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Abstract
Objective: Rosuvastatin (RSV) is a hydrophilic, effective statin with a long half-life that stimulates bone regeneration. 
The present study aims to develop a new scaffold and controlled release system for RSV with favourable properties for 
bone tissue engineering (BTE).   
Materials and Methods: In this experimental study, high porous polycaprolactone (PCL)-gelatin scaffolds that contained 
different concentrations of RSV (0 mg/10 ml, 0.1 mg/10 ml, 0.5 mg/10 ml, 2.5 mg/10 ml, 12.5 mg/10 ml, and 62.5 mg/10 
ml) were fabricated by the thermally-induced phase separation (TIPS) method. Mechanical and biological properties of 
the scaffolds were evaluated by Fourier transform infrared spectroscopy (FTIR), scanning electron microscope (SEM), 
compressive strength, porosity, MTT, alkaline phosphatase (ALP) activity, water contact angle, degradation rate, pH 
alteration, blood clotting index (BCI), and hemocompatibility.   
Results: SEM analysis confirmed that the porous structure of the scaffolds contained interconnected pores. FTIR 
results showed that the RSV structure was maintained during the scaffold's fabrication. RSV (up to 62.5 mg/10 ml) 
increased compressive strength (16.342 ± 1.79 MPa), wettability (70.2), and degradation rate of the scaffolds. Scaffolds 
that contained 2.5 mg/10 ml RSV had the best effect on the human umbilical cord mesenchymal stem cell (HUC-MSCs) 
survival, hemocompatibility, and BCI. As a sustained release system, only 31.68 ± 0.1% of RSV was released from 
the PCL-Gelatin-2.5 mg/10 ml RSV scaffold over 30 days. In addition, the results of ALP activity showed that RSV 
increased the osteogenic differentiation potential of the scaffolds.    
Conclusion: PCL-Gelatin-2.5 mg/10 ml RSV scaffolds have favorable mechanical, physical, and osteogenic properties 
for bone tissue and provide a favorable release system for RSV. They can mentioned as a a promising strategy for bone 
regeneration that should be further assessed in animals and clinical studies. 
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Introduction
One of the vital clinical needs of tissue engineering 

is the reconstruction of fractures and congenital and 
trauma-induced bone defects that are larger than the 
critical size. These fractures and defects can lead to 
permanent functional disability if they do not fully 
heal (1). Tissue engineering can be used to design 
and manufacture biodegradable and biocompatible 
scaffolds in combination with various types of cells and 
biochemical agents to stimulate local bone formation and 
decrease healing time (2). The selection of appropriate 
materials is one of the main requirements to encourage 
optimal osteoblastic adhesion and differentiation for 
bone scaffolds (3, 4).

Various polymers are used in bone tissue engineering 
(BTE). Among them, polycaprolactone (PCL) is a 

linear aliphatic polyester and a hydrophobic synthetic 
polymer approved by the United States Food and Drug 
Administration that has attracted much attention (5). 
PCL is a biocompatible, flexible, thermoplastic, and 
biodegradable polymer. It has suitable stiffness and 
mechanical properties for bone applications. This 
polymer is affordable, easy to process, not carcinogenic, 
and has low immunogenicity. However, due to the 
slow degradation rate of PCL (about 2-4 years), lack of 
osteogenesis potential, and its hydrophobic nature, the 
PCL composite is generally used with other polymers and 
growth factors (6, 7).

Gelatin is a natural, hydrophilic polymer obtained 
from the incomplete hydrolysis of collagen. Properties 
of this polymer include low antigenicity, rapid 
degradation, favourable biocompatibility, availability, 
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cost-effectiveness, and the presence of an Arg–Gly–
Asp (RGD) sequence (7, 8). Gelatin reinforces cell 
adhesion due to these RGD sequences. Although gelatin 
has good cell adhesion, proliferation and differentiation 
properties (9), its use in tissue engineering applications 
has been restricted by low mechanical strength and rapid 
breakdown (7). 

