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A B S T R A C T   

Bones are subject to different types of damages ranging from simple fatigue to profound defects. In serious cases, 
the endogenous healing mechanism is not capable of healing the damage or restoring the normal structure and 
function of the bony tissue. The aim of this research was to achieve a sustained delivery of rosuvastatin and 
assess its efficacy in healing bone tissue damage. Rosuvastatin was entrapped into silica nanoparticles and the 
system was loaded into an alginate hydrogel to be implanted in the damaged tissue. Silica nanoparticles were 
formulated based on a modified Stöber technique and alginate hydrogel was prepared via sprinkling alginate 
onto silica nanoparticle dispersion followed by addition of CaCl2 to promote crosslinking and hydrogel rigidi
fication. The selected nanoparticle formulation possessed high % drug content (100.22±0.67%), the smallest 
particle size (221.00±7.30 nm) and a sustained drug release up to 4 weeks (98.72±0.52%). The fabricated 
hydrogel exhibited a further delay in drug release (81.52±4.81% after 4 weeks). FT-IR indicated the silica 
nanoparticle formation and hydrogel crosslinking. SEM visualized the porous and dense surface of hydrogel. In- 
vivo testing on induced bone defects in New Zealand rabbits revealed the enhanced rate of new bone tissue 
formation, its homogeneity in color as well as similarity in structure to the original tissue.   

1. Introduction 

Not just that the bone tissue plays a very crucial role in organ and 
entire body movements, but also it serves several other essential func
tions. For instance, it hosts bone marrow and is also leading a protective 
role towards many body organs. Bone tissue is involved in the regulation 
of normal endocrine function as well as supporting muscles (Battafarano 
et al., 2021). Bone is subject to tissue damage ranging from simple fa
tigue to deep tissue damage. For simple tissue damage, usually the 
bone’s tissue repair mechanism is sufficient to counteract the damage. 
However, in more serious circumstances, different interventions are 
required, of which, bone grafts remain the gold standard (Brydone et al., 
2010). Grafting exposes the subject to several risks including the likes of 
graft rejection, limited donor compatibility, risk of infection and high 
patient morbidity. To overcome the shortcomings of grafting, the 
multidisciplinary science of tissue engineering (TE) had emerged. To put 
it into short words, TE aims at creating a solid matrix, a scaffold, that 
perfectly fits into the defect and enhances tissue regeneration. Not only 
that, but the implanted scaffold can accommodate biological or chemi
cal agents, cells, and growth factors to further fasten the rate of healing 

(Adel et al., 2022). Hydrogels are scaffolds that closely resemble 
extracellular matrix (ECM) which render them favorable in TE. Being 
hydrophilic, hydrogels tend to swell in aqueous environment and 
facilitate nutrients and O2 exchange. They can be used in TE to act as 
support matrices for the new tissues, drug carriers as well as acceleration 
wound healing and positive effect on blood vessels formation (Adel 
et al., 2022). Alginate (AL) is a natural biopolymer used in scaffold 
fabrication with long history in bone tissue engineering. That is mainly 
owing to several characteristics like excellent biocompatibility, biode
gradability, non-toxicity, and optimum gelling ability in presence of 
divalent cations such as Ca2+ (Sahoo and Biswal, 2021). When it comes 
to bone tissue engineering, AL was found to stimulate osteogenic dif
ferentiation and exert positive effects over osteocalcin, alkaline phos
phatase levels, cellular viability and proliferation (Florczyk et al., 2012; 
Rubert et al., 2012; Venkatesan et al., 2015). 

Nanoparticles (NPs) have been long associated with drug delivery 
attributed to small particle size, large surface area as well as enhanced 
drug solubility and cellular uptake. NPs can be categorized based on 
their nature into organic nanoparticles (polymer-based or lipid-based) 
and inorganic nanoparticles (like silica nanoparticles, SNPs). SNPs 
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usually range from 2 to 50 nm but can also be larger (up to 500 nm) with 
plenty of silanol groups (Si-OH) onto their surfaces (Selvarajan et al., 
2020). SNPs were selected as the drug delivery system of choice for their 
evident role in bone regeneration. They are thought to exert a regulatory 
effect on osteoblasts differentiation and inhibitory effect over osteoclasts 
differentiation (Beck et al., 2011; Li et al., 2021). Other merits include 
biocompatibility, excellent tolerability, and minimal in-vivo side effects 
(Selvarajan et al., 2020). SNPs present significant improvements over 
traditional NPs. For instance, they have good mechanical stability which 
can be beneficial for TE particularly in load-bearing tissues. Large-pore 
SNPs (mesoporous SNPs) offer larger capacities for higher drug loading 
(Janjua et al., 2021). SNPs can be easily tuned in terms of pore size and 
volume as well as surface charge and functionality. Both aspects affect 
the loading, release, and clearance of the drug (Porrang et al., 2022). At 
the same time, they resist harsh biological conditions such as the acidic 
nature of the stomach (Janjua et al., 2021). Moreover, SNPs vastly 
improve the bioavailability of several agents either when used solely as 
SNPs (such as Fenofibrate-loaded SNPs) or when they are hybridized 
with other lipid systems (such as Simvastatin-loaded lipoceramic SNPs 
and Ibuprofen-loaded silica-lipid NPs) (Bukara et al., 2016; Meola et al., 
2020; Tan et al., 2014). The preparation of SNPs can be achieved 
through several approaches, the most common of which are the bottom- 
up, Stöber, technique and the top-down, microemulsion, technique. 
Stöber’s approach utilizes a silica source like tetraethyl orthosilicate 
(TEOS) that undergoes hydrolysis and nucleation in a water-alcohol 
solution in the presence of amino groups (nitrogen source) as a cata
lyst. Following a polycondensation step occurs with the formation of 
siloxane bonds (Bondareva et al., 2020; Stöber et al., 1968). However, 
long synthesis time and harsh conditions implied in this technique (high 
temperatures and presence of ammonia) are major drawbacks to this 
approach. On the other hand, the microemulsion approach relies on 
using surfactants to form micelles in either a w/o or an o/w system. 
Hydrolysis, polycondensation and formation of SNP occur within the 
formed micelles (Selvarajan et al., 2020; Arriagada and Osseo-Asare, 
1995). The process is, though, expensive to use on large scale and 
mandates large volumes of surfactant to be used (Zaghloul et al., 2022). 

