealed chemical changes during the developed 
formulation fabrication process.

As depicted in Figure 2C, the SrR peak is approxi-
mately 1083, and 1317 cm−1.13 HA, the possible CH2 with 
symmetric stretching vibration of approximately 
2872 cm−1 was found. The peak at around 1033 cm−1 

with C\O\C hemiacetalic system in both HA and NPs 
was confirmed.34 GCS and NPs bands around 3400 to 
3200 cm−1, corresponding to NH2 and OH groups’ stretch-
ing vibration. Thus, the FTIR analysis could prove the 
coexistence of NPs in HA, GCS, and SR (Figure 2C).

Cellular Interactions – Proliferation
Figure 3A and B revealed various growth patterns of 
osteoblasts following incubation with the developed 

formulations. Cell viability analysis showed that on days 
3 and 7, the SrRNPs-treated groups had significant differ-
ences in growth patterns compared with the other experi-
mental groups (Figure 3B). Moreover, the SrR-treated 
group showed significant differences in growth patterns 
compared with the control group on days 3 and 7 (Figure 
3B). Hence, SrRNPs were shown to support osteoblastic 
cell proliferation.

Figure 3C shows that a weak Cy5-nanocarrier fluores-
cent signal appeared around the cells, as observed under 
fluorescent microscopy (pretreatment of HA: I). On the 
contrary, the group that received SrRNPs without HA pre-
treatment (II) exhibited elevated accumulation of Cy5- 
nanocarrier around the cytoplasm of osteoblasts. This result 
implied that bone cells might express the HA receptor to 
interact with HA-containing carriers.35,36

Cellular Interactions – ARS Findings
As reported earlier, SrR intake-induced elevation of the 
calcium-sensing receptor’s bioactivation could induce 
genes associated with osteoblastic growth and matura-
tion, and ARS staining can reflect the maturation of 
osteoblasts.37–40 In this study, four treatment groups of 
osteoblast cells (untreated control, SrR-treated cells, 
NPs only-treated cells, and SrRNPs-treated cells) were 
subjected to ARS staining for microscopic observation 
and quantitative measurement. As shown in Figure 4A 
and B, three groups of cells (control, SrR-treated, and 

Figure 2 Physicochemical properties. (A) Zeta potential of NPs in aqueous dispersions displaying the surface charge distribution on the SrRNPs. (B) TEM (i) and SEM (ii) 
micro-morphological evaluation. (C) FTIR spectra of different compounds.
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NPs-treated cells) showed a lower degree of ARS stain-
ing (color) than the cells treated with SrRNPs. The 
reason may be that the cellular uptake of SrRNPs con-
taining HA has potentially increased via HA receptor- 
mediated endocytosis (Figure 3C). Through effective 
HA receptor-mediated drug delivery, the SrR in 

a polymeric encapsulated formulation was effectively 
taken up into cells (Figure 3C), thus promoting osteo-
blastic growth and maturation, as detected by ARS 
staining. However, the NPs did not have an active 
stimulator for cell growth and, therefore, did not signif-
icantly differ compared with the untreated control (day 

Figure 3 Cellular interactions – proliferation. (A) Cell viability assay (Calcein-AM) showing the biological effect of SrR, NPs, and SrRNPs on cells compared with the 
untreated control group. (B) MTT quantitative assay. (C) Cellular binding affinity of Cy5-nanocarrier with or without pretreatment with an HA inhibitor, as observed under 
fluorescent microscopy. (n = 3, *Representing p<0.05).

Figure 4 (A) ARS staining for the intracellular metal deposition under light microscopy and (B) ARS quantitative analysis (OD 405 nm) for different groups on days 7, 14 
and 28. (*Representing p<0.05).
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14 and 28). Although the same amount of SrR was used 
and some therapeutic effect was observed, free-form 
SrR lacked target selectivity, which restricted its thera-
peutic potential and resulted in insufficient drug delivery 
to osteoblasts.