Statins are specific inhibitors of 3-hydroxy-2-
methylglutaryl coenzyme A (HMG-CoA) reductase 
(an enzyme that limits the rate of cholesterol synthesis) 
that play a role in the treatment of hyperlipidaemia and 
atherosclerosis. Various studies have reported the effects 
of statins for osteoporosis, angiogenesis, osteogenesis, 
and modulation of inflammation (10, 11). Rosuvastatin 
(RSV) is a group of second-generation hydrophilic 
statins that play a role in reducing fat and preventing 
cardiovascular disorders (12). Due to its hydrophilic 
nature, RSV does not easily penetrate the bilayer 
lipid membrane of the cell and needs special carriers 
to enter the cells. In addition to its anti-inflammatory 
effects, RSV can stimulate osteogenesis, differentiate 
osteoblastic cells, and reduce oxidative stress (13). This 
statin helps to reduce inflammation by increasing nitric 
oxide production and inhibiting phosphorus selectin 
synthesis (14). RSV decreases the activity of osteoclasts, 
stimulates the differentiation of osteoblasts, and increases 
bone mineralisation. It increases bone morphogenetic 
protein (BMP)-2 expression and alkaline phosphatase 
(ALP) activity (10). BMP-2, as a bone-inducing factor, 
helps bone formation by increasing the transcription of 
bone-inducing genes and stimulates the differentiation 
of immature mesenchymal cells, including osteoblasts. 
Therefore, their use will be more favourable than 
expensive growth factors with a short half-life that may 
lead to immune stimulation (due to high molecular 
weight) (10, 15).

Various studies have shown the effect of oral 
administration of RSV on bone repair; however, due to its 
primary metabolism in the liver and low bioavailability 
(less than 20%), oral use of RSV does not provide a 
suitable effect on bone formation and sometimes leads 
to autoimmune myopathy, rhabdomyolysis, nausea, 
and hepatic injury (10). Therefore, RSV should be 
incorporated into scaffolds/carriers to optimize its 
efficiency (16). Monjo et al.  (13) used a collagen sponge 
that contained RSV and obtained the release of more than 
50% of RSV within three hours. Rezazadeh et al. (15) 
applied chitosan/chondroitin sulphate nanoparticles that 
contained RSV and integrated these nanoparticles into a 
heat-sensitive Pluronic F127/hyaluronic acid hydrogel to 
create an optimal release system for RSV. Their results 
showed that more than 60% of the drug was released 
within 48 hours and had a positive effect on the survival 
and proliferation of osteoblasts in the culture medium. 
Ibrahim and Fahmy (17) used RSV-containing collagen 
sponges to repair bone defects created in rat femurs. They 
observed the formation of new bone with higher mineral 
density in the rats.

The thermally-induced phase separation (TIPS) 
method is a desirable technique for the fabrication of 
bone scaffolds with interconnected pores. The basis of 
this process is the use of a change in thermal energy to 
convert the thermodynamically homogeneous polymer 
solution into polymer- and solvent-rich phases. Finally, 
a porous structure with interconnected pores is fabricated 
by extracting the solvent (18). Scaffolds with different 
morphologies can be obtained by controlling various 
parameters of the TIPS method, such as polymer type, 
solvent type, polymer concentration, temperature, and 
solvent or non-solvent ratio (8).

The present study aims to fabricate a novel scaffold 
and release system for sustained release of RSV. For this 
purpose, we intend to fabricate a PCL-gelatin composite 
scaffold that contains different concentrations of RSV 
using the TIPS method and evaluate the role of various 
RSV concentrations on the physical, mechanical, and cell 
behaviour properties of these scaffolds. Our results can 
provide an acceptable platform for BTE research.

Materials and Methods

In this experimental study, the chemicals used for the 
fabrication of the scaffolds included: PCL (mw: 80 000 
g/mol, Sigma-Aldrich Company, St. Louis, MO, USA), 
gelatin type B (mw: 180.155 g/mol, DNA Biotech 
Company, Tehran, Iran), and 1,4-dioxane (mw: 88.11 g/
mol, DNA Biotech Company, Tehran, Iran).

The Ethical Committee of Shahroud University of 
Medical Sciences, Shahroud, Iran approved this research 
(IR.SHMU.REC.1401.078).

Scaffold preparation 

The TIPS method was used to fabricate the scaffolds. 
For this purpose, we prepared a 5% (W/V) solution of 
PCL in 1,4-dioxane. Gelatin powder (25% W/W PCL) 
was added to the above solution. The resultant solution 
was stirred for 24 hours and sonicated for 20 minutes. 
Then, this homogenous solution was divided into six 
equal parts, and we separately added various amounts 
of RSV powder (0 mg/10 ml, 0.1 mg/10 ml, 0.5 mg/10 
ml, 2.5 mg/10 ml, 12.5 mg/10 ml, and 62.5 mg/10 ml) 
to the solution. The solutions were stirred for 4 hours. In 
order to perform an optimal phase separation, the above 
solutions were flash-frozen below the dioxane freezing 
point in a nitrogen tank, stored at -80°C for 24 hours, and 
then freeze-dried for 48 hours to form porous scaffolds by 
solvent sublimation. 