Statins are medicinal compounds originally used for their cholesterol 
lowering profiles. Over time, they were found to exert a striking 
osteoinductive activity. The exact mechanism by which they function is 
rather combinatory of several actions as follows. Extensive in-vitro and 
in-vivo testing concluded that statins have a potential down-regulatory 
effect on osteoblasts apoptosis, promote tissue vascularization and bone 
mineralization (Safari et al., 2020). Rosuvastatin calcium (RSV) is a 
peculiar statin molecule that offers several advantages over other sta
tins. It is a water-soluble molecule (saturation solubility 7.8 mg/mL) 
which makes it compatible with physiological environment and tissue 
exudates (Maged et al., 2018). It has fewer side effects all while main
taining its activity for longer times due to its reduced hepatic meta
bolism by CYP2C19 (Safari et al., 2020; Luvai et al., 2012). 

The goal of this research was to assess the efficiency of a developed 
drug-entrapped SNPs loaded into an implantable hydrogel scaffold in 
providing sustained drug delivery and promoting bone tissue healing. 
The preparation technique was based on a modified Stöber technique 
that is simpler and involving less harsh conditions. The technique 
involved a simple crosslinking reaction between TEOS and chitosan 
hydrochloride (Ch) as nitrogen source and was carried at room tem
perature. No alkalis, acids, surfactants, or excessive temperatures were 
used. In order to identify the best formulation, in-vitro characterization 
was conducted. That included measurements of percentage drug con
tent, particle size, polydispersity index and zeta potential as well as 
analysis of in-vitro release kinetics. Morphology of the selected SNP 
formulation was examined using TEM while inter-ingredients in
teractions were tested using FT-IR. The selected formulation was then 
loaded into AL hydrogel and both in-vitro release and FT-IR tests were 
repeated. DSC was conducted to evaluate the thermal behavior of the 
hydrogel as well as individual ingredients. Moving on, surface 

morphology of RSV-entrapped SNP-loaded hydrogel (AL-RSNP) was 
scanned using SEM. Finally, the hydrogel was sterilized by gamma 
irradiation and tested in vivo using New Zealand white rabbits to assess 
their effectiveness in healing damage of the jawbone tissue both at 
macroscopic and microscopic levels. 

2. Materials and methodology 

2.1. Materials 

RSV was kindly supplied by Hikma Pharmaceuticals, Ch was pro
cured from Zhejiang Chemicals Import and Export Corporation (Hang
zhou, China), AL was brought from Fluka, Switzerland. TEOS (98%) and 
dialysis cellulose membrane (molecular weight cutoff 14,000 g/mol) 
were purchased from Sigma Aldrich, St. Louis, USA. All other chemicals 
and solvent used were of analytical grade. 

2.2. Preparation of Rosuvastatin-loaded silica nanoparticles (RSNPs) 

The preparation of RSNP was based on Stöber technique with some 
modifications (Zaghloul et al., 2022). An aqueous solution of Ch (0.1% 
w/v) was first prepared by dissolving Ch in distilled water under mag
netic stirring (Stuart, SB162, UK) at 400 rpm and 37±0.2◦C for 5 min 
(aqueous phase). At the same time, an alcoholic solution of RSV in 
propylene glycol (PG) was prepared by vortexing (Reax Top Vortex 
Mixer, Heidolph, Germany) accurate amounts of RSV in a defined vol
ume of PG for 5 min (alcoholic phase). Following, the alcoholic solution 
was slowly added to the aqueous solution under magnetic stirring at 400 
rpm for 10 min. After complete miscibility of the two solutions, the 
required volume of TEOS was added dropwise to the mixed solution and 
the final mixture was left to stir under the same conditions overnight. 
The resultant dispersion was stored in sealed vials for further evaluation. 
Table 1 shows the composition of different RSNPs formulations 
prepared. 

2.3. Characterization of the prepared Rosuvastatin silica nanoparticles 
(RSNPs) 

2.3.1. Particle Size (PS), Zeta Potential (ZP), and Polydispersity Index 
(PDI) measurements 

PS, ZP and PDI measurements for the prepared formulations were 
taken using Malvern ZetaSizer Nano ZS (Malvern Instruments, Worces
tershire, UK). Samples were appropriately diluted in distilled water and 
thoroughly mixed prior to measurements. 

2.3.2. Drug content (% DC) 
Accurate volumes of the RSNP dispersions were measured and mixed 

with isopropyl alcohol to extract RSV and determine its concentrations 
using UV Spectrophotomer (model UV-1601 PC; Shimadzu, Kyoto, 
Japan) at λmax = 240 nm. The % DC was calculated as follows. 

%DC =
Actual RSV content

Theoretical RSV content
× 100  

2.3.3. In-vitro release testing 
The in-vitro release behavior of crude RSV from the prepared RSNPs 

was assayed using the dialysis bag method (Abd-Elal et al., 2023; Tawfik 
et al., 2023). Briefly, specific volume of each RSNPs formulations 
(equivalent to 1 mg RSV) was placed in a dialysis cellulose bag (previ
ously soaked in distilled water overnight and locked from one end). The 
bag was locked from the other end and placed in a 90 mL glass bottle 
prefilled with 50 mL phosphate buffer saline (PBS; pH 7.4) as the release 
medium. The glass bottles were transferred to a thermostatically 
controlled shaker (Unimax, IKA, Germany) adjusted at 50 rpm and 
37±0.2◦C. At predetermined time intervals, a 3 mL sample from each 
glass bottle was withdrawn and analyzed for RSV content at 240 nm 
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using UV spectrophotometry. Equal volumes of freshly prepared PBS 
were used to replace the withdrawn samples. Data obtained was 
analyzed to identify the pharmacokinetic release model (Zero order, 
Highuchi & Korsemeyer-Peppas) of the tested formulations. Moreover, 
% drug released after 24 h (Q24h) and after 4 weeks (Q4w) were 
calculated. 