Characteristics of Polymeric Hydrogels
The gel-tunable mechanical behavior of these materials 
under constant UV light intensity is shown in Figure 5A; 
the rheological property changed with increasing or 
decreasing UV-irradiation time. The rheological test 
results indicated that the polymeric hydrogels’ rigidity 
increased as UV exposure time increased. As shown in 
Figure 5B, once the hydrogels were incorporated in 
SrRNPs (SrRNP-H group), macromolecules, or small 
molecular, SrR was slowly released via the embedded 
nanocarrier and hydrogel (H), compared with the groups 
of free-form SrR, SrRNP and SrR-H. The diffusion 
through the hydrogel meshes without burst release could 
preserve the local therapeutic level of SrRNPs over time to 
reduce the risk of unwanted adverse effects and pain.41

SEM morphological analysis of the synthesized hydro-
gels showed porous microstructures, a necessary standard 
for tissue-engineered scaffolds appropriate for bone regen-
eration (Figure 5C). The anti-gravity experiment was 
aimed to evaluate the maintenance of the structural integ-
rity, gel property, and durability of the developed hydro-
gels. The results showed that the PEGDA polymeric-based 
solution without UV irradiation was dropped onto the 
bottom of a test vial due to the lack of adequate mechan-
ical strength. However, exposure of the PEGDA con-
structed solution to UV irradiation (for 100 s) resulted in 
a strong gel formation, which remained stable up to 8 
weeks (Figure 5D). This result approached the standard 
criterion for designing ideal bio-hydrogels to be used in 
future bone tissue engineering applications, per previous 
studies.27

In vivo Study
The evaluation of the implanted test samples and bone 
regeneration efficiency was carried out after decortication 
surgery and implantation of various test formulations (8 

Figure 5 Physio-mechanical property of various test formulations. (A) Rheological study under different UV irradiation times. (B) In vitro release rate of SrR from different 
test formulations (n = 3). (C) SEM micro-morphological images of the SrRNPs-H. (D) Anti-gravity experimental imaged for up to 56 days.
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weeks). The X-ray revealed new bone formation with 
a high radiographic gray level in the SrRNPs-H group 
(Figure 6A and B). The micro-3D CT images also indicate 
new bone formation in the surgical site (compact bone 
structure and higher bone density) in the SrRNPs-H 
group, as shown in Figure 6C. A significant increase in 
grey level of thresholded CT binary image was observed 
in the SrRNPs-H group compared with only decortication 
and decortication with hydrogel groups, suggesting the 
process of new bone tissue formation (Figure 6C).

The tissue histopathological evaluation by H&E stain-
ing reveals the purple-stained region indicating the pro-
gress of possible new bone tissue formation (possibly 
hydroxyapatite carrier particles). Thus, revealing that the 
SrRNPs-H group had good healing and active bone regen-
eration (Figure 7A). Histological evaluation of other 
organs was conducted to detect any potential in vivo 
toxic responses, particularly in the kidneys and liver.42 

The results showed no histopathological abnormalities in 
the liver and kidney. The kidney and liver for both groups 
receiving decortication with PEGDA hydrogel (H) or 
SrRNPs-H show no apparent changes, compared with 
decorticated only (control) (Figure 7B). Thus, implying 
that the results of the designed formulation exerted no 
in vivo toxicity effect after implantation. The gait analysis 
shows that the group that received decortication and 
SrRNPs-H has a similar strider time ratio/duty factor 
with the normal control group, while higher than the 
group receiving only decortication or decortication w/H 
(Figure 7C). The footprint imaged through gait analysis 
for the animal given SrRNPs-H was dynamically esti-
mated and recorded (Figure 7D). From the previous 
study,43,44 stride behavior is associated with the affected 
limb pathology. In normal health condition, the stride time 
ratio between hind and fore is similar, whereas the incom-
plete therapeutic treatment of test animal (decortication 
alone or decortication plus H group) causing painful symp-
tom might result in the imbalance stride time ratio and 
duty factor. The gait data suggested that SrRNPs-H treated 
group has a similar stride time ratio with duty factor as 
normal health group, compared to other treated groups 
(decortication and decortication w/H), implying an 
improved therapeutic efficacy.

Discussion
Carrier-based site-specific drug delivery systems reduce 
drug side effects and loss during therapeutic procedures. 
The selection of suitable drug carriers and active drug 

components is crucial, affecting drug release behavior. 
Nano-drug carrier systems can prolong the release of an 
active drug, thereby improving its pharmacological 
activity.45 Thus, polymeric NPs can be significant drug 
carriers to deliver specific medication to a site-specific 
on the body. Recently, polymeric NPs have emerged as 
a promising strategy to achieve desired drug release pro-
files and therapeutic outcomes. Nano-encapsulation is 
a modern drug encapsulation method that allows efficient 
loading of drug molecules inside NPs.46 This approach 
may reduce the undesirable effects associated with drugs. 
Key factors in designing polymeric NPs for drug encapsu-
lation are polymer selection, polymeric concentration, 
drug and polymer ratio, and the nature and amount of 
drugs suitable for drug delivery with NPs. This research 
focused on developing modern nanoparticle system with 
osteogenetic medication to improved bone healing.