2.3.4. Transmission Electron Microscopy (TEM) 
TEM was used to study the morphology of the selected formulation 

(RSNP2). A drop of the freshly prepared sample was appropriately 
diluted with distilled water, fixed onto a copper grid coated with carbon 
then left to dry in fresh air for 10 min. Following the sample was 
examined using TEM (Hitachi HF-2000, Tokyo, Japan) at 200 kV. 

2.4. Preparation of Alginate-based Rosuvastatin Silica Nanoparticles 
Hydrogel Scaffolds (AL-RSNP) 

Following the preparation of RSNP formulations, the optimum 
formulation was selected for the preparation of AL hydrogel. Briefly, 
accurately weighed amounts of AL (for a final concentration of 2% w/v) 
were slowly sprinkled onto the RSNP dispersion under magnetic stirring 
at 400 rpm and 37±0.2◦C. for 15 min. Known volume of CaCl2 aqueous 
solution was added to the dispersion (for a final concentration of 0.18% 
v/v) as one shot and was slowly hand-stirred for an additional 2 min. The 
resulting mixture was then removed from stirrer and immediately 
poured into circular molds (20 mm in diameter, 5 mm in height) and left 
to cross-link and solidify in fresh air for 20 min (Abasalizadeh et al., 
2020; Eldeeb et al., 2022a). The resulting hydrogel scaffolds were 
carefully washed with distilled water to remove excess CaCl2 and excess 
RSNP. Non-medicated AL-SNP was prepared using the same technique 
but without RSV. 

2.5. Characterization of the prepared Alginate-based Rosuvastatin Silica 
Nanoparticles Hydrogel Scaffolds 

2.5.1. In-vitro release testing 
The in-vitro release characteristics of the AL-RSNP was determined 

using the dialysis bag method as previously mentioned under Section 
(2.3.3.) with minor modifications. The sample within the dialysis bag 
was replaced by accurate weighed fragment of AL-RSNP hydrogel 
(equivalent to 1 mg RSV). A volume of 1 mL PBS (pH 7.4) was added 
inside the bag, and it was tightly closed and immersed in a 90 mL glass 
bottle containing 50 mL PBS (pH 7.4) as the release medium. The test 
was continued as before and data obtained was analyzed to identify the 
pharmacokinetic release model (Zero order, Highuchi & Korsemeyer- 
Peppas) of the prepared scaffold. Finally, Q24h and Q4w were 

compared to those of the selected formulation. 

2.5.2. In-vitro stability studies 
Stability of the prepared AL-RSNP hydrogel was assessed in PBS as 

follows. First, swelling capacity (%Ws) was determined. Oven-dried 
hydrogel scaffolds were accurately weighed (W0) and immersed in the 
buffer system at an incubator (temperature was set to 37±0.2◦C). At the 
selected time intervals, the hydrogel samples were removed, blotted 
against filter papers, and reweighed (Wt). Swelling capacity (%Ws) was 
calculated using the following (Eldeeb et al., 2022a). 

%Ws =
Wt − W0

W0
× 100 

Secondly, % weight loss was assessed as follows. The fabricated AL- 
RSNP hydrogel scaffolds were accurately weighed, immersed in PBS, 
and reweighed daily until equilibrium weight was reached (Wm). 
Following, the examined samples were re-immersed in the buffer system 
and weighed repeatedly at preset time intervals (Wt) till complete 
degradation. % Weight loss was calculated using the succeeding equa
tion (Akalin and Pulat, 2020; Bao et al., 2011). 

%Weight loss =
Wm − Wt

Wm
× 100  

2.5.3. Fourier transform infrared spectroscopy (FT-IR) 
FT-IR was carried to identify any interactions between the in

gredients in the selected formulation. Precisely sliced pieces of the 
selected hydrogel scaffold (AL-RSNP, 2 mg) were coated with potassium 
bromide and pressed into a disc. The same procedure was repeated for 
other ingredients. FT-IR spectra of the selected formulation (RSNP2), its 
physical mixture, the prepared hydrogel as well as all of the individual 
ingredients were all recorded using FT-IR spectrophotometer (Model, 
8400 s Shimadzu, Kyoto, Japan) over the range of 4000–400 cm− 1. 

2.5.4. Differential scanning calorimetry (DSC) 
DSC was carried out to evaluate the thermal behavior of the scanned 

samples. Consequently, DSC analysis (DSC131 evo, Setaram Instru
mentation, France) was run for the selected formulation (RSNP2), the 
prepared hydrogel (AL-RSNP) besides all of the individual components. 
Carefully sliced fragments of the scaffolds (2 mg) were placed in a 
hermetically sealed aluminum pan, heated through a range of 25–650◦C 
(different for different materials analyzed) at a rate of 10◦C/min. The 
procedure was the same for other individual ingredients. 

2.5.5. Scanning Electron Microscopy (SEM) 
SEM was used to study the surface morphology of the prepared AL- 

Table 1 
Composition and Characterization of the prepared RSV-loaded Silica Nanoparticles.  

Formulation 
code 

**, * and **Composition Characterization 

**Hydroalcoholic solution 
(v/v) 

Nitrogen source (% 
w/v) 

Silica source (% 
v/v) 

Drug (%w/ 
v) 

PS PDI ZP %DC 

Aqueous 
phase 

Alcoholic 
phase 

Ch. HCl TEOS RSV 

RSNP1 1 1 0.1 10 0.2 342.90±34.60 0.59±0.07 11.70±0.10 94.91±1.29 
RSNP2 1 1 0.1 20 0.2 221.00±7.30 0.39±0.02 12.90±2.80 100.22±0.67 
RSNP3 2 1 0.1 10 0.2 496.25±1.85 0.63±0.15 9.97±2.23 89.82±0.22 
RSNP4 2 1 0.1 20 0.2 362.35±54.05 0.47±0.05 10.85±0.75 99.16±0.62 
RSNP5 3 1 0.1 10 0.2 1707.50±111.50 0.55±0.26 7.41±1.98 85.35±1.68 
RSNP6 3 1 0.1 20 0.2 1374.50±72.50 0.56±0.33 9.65±3.06 91.67±2.18 

Abbreviations: RSNP, Rosuvastatin entrapped silica nanoparticles; TEOS, Tetraethyl orthosilicate; RSV, Rosuvastatin; PS, Particle size; PDI, Polydispersity index; ZP, 
Zeta potential; %DC, % drug content. 

* Chitosan hydrochloride was dissolved in water (aqueous phase) while RSV was dissolved in propylene glycol (alcoholic phase). Following, the alcoholic solution 
was added to aqueous solution on stirring. TEOS was added dropwise to the hydroalcoholic solution. 

* All concentrations were relevant to the final volume. 
** Aqueous and alcoholic phases were mixed as volume ratios. 
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RSNP hydrogel scaffold. Sample preparation involved fixing carefully 
sliced pieces from the selected hydrogel scaffold (2 mg) on stubs using 
carbon tape. Following, samples were sputter coated with a thin layer of 
gold (Quorum techniques Ltd., sputter coater, Q150t, England) and 
scanned with a Tescan SEM (Tescan Vega 3 SBU, Czech Republic) at 
voltage of 20 kV. 

2.6. Gamma sterilization 

Prior to in-vivo testing, the selected AL-RSNP hydrogel scaffold was 
sterilized using gamma irradiator (Gamma cell 1000; BEST Thera
tronics, Ontario, Canada) at a dose of 20 kGy. The irradiated hydrogel 
scaffolds were compared to their non-radiated analogues in terms of % 
DC and of release behavior via calculating the similarity factor (f2) as 
follows (Costa, 2001). 

ƒ2 = 50.log

⎡

⎣

{

1 +

(
1
n

)
∑n

t=1
(Rt − Tt)

2

}− 0.5

.100

⎤

⎦.

Where, n represents the sample number, Rt represents % drug 
released before sterilization while Tt represents % drug released after the 
process. 

2.7. Statistical analysis 

All data was represented as mean values ± standard deviation. Data 
was analyzed using SPSS® software (SPSS Inc., 23.00 IBM Corporation, 
NY, USA) using one way analysis of variance (ANOVA) test coupled to 
least significant difference (LSD) to detect differences between samples 
(n = 3). Significance was detected at P < 0.05. 

2.8. In-vivo testing 

2.8.1. Animals and grouping 
This study was performed in line with the principles of the Decla

ration of Helsinki. The study protocol was approved by the Research 
Ethics Committee at the Faculty of Pharmacy, Cairo University, Egypt 
(PI-3108). The followed procedures were in accordance with the Guide 
for the Care and Use of Laboratory Animals of the National Institutes of 
Health (NIH publication No.85–23, 1996). Twenty-seven healthy male 
adult New Zealand white rabbits, about 6 months old and 3.5–4 kg body 
weight, were conducted in the present study. The study was double- 
blinded (The veterinarian was not aware of the discs content and the 
analyst was not aware of the tissues to be examined). The animals were 
divided randomly into three main groups; GI, II and III (9 rabbits per 
each), each main group were subdivided into 3 subgroups (3 rabbits per 
each) according to observation periods; 1st, 2nd, and 3rd week. 

2.8.2. Analgesia and surgical procedures 
Directly prior to surgical procedures, each animal received an 

intramuscular meloxicam injection (1 mg/kg body weight) for preop
erative analgesia together with a subcutaneous amikacin injection (5 
mg/kg body weight) for perioperative antibiotic coverage. Ketamine 
hydrochloride (40 mg/kg body weight) and xylazine hydrochloride (7.5 
mg/kg body weight) were used as intramuscular injections to induce 
anesthesia. The general anesthesia was maintained via 2% isoflurane/O2 
gas mixture administered via anesthetic mask (Carmel, 2012). The an
imals were laterally recumbent on the left side. The right peri- 
mandibular and cervical areas were prepared aseptically via shaving 
and scrubbing with Betadine then draping. Two milliliters of lidocaine 
(2%) were subcutaneously injected along the incision line (Young et al., 
2008). 

The inferior surface of the mandible was surgically incised from the 
chin perpendicularly to the gonial angles of the mandible. Also, a blunt 
dissection through the subcutaneous tissues down to the inferior border 
of the right hemimandible was carefully made. The periosteum was 

incised along the inferior border of the right hemimandible developing a 
subperiosteal flap. Following, the muscles and soft tissues’ elevation and 
retraction were performed. Once, the lateral side of the mandible was 
visible, a partial thickness bony defect crossing through the lateral bony 
cortex, tooth roots, and trabecular bone in the premolar/molar area was 
created using a 10-mm trephine drill bit (Fig. 1). A root tip elevator was 
then used to remove the cortical and trabecular bone spicules besides the 
tooth roots. The tooth roots and trabecular bone were extracted as an 
articulate mass, consistently revealing the cortical bone of the medial 
plate. Any remaining bony debris were removed from the defect with a 
curette under profuse irrigation with saline solution. The defect was left 
without treatment in GI (Control), while it was stuffed with plain 
hydrogel disc (without RSV) in GII, and with the fabricated AL-RSNP 
hydrogel in GIII. Then, the muscle and subcutaneous layers were 
closed with continuous resorbable 4–0 Vicryl sutures and the skin closed 
with interrupted 4–0 Vicryl sutures. 