GCS and HA are functional biomaterials widely used 
for the delivery of various types of drug formulations. 
Both materials are inexpensive and can be used as suitable 
excipients in numerous pharmaceutical formulations along 
with active drug substances.47,48 Sr2+, as an active drug, 
can stimulate osteogenesis, thus promoting the cellular 
proliferation and differentiation of osteoblasts and result-
ing in new bone formation. As a stimulant, Sr2+ promotes 
bone cell differentiation and migration through potential 
calcium-sensing receptor pathways, resulting in osteoblast 
proliferation.49 In this study, SrR, as an active drug, was 
encapsulated in NPs containing different amounts of GCS 
with HA, formulated based on electrostatic interaction in 
a weakly acidic pH environment.

Regarding polymer GCS concentration effect on particle 
size, it is known that the particle size of the nanoparticles 
increased with increasing polymer chitosan concentrations in 
all cases, confirming the previous publications.50,51 An 
increase in polymer solution internal phase viscosity could 
increase particle size. Particle size reduction could be caused 
by the impact that the viscosity of the internal phase of the 
polymeric emulsion might be changed based on the poly-
meric type used too.52 Medium size nanoparticles (300–500 
micrometer) should be suitable for local drug delivery. From 
Figure 1, we can find that our medium size GCS HA nano-
particles are stable at room and body temperature. Besides, 
these nanoparticles are stable in different pH levels. The 
following in vitro and in vivo studies also revealed our 
SrRNP treated group can have good osteogenesis effect. 
Encapsulation efficiency increases with increasing chitosan 
polymer concentration.53 HA is found abundantly as an 
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Figure 6 In vivo bone regeneration efficacy evaluation. (A) X-ray evaluation after 1, 4, and 8 weeks. (B) Gray-level evaluation by ImageJ software for X-ray in the treated 
groups. (C) Micro-CT in vivo imaging analysis after scarification and grey level of thresholded binary CT image evaluation by ImageJ software in different groups (n = 6, 
*Representing p<0.05).

https://doi.org/10.2147/IJN.S274461                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2021:16 4218

Chiang et al                                                                                                                                                           Dovepress

https://www.dovepress.com
https://www.dovepress.com


Figure 7 In vivo bone regeneration mechanism. (A) Histologic analysis of the spinal region treated with various formulations. (B) In vivo toxicity evaluation for soft tissues 
with H&E staining. The test animal gait analysis: (C) quantitatively, and (D) qualitatively (Decortication and Decortication  w/SrRNPs-H). (n=6, *Representing p<0.05).
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integral part of all bones and cartilage throughout the body. 
Over the years, HA polymer and its nanoformulation have 
received growing attention for bone tissue engineering and 
orthopedic application due to their superior biocompatibility 
and unique wide range of drug encapsulation properties. The 
surficial charge of polymeric NPs is an important feature 
affecting the tissue distribution profiles and toxicity of encap-
sulated drug molecules. Typically, anionic nanomaterials are 
much safer than cationic nanomaterials,54 with several 
advantages over the latter.55 Our SrRNP revealed −18.7 
mV in DLS examination. The safety of SrNPH could also 
be confirmed by the in vivo and in vitro examination.

Chitosan, collagen/gelatin, alginate, silk, peptides, and 
HA are naturally derived polymeric biomaterials widely 
used for bone tissue engineering.56 During bone develop-
ment, growth, remodeling, osteocytes, and osteoblasts 
express specific HA receptors (such as CD44).36 

Furthermore, the CD44 ectodomain contains an HA- 
binding motif for proteoglycans and other proteins 
binding.57 Polymeric nanocarrier drug delivery systems 
containing HA can promote possible HA receptor- 
mediated cellular interactions. An inhibition study can 
further be conducted, in which an HA-containing medium 
is pretreated to uphold the active position of the HA 
receptor. In Figure 3C, we can find that the fluorescent 
SrRNP can enter cell to show cy5 fluorescence in the 
cytoplasm without pretreat HA. This result could suggest 
that HA receptor could help nanoparticle to enter cell.