2.8.3. Postoperative care 
Two subcutaneous injections of meloxicam (1 mg/kg) were given 

daily after surgery for continued postoperative analgesia and Amikacin 
(5 mg/kg) was continued for 4 days postoperatively. The wound was 
dressed daily and checked for inflammation, seroma and infection. Food 
and water were given ad libitum, where the animals received a soft diet 
for 3 days after surgery, then the regular diet of hard pellets was 
introduced. 

2.8.4. Euthanasia and postoperative evaluation 
Animals of each subgroup were scarified after general anesthesia at 

the end of each successive observation period (1st, 2nd, and 3rd week 
post-operation). The operated mandibles were harvested with soft tissue 
excision, exposing the bony defect. The defect was evaluated visually 
then the collected bones were fixed in 10% neutral buffered formalin 
solution for 1 week. Following, the samples were decalcified by 10% 
formic acid, trimmed, washed with water, dehydrated with ethyl 
alcohol, cleaned with xylene, and embedded in pre-heated paraffin 
(preheated in hot air oven at 56◦C for 24 h). Thin sections of about 4–6 
μm were processed and stained with Hematoxylin and Eosin stain and 
examined under light microscope (CX21 Olympus microscope, Tokyo, 
Japan). 

3. Results and discussion 

3.1. Characterization of the prepared silica nanoparticles (SNPs) 

Two variables were tested during the preparation of RSNP, namely, 
aqueous: alcoholic phase ratio and the concentration of TEOS. Below are 
the different characterization tests to identify the significance (if any) of 
one or both variables. 

3.1.1. Particle Size (PS), Zeta Potential (ZP), and Polydispersity Index 
(PDI) measurements 

Analysis of PS of the prepared formulations revealed that increasing 
aqueous: alcoholic ratio led to significant increase in PS (P < 0.05). 
Increasing water and decreasing alcohol proportions resulted in a 
reduced availability of alcohol to react with TEOS and an increase in the 
immiscibility gap between the hydroalcoholic solution and TEOS. This, 
in turn, left large amounts of TEOS unreacted in the solution and caused 
larger particles to be detected (Lu and Owens, 2018; Donatti et al., 
2002). On the other hand, increasing TEOS concentration caused sig
nificant reduction in PS (P < 0.05) which might be attributed to 
increased TEOS available to interact with alcohol and undergo poly
condensation with chitosan hydrochloride to form siloxane bond 
(Zaghloul et al., 2022). Upon thorough inspection, it was found that in 
the water: alcohol ratio of 3: 1 (v/v), the PS was much larger (micron 
range) when compared to the 1: 1 or even the 2: 1 (v/v). That means that 
in the 3: 1 (v/v), the alcohol amount was too small to assist hydrolysis 
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and polycondensation to form sufficient RSNP. 
PDI values ranged between 0.387±0.02 to 0.63±0.15 which in

dicates that particle size distribution was sufficiently uniform through 
all the formulations (Danaei et al., 2018). ZP values ranged between 
7.41±1.98 to 12.90±2.80. Such positive charge could be attributed to 
the presence of Ch (Mohammed et al., 2017). The results of PS, PDI and 
ZP values can be seen in Table 1. 

3.1.2. Drug content (% DC) 
From the data in Table 1, % DC for all the prepared formulations was 

found to range from 85.35±1.68 to 100.22±0.67% indicating there was 

minimal drug loss during the formulation process. As water: alcohol 
ratio decreased, % DC increased (RSNP1 > RSNP3 > RSNP5; P < 0.05). 
Additionally, as TEOS concentration increased, an increase in % DC was 
observed (RSNP2 > RSNP1, RSNP4 > RSNP3 and RSNP6 > RSNP5; P <
0.05). The findings correlate with those of PS, whereas a decrease in 
hydrophilicity and increase in TEOS allowed for increased rate of RSNP 
formation and consequently more RSV being entrapped. 

3.1.3. In-vitro release testing 
As revealed from the data in Table 2 and can be seen from Fig. 2, the 

release of RSV from all RSNP formulations followed a biphasic pattern. A 

Fig. 1. Photographs showing the surgical procedures as: (a, b) aseptic preparation of mandibular area (c, d) surgical incision and blunt dissection till reach peri
osteum, (e, f) periosteum was incised developing a subperiosteal flap and muscles and soft tissues elevation and retraction. The lateral side of the mandible was 
visible (black arrow), (g) a 10-mm a partial thickness bony defect crossing through the lateral bony cortex, tooth roots, and trabecular bone in the premolar/molar 
area (orange arrow). (h) filling the mandibular defect with alginate-based hydrogel scaffold loaded with rosuvastatin silica nanoparticles (AL-RSNP) (purple arrow), 
(i) surgical wound and skin closure with Vicryl 4/0. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 

Table 2 
In-vitro release testing of RSNP Formulations.*  

Formulation 
Code* 

Amount Released (%) Release Model 

Q24h Q4w Zero Diffusion Korsmeyer-Peppas 

r2 r2 r2 k n 

RSNP1 30.13±0.40 95.31±1.67 0.859±0.007 0.971±0.001 0.984±0.006 7.298±0.027 0.404±0.002 
RSNP2 27.29±2.36 98.72±0.52 0.891±0.002 0.984±0.002 0.987±0.005 6.730±0.108 0.417±0.004 
RSNP3 32.00±2.44 90.52±1.22 0.869±0.011 0.974±0.007 0.989±0.003 10.000±2.353 0.343±0.043 
RSNP4 32.67±1.75 96.61±0.36 0.877±0.008 0.971±0.005 0.972±0.018 9.369±0.458 0.358±0.010 
RSNP5 28.59±0.58 86.28±9.47 0.866±0.007 0.976±0.004 0.976±0.003 10.170±1.224 0.334±0.005 
RSNP6 31.18±0.16 89.92±1.58 0.826±0.018 0.956±0.007 0.978±0.001 9.827±0.070 0.351±0.005 
AL-RSNP 22.56±2.11 81.52±4.81 0.842±0.013 0.968±0.005 0.986±0.004 6.399±0.106 0.408±0.006 

Abbreviations: RSNP, Rosuvastatin-entrapped silica nanoparticles; AL-RSNP, Alginate-loaded rosuvastatin-entrapped silica nanoparticles; Q24h, % drug released after 
24 h; Q4w, % drug released after 4 weeks. 

* The composition of the prepared RSNP is found in Table 1. AL-RSNP is composed of Alginate matrix loaded with the selected Rosuvastatin-entrapped silica 
nanoparticle (RSNP2). 
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burst effect can be clearly seen in the initial 24 h (Q24h), responsible for 
the release of 27.29±2.36 to 32.67±1.75% of RSV load from the surface 
layers. The initial burst release was followed by a sustained release 
pattern (up to 4 weeks) attributed to the slow diffusion of RSV from the 
cores of the formed SNPs. The amount of RSV released at the 4-week 
mark (Q4w) ranged between 81.52±4.81 to 98.72±0.52%. Biphasic 
release pattern is characteristic of most nanoparticle delivery systems 
and SNPs are no exception (Mohseni et al., 2015). Meanwhile, around 
97.26±0.40% RSV was released from its suspension after 1 h, suggesting 
the suitability of the dialysis membrane used. 

From the data in Table 2, it was found that all formulations follow 
Korsmeyer-Peppas model with r2 values ranging between 0.972±0.018 
and 0.989±0.003 while n values, ranging from 0.334±0.005 to 
0.417±0.004, indicating fickian diffusion was the predominant release 
mechanism. One interesting note is that the release constant value (k) 
was directly proportional to PS values. Such correlation was apparent 
both on decreasing aqueous: alcoholic ratio (RSNP1 < RSNP3; P < 0.05 
and RSNP3 < RSNP5; P > 0.05) and on increasing TEOS concentration 
(RSNP2 vs RSNP1; P > 0.05, RSNP4 vs RSNP3; P < 0.05 and RSNP6 vs 
RSNP5; P < 0.05). From one hand, decreased hydrophilicity and 
increased alcohol content infer a reduction in the immiscibility gap 
between the hydroalcoholic solution and TEOS. On the other hand, 
increasing TEOS concentration allows for higher rates of hydrolysis, 
nucleation, and polycondensation. Both events led to increased forma
tion of SNPs with smaller PS and larger RSV content within the core 
layers. Since the release of RSV was determined to depend on the 
diffusion from the core, decreasing PS was coupled with slower overall 
release. 

Based on the results of PS measurements and in-vitro release, RSNP2 
was selected for further evaluation. It possessed the smallest PS 
(221.00±7.30 nm) while maintaining the most efficient drug release 
kinetics as indicated by the smallest k (6.730±0.108). 

3.1.4. Transmission Electron Microscopy (TEM) 
TEM image of RSNP2 is displayed in Fig. 3. As can be seen from the 

figure, SNP with non-uniform spherical shape could be observed. The 
detected particle was well-dispersed. 

3.2. Characterization of the prepared Alginate-based Silica Nanoparticles 
(AL-RSNPs) 

The selected formulation (RSNP2) was entrapped in AL matrix and 

prepared as hydrogel scaffold which was further evaluated. 

3.2.1. In-vitro release testing 
In-vitro release was repeated on the new AL-RSNP hydrogel scaffolds 

to check for alterations (if any) in the release behavior from the original 
RSNP2. As evident by the data in Table 2 and the curve in Fig. 2, RSV in 
the double entrapment system followed a bi-phasic release pattern 
similar to that of free RSNP formulations. The main difference however 
is that the double entrapment led to a significant reduction (P < 0.05) in 
the initial burst release (Q24h was 22.56±2.11% for AL-RSNP vs 
27.29±2.36% for RSNP2). Similarly, Q4w was significantly lowered (P 
< 0.05) in AL-RSNP (81.52±4.81%) against that of RSNP2 
(98.72±0.52%). The newly formed system is a dual-nanoparticle- 
hydrogel system, imposing a double-barrier system for RSV to cross. 
Addition of extra barrier (AL matrix) elongates the path crossed by RSV 
from the core of RSNP to the release medium which hinders drug release 
and is solely responsible for the reduction in Q24h and Q4w values. 

Korsemeyer-Peppas was established as the kinetic model that best 
describes the release of RSV from AL-RSNP scaffold, where r2 =

Fig. 2. Release profiles of the prepared rosuvastatin silica nanoparticles as well as the fabricated alginate-based hydrogel scaffold loaded with rosuvastatin silica 
nanoparticles in phosphate buffer saline (pH 7.4) at 37±0.2◦C. 

Fig. 3. TEM image showing the morphology of the selected rosuvastatin loaded 
silica nanoparticles (RSNP2). 
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0.986±0.004 and n = 0.408±0.006, suggestive of fickian diffusion as 
the predominant release mechanism. Such results were similar to those 
of RSNP2, indicating that the loading of the RSNP2 within AL matrix 
didn’t affect the release mechanism. The Korsemeyer-Peppas constant 
(k) decreased (6.399±0.106 for AL-RSNP vs 6.730±0.108 for RSNP2; P 
< 0.05) which is in agreement with the delay of release upon entrapping 
within AL matrix. 