The prepared anionic nanoformulation (SrRNPs) 
exhibited low cytotoxicity, a tendency to accumulate in 
osteoblasts, and good osteogenesis ability (Figure 4). 
Nonetheless, the effect of SrRNPs on osteoblastic cellular 
growth needs to be improved via a 3D structural scaffold 
for attachment, proliferation, migration, and angiogenesis 
for nutrients and wastes transport during bone regenera-
tion. Polymeric material could be an appropriate biomater-
ial-scaffold for drug delivery in biomedical tissue 
engineering owing to their unique tunable mechanical 
features. It can also encapsulate active pharmaceutical 
ingredients such as SrR and act as a relevant multiple 
drug carrier system. More interestingly, it can mimic the 
extracellular matrix at specific tissue sites. Additional ben-
efits include their ability to prolong the release of encap-
sulated drugs, which results in the maintenance of high 
therapeutic concentration of the drug over a long period. 
The synthesized biomaterial-scaffold also had the appro-
priate physicochemical properties for maintaining the local 
therapeutic concentration of active SrR nanoformulation. 

Photopolymerized hydrogels, such as PEGDA, have also 
been used as a fascinating local drug delivery system58 and 
controlled drug release system.59 Once hydrogels were 
incorporated with SrRNPs, small molecular medicines 
(SrRs) are released via diffusion of the network, thus 
preserving high local concentrations of medicines for 
a long time, which could reduce the risk of side effects 
and patient discomfort.41 Recently, photopolymerized 
hydrogels are appealing for the local delivery of medi-
cines. According to previous research, 100 s of UV expo-
sure can produce the appropriate hydrogels for spinal 
fusion. This UV treatment has been considered an appro-
priate hydrogel fabrication method for incorporating bio-
logically active ingredients that can be applied in vivo.27 

Figure 5, which details the mechanical strength with drug 
release profiles of the test formulations. Only SrR was 
released rapidly from the dialysis bag without hindrance. 
However, SrR encapsulated in PEGDA hydrogels was 
released faster than SrRNP group or the group of SrRNP 
embedded within PEGDA (SrRNPs-H). The possible rea-
son is that the release of the free-form of SrR encountered 
fewer barriers than SrRNPs firmly encapsulated within the 
hydrogel. Further, the controlled diffusion process pro-
foundly impacts the sustained release of drug/nanomedi-
cine from the developed hydrogels.60 The crosslinked 
networks surrounding the hydrogel encapsulating the 
drug were an additional diffusion barrier responsible for 
slowing down the drug release rate (Figure 5B).

According to an earlier publication,61 controlled, sus-
tained drug delivery to targeted organs offers adequate 
local therapeutic (effective) windows and reduces the sys-
temic drug exposure. This strategy decreases the adverse 
effects of drug released into the systemic circulation. In 
this study, drug-loaded hydrogels were spread in a dialysis 
bag to mimic local administration.

In the in vitro analysis, SrR release studies indicated 
that SrRNPs-H sustainably and steadily released 60–70% 
of the encapsulated SrR for up to 4 weeks compared with 
free-from SrR and SrR-H (to reach a plateau after day 7). 
As mentioned previously, Canalis et al stated that 0.01 
mM SrR increases bone formation in rodent cells, and 
additional investigation indicated a meaningful increase 
in osteogenic biomarkers in human mesenchymal stem 
cells (MSCs) treated with 0.024–0.24 mM SrR.62,63

It is reasonable that the continuous and steady release 
rate of SrR in the SrRNPs-H group exceeded the effective 
dosage within 10 days, consistent with a previous 
finding.64 The slow release of SrR, as shown in the 
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SrRNPs-H group, could enhance its therapeutic effect on 
bone regeneration. In any case, SrR release from the 
SrRNPs-H group was slower than from SrR-H or SrRNP 
group, indicating that the multiple encapsulation system 
had more firmly preserved the encapsulated SrR in envir-
onmental conditions that favor drug release. Further, indi-
cate that the SrRNPs-H could maintain the entrapped SrR 
in lesion, preventing its uncontrolled biodistribution within 
the body circulation. SrR can be released at a high activity 
level in bone defects. Moreover, the SrR release slowdown 
from SrRNPs-H could improve and prolong the drug’s 
therapeutic efficacy by enabling a continuous release of 
the encapsulated SrR in bone defect. This strategy could 
be an optimal approach to provide effective drug concen-
trations to cells.65

Besides, drugs’ therapeutic effects are usually 
restricted by their inability to sustain their therapeutic 
levels at the lesion site.66 Thus, drug formulations with 
sustained drug release kinetics often show a slow thera-
peutic bioactivity duration compared with those with rapid 
drug release kinetics. Formulations with targeted or sus-
tainable drug release could lead to extensive exposure of 
the lesion to high concentrations of drugs, thereby pre-
venting the inconvenience of continuous therapeutic level 
maintenance and diminishing the unwanted toxic side 
effects of drugs. Local administration enables low drug 
uptake by systemic cells.67 The therapeutic effect and 
safety of SrRNP-H in vivo can be proved by our histolo-
gical, radiographic and gait walkability analysis in Figures 
6 and 7. The kidney and liver slices in three groups 
revealed the same cell microstructures without obvious 
differences. A constant dosage of drugs within the thera-
peutic window is also important and helpful for 
treatment.68

As reported previously, new bone formation begins 
from local hematoma with enriched cytokines, which aug-
ment the permeability of vessel and chemotaxis effect. 
Once the MSCs migrate into the hematoma site, they 
begin to proliferate and differentiate into osteoblasts. 
These new progenitor cells would lay down osteoid or 
ECM and transfer it to bone through mineralization.69 As 
more and more mineralization in bone tissue, the inorganic 
section of bone gradually increases. Hydroxyapatite sub-
stances take 60–70% of all inorganic section of bone. 
Thus, hydroxyapatite could present very light purple 
around the new bone site’s formation in the H&E stain. 
Once the bone becomes mature, hydroxyapatite developed 
dark purple in H&E stain.70,71 Thus, active osteoblasts 

could produce irregular crystals of hydroxyapatite, as 
shown in the in vivo data suggesting the identified new 
bone formation site from the SrRNPs-H treated group 
through microscopic histological analysis.

Bone fusion is a standard orthopedic surgical proce-
dure for reconstruction in traumatic and degenerative joint 
deformities. Studies in animal models also showed that 
bone fusion procedures, such as spinal fusion and joint 
fusion, are safe, effective, and cheap treatment strategies 
with low complications.72 The therapeutic effect of local 
administration with SrRNPs-H on new bone regeneration 
was found in a bone decortication rat model. From Figure 
6, we can see that more bone formation in the SrRNP-H 
group under CT and X-ray image. The quantitative evalua-
tion of X-ray and CT also revealed a significance differ-
ence compared to other group (8 weeks).

The gait analysis can be the useful tool to evaluate post- 
operative animal motion. The temporospatial characteristics 
of animal gaits could be recorded in detail. There are 
several studies focus on rodent gait analysis in the literature, 
however, few studies of them mentioned about the gait 
change after spinal fusion. Many factors including age, 
body weight, species and gender can affect parameters of 
gait analysis.73,74 We selected ratio of stride time of forefoot 
and hindfoot for experiment. The duty factor is defined as 
the ratio between stance time and stride time. We could find 
that the data of duty factor ratio were decreased in decorti-
cation and decortication-H treated group. The data of stride 
time ratio also were decreased in decortication and decorti-
cation-H treated group. The results could be because the 
rats had painful hindfoot with poor bone healing results. 
The overall gait data should support our radiographic and 
histological examinations that the SrRNP-H treated group 
has a promising osteogenesis effect on bone healing.

Conclusions
In this study, unique composite hydrogels (SrRNPs-H) were 
developed for the first time. Further, their biocompatibility 
and efficacy were successfully evaluated in a bone decorti-
cation rat model. Our results suggested that the group 
treated with SrRNPs-H had a higher degree of bone regen-
eration than the other groups. The successful developed 
therapeutic approach could be highly afforded with biocom-
patibility, sustained drug release, possible HA receptor- 
mediated cellular interaction. More interestingly, the hydro-
gel carrier promoted local site-effective delivery of SrR, as 
illustrated in Figure 8. Thus, owing to its multiple unique 
functionalities, the SrR polymer composite hydrogel 
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formulation may be a novel potential alternative to oral SrR 
in future orthopedic clinical applications.
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