3.2.2. In-vitro stability studies 
The in-vitro stability studies are essential in evaluating the effect of 

water on the fabricated hydrogel. Upon contact with water, hydrogels 
tend to absorb water, polymer chains are relaxed, and the hydrogel 
matrix swells (Chai et al., 2017; Eldeeb et al., 2022b). After certain 
swelling threshold, the hydrogel starts to degrade until the whole system 
collapses. Generally, the ability of the hydrogel to swell facilitates ex
change of O2, nutrients and other agents loaded within the matrix while 
auto-degradation enhances its safety profile and reduces the hassle of 
surgical removal after some period of time (Nan et al., 2019; Adel et al., 
2021). On analysis of the fabricated hydrogel (AL-RSNP), it possessed a 
swelling capacity of 78.02±2.64% after 2 weeks of immersion in PBS 
before reaching equilibrium. Such moderate swelling capacity can be 
attributed to the entrapment of RSNPs within the pores, leaving less 
space for water molecules to diffuse through. On the other hand, 
following equilibrium, the hydrogel started to degrade, reaching % 
weight loss of 28.77±0.99% at the 3-week mark, before it completely 
degraded thereafter. 

3.2.3. Fourier transform infrared spectroscopy (FT-IR) 
FT-IR spectra of all ingredients as well as of AL-RSNP hydrogel can be 

seen in Fig. 4. In the spectrum of RSV, a characteristic broad band at 
3372 cm− 1 is attributed to carboxylic OH group while the peak at 1551 
cm− 1 was due to the stretching CO group. Other absorption peaks can be 
seen at 1381 and 1153 cm− 1 due to the asymmetric and symmetric 
stretching sulfoxide group (T. A and A. MS, 2016; Sarfraz et al., 2017). 
The spectrum of Ch reveals broad band at 3287 cm− 1 due to the 
stretching of both OH and NH2 groups. At the same time, the broad band 
at 2881 cm− 1 is due to the stretching CH2 aliphatic group while the 
peaks at 1655 and 1157 cm− 1 representative of the vibrational amide 
group and the stretching C-O-C group (Varma and Vasudevan, 2020). 
TEOS spectrum revealed absorption peaks at 2978 and 1107 cm− 1 

representative of stretching CH aliphatic and CO groups, respectively 
(Rubio et al., 1998). As for AL, its spectrum reveals a characteristic 
broad band at 3352 cm− 1 due to OH group while the stretching vibra
tional peak at 2932 cm− 1 is caused by CH aliphatic. Other peaks include 
the asymmetric and symmetric stretching vibration at 1593 cm− 1 and 
1416 cm− 1 due to carboxylate group as well as the stretching vibration 
of CO at 1033 cm− 1 (Bajas et al., 2021). Investigating the spectrum of 
RSNP2 revealed the following. The stretching CH2 peak of Ch at 2881 
cm− 1 is present but those of the amide and C-O-C groups were shifted to 
a lower wavelength at 1647 and 1080 cm− 1, respectively. Similarly, 
stretching peak of CO group of TEOS was shifted to 1045 cm− 1. Such 
revelation might be attributed to the interaction between Ch and TEOS 
and the formation of silanol group in the newly formed SNPs. That can 
be confirmed by the appearance of several new peaks at 837, 991 and 
1138 cm− 1 representative of the symmetric stretching Si-O-Si (siloxane), 
the stretching Si-OH (silanol) and the asymmetric stretching Si-O-Si 
groups, respectively (Panwar et al., 2015). On the other hand, the 
spectrum of the physical mixture of RSNP2 revealed the same peaks of 
individual ingredients albeit at reduced intensity due to dilutional ef
fects. In the spectrum of AL-RSNP hydrogel, the characteristic peaks of 
the symmetric stretching Si-O-Si, stretching silanol and asymmetric 
stretching Si-O-Si groups, respectively, are present but with reduced 
intensity due to dilution of RSNP2 in AL matrix. On the other hand, the 
broad band of OH group of AL was shifted to 3383 cm− 1, suggesting 
possible hydrogen bond interaction between the AL matrix and the 
loaded RSNPs as well as ionic interaction with calcium ions (Adel and 

ElKasabgy, 2014). 

3.2.4. Differential scanning calorimetry (DSC) 
Thermograms of the investigated samples are shown in Fig. 5. For 

RSV, a sharp endothermic peak at 84◦C is characteristic of the drug and 
is caused by water loss (Shiralashetti et al., 2014; González et al., 2022). 
In Ch thermogram, two characteristic peaks are visible, an endothermic 
peak at 96◦C and an exothermic one at 222◦C representative of water 
loss and decomposition, respectively (Zhao et al., 2021). In the ther
mogram of AL, a broad endothermic peak is seen at 125◦C corre
sponding to loss of water while the two broad exothermic peaks at 246 
and 275◦C represent a two-step decomposition (Rao et al., 2013; Abu
lateefeh and Taha, 2014; Rhimi et al., 2022). The thermogram of RSNP2 
reveals a broad endothermic peak at 114◦C due to loss of physisorbed 
water. In the thermogram of the selected scaffold (AL-RSNP), all of the 
characteristic peaks of RSV and Ch disappeared while a new peak 
appeared at 132◦C representing moisture desorption from the formu
lated hydrogel while the sharp endothermic peak at 201◦C is brought by 
the melting of AL. (Padma et al., 2018) 

3.2.5. Scanning Electron Microscopy (SEM) 
Fig. 6. represents the SEM images of AL-RSNP hydrogel scaffold. The 

images show clearly the typical intertwining network of hydrogel scaf
folds owing to polymer chains entanglement. On polymer rigidification 
and crosslinking, a porous but extremely dense surface of networks has 
formed. This porous structure is essential for assisting the healing pro
cess (Elkasabgy et al., 2018). 

3.3. Gamma sterilization 

The % DC of sterilized AL-RSNP hydrogel remained above 90% 
(95.97±1.01%) and was insignificantly different (P > 0.05) from the 
non-radiated hydrogel (% DC = 97.60±1.40%). As for the similarity 
factor (f2), it was calculated upon completion of the release profile of the 
irradiated hydrogel and was equal 86.05±5.69, indicating there were no 
difference in release pattern owing to the irradiation process. Generally, 
when f2 is >50, the 2 hydrogels are considered in-vitro similar (Costa, 
2001). Therefore, the sterilization method used preserved the physico
chemical characteristics of the scaffold. Similar results were mentioned 
elsewhere (Abo Elela et al., 2017). 

3.4. In-vivo testing 

3.4.1. Visual evaluation 
The results of macroscopic evaluation can be seen in Fig. 7. and it 

summarizes as follows. At the end of the 1st week, a clear hematoma 
could be seen in the control group (GI) that was slightly raised above 
bone level. At the same time, in all other groups, the defect sites were 
filled with hemorrhagic areas and remnants of hydrogel discs. At the 2- 
week mark, the defect areas were noticed in GI and GII with ease but 
were hardly identified in GIII. Fibrous connective tissues started to form 
and were clearly visible in all groups albeit its level was slightly different 
among different groups. It was seen below the defect level in GI, at the 
defect level in GII and glistering above the defect level in GIII. By the end 
of the 3rd week, in GI, the defect site almost disappeared and was filled 
with whitish fibrous tissue that was raised above the bone surface. In the 
other groups, defect sites were hardly identified and stuffed with hard 
fibrous tissue. In GIII, the fibrous tissue was cartilaginous and homog
enous in color. 

Overall, the drug-laden hydrogel (AL-RSNP; GIII) was superior in 
restoring the normal structure of the bony fibrous tissue at a faster rate 
than other groups while the resulting tissue was harder and more ho
mogenous in color. 

3.4.2. Microscopical examination 
Images of microscopical examination can be seen in Fig. 8. At the end 
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Fig. 4. FT-IR spectra of (a) Rosuvastatin, (b) Chitosan HCl, (c) Tetraethyl orthosilicate, (d) Sodium Alginate, (e) The selected rosuvastatin silica nanoparticle 
(RSNP2), (f) Physical mixture of RSNP2, (g) Alginate-based hydrogel scaffold loaded with rosuvastatin silica nanoparticles (AL-RSNP). 
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of the 1st week, formation of fibrous connective tissue started in all 
groups with signs of hemorrhage and infiltration by mononuclear in
flammatory cells (stars). Necrotic tissue was evident at the control group 
(GI; black arrowhead). At the 2-week mark, larger numbers of inflam
matory cells infiltrated the defect tissues in all groups (stars) and 
necrotic tissue was spotted in the blank hydrogel group (GII; black 
arrowhead). Osteoblasts formation began in treatment group (GIII; red 
arrowhead). By the end of the 3rd week, all groups showed evidence of 
fibrous tissue with infiltration by inflammatory cells (stars). It is worth 
mentioning that GIII lacked any signs of necrotic tissue during the 3- 
week testing period. Newly formed bony tissue was only observed in 
GIII (green arrowhead). 

To conclude, the drug-loaded hydrogel (AL-RSNP; GIII) demon
strated enhanced rate of healing and bone tissue formation that was 
similar in structure to the original tissue, as was evident by osteoblasts 
appearance at the end of the 2nd week, bones visualization by the end of 
the 3rd week and absence of necrotic tissue. 

4. Conclusion 

Intrinsic ability of the body to heal damaged tissue is of utmost 
importance in mammalian survival. Nevertheless, the process is slow 
and very poor in restoring severely damaged tissues to their original 
structure and function. That have led to the emergence of tissue engi
neering (TE) where a scaffold is constructed and loaded with cells, 
bioactive cues, chemical agents, … etc., and implanted in the defect area 
to restore the normal structure and function of the tissue. Rosuvastatin 
(RSV) has long been used as cholesterol lowering agent. Similar to other 
statins, it has shown promising potential as a stimulant of tissue 
regeneration. Silica nanoparticles (SNPs) offer the advantages of tradi
tional nanoparticles named, small particle size, large surface area, 
enhanced cellular uptake and adds to that the biocompatibility and lack 
of toxic residues. The goal of this research was to assess the efficacy of 
RSV in bone TE while at the same time, achieving a sustained drug de
livery to the target tissue. That was made possible through incorporation 
of the drug within SNPs followed by loading the RSNPs into alginate 
hydrogel scaffold (AL-RSNP). The selected formulation (RSNP2) was 
composed of RSV dissolved in PG (0.2% w/v) and Ch dissolved in 

Fig. 5. DSC thermograms of (a) Rosuvastatin, (b) Chitosan HCl, (c) Sodium Alginate, (d) The selected rosuvastatin silica nanoparticle (RSNP2), (e) Alginate-based 
hydrogel scaffold loaded with rosuvastatin silica nanoparticles (AL-RSNP). 
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aqueous phase (0.1% w/v) in a ratio of 1 (alcoholic phase): 1 (aqueous 
phase). TEOS was added to the hydroalcoholic solution as silica source 
(20% v/v). RSNP2 possessed small particle size and exhibited sustained 
release pattern up to 4 weeks. Following, AL-RSNP hydrogel scaffold 
was characterized in-vitro using FT-IR and DSC that showcased the 
formation of nanoparticles, crosslinking of the polymer and thermal 
behavior of the hydrogel. SEM images illustrated the porous and 
extremely dense surface of the formulated AL-RSNP hydrogel scaffold. 
The results of in-vivo testing revealed the enhanced bone tissue forma
tion achieved with AL-RSNP. The newly formed tissue was homogenous 
in color and similar to the original tissue in structure. Future trans
lational research can be conducted to expand the use of the developed 

formulation in clinics. 
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