Scaffold characterization 

Fourier transform infrared spectroscopy analysis
Functional groups or surface chemical bonds on the 

scaffolds and the stability of RSV during the fabrication 
process were analysed using Fourier transform infrared 
(FTIR) spectroscopy. For this purpose, an FTIR 
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spectrophotometer (WQF-510A, Rayleigh, China) was 
used at a wavelength range of 1000-4000 cm-1.

Scanning electron microscope
The KYKY Technology scanning electron microscope 

(SEM, Beijing, China) was used to evaluate scaffold 
morphology. A coating of gold was applied on the 
scaffolds using a sputter cutter for 90 seconds at a 
current of 18 mA. Then, the samples were observed by 
SEM with an accelerating voltage of 18 kV. At least 20 
random measurements and their frequencies in each SEM 
image were checked by the ImageJ software (National 
Institutes of Health, Bethesda, MD, USA) to determine 
the pore size. 

Porosity assessment
The scaffolds were immersed in 10 ml of ethanol. 

Scaffold porosity was calculated using the liquid 
displacement method and the following equation:

porosity=(v1-v3)/(v2-v3 )×100

Where V1 is the initial volume of absolute ethanol, V2 
is the volume of ethanol after immersing the scaffold, and 
V3 is the remaining volume of ethanol after removing the 
scaffold. Each scaffold was evaluated in triplicate (18).

Weight loss assessment
The biodegradability of the scaffolds was evaluated 

by measuring their weight loss after 30 days. Scaffolds 
that had the same dimension (1 cm3) were weighed and 
immersed in 10 ml of phosphate-buffered saline (PBS) at 
37°C. Then, at specified time points, the scaffolds were 
extracted from the PBS, dried, and weighed. The amount 
of weight loss was calculated using the following equation:

Weight-loss (%)=(w1-w2)/w1 ×100

Where W1 is the initial weight of the sample, and 
W2 is their dry weight after extraction from PBS. The 
average values of three samples were considered for 
each group (19).

Wettability evaluation
A static contact angle measuring device (KRÜSS 

GmbH, Germany) was used to determine the wettability 
of the scaffolds. The average water contact angle values 
were recorded using deionized water (sessile drop method) 
in three parts of each scaffold after 10 seconds at room 
temperature (6).

Assessment of pH changes 
Different scaffolds with the same weights were immersed 

in simulated body fluid (SBF) at 37°C and pH=7.4 for one 
month. The pH of the solution was measured at different 
time intervals (7, 14, 21, and 30 days) using a Mettler 
Toledo pH metre (Greifensee, Switzerland) (6). 

Hemocompatibility 
Fresh human blood (2 ml) that contained the appropriate 

anticoagulant was diluted with normal saline (2.5 ml) to 
evaluate the blood compatibility of the scaffold. Three 
replications of each sample were placed in 96-well plate. 
Diluted blood (0.2 ml) was added to each well and the 
plate was placed in an incubator at 37°C for one hour. In 
the next step, the plate was centrifuged for 10 minutes at 
1500 ×g. The absorbance of the sample was measured at 
545 nm using an Anthos Microplate Reader (Biochrom, 
Berlin, Germany) by transferring the supernatant to a 
different 96-well plate. Normal saline (4 ml) with diluted 
blood (0.2 ml) was used as the negative control. The 
positive control sample consisted of 4 ml of distilled 
water with 0.2 ml of diluted blood (20). The following 
equation was used to calculate hemolysis:

Hemolysis %=(Dt-Dnc)/(Dpc-Dnc)×100

Where Dt, Dpc, and Dnc are the absorption of the sample, 
positive control, and negative control, respectively.

Blood clotting index
The samples were cut into disk shapes and placed in 

beakers. Then, the beakers were placed in a 37°C water 
bath for one hour. Next, we added 100 µl of blood that 
contained the anticoagulant to each sample. After five 
minutes, 20 µl of 0.2 mol/l calcium chloride solution 
was added. After five minutes, 25 ml of distilled water 
was gently added to the samples. The samples were kept 
at 37°C for five minutes. Finally, their absorbance was 
measured at 545 nm. The control group included 100 µl 
of blood along with 25 ml of distilled water (no sample). 
The blood clotting index (BCI) was calculated according 
to the following equation:

BCI=Asample/Acontrol ×100%

Where A sample is the absorbance value of each sample and 
A control is the absorbance value of the control group (21).

Compressive strength evaluation 

The mechanical properties of the scaffolds were measured 
under dry and wet conditions at room temperature using a 
mechanical testing machine (Zwick Roell, Germany) with a 
2N load cell and a speed of one mm/minute. The scaffolds 
were immersed in phosphate-buffered saline (PBS) for 
one hour to evaluate the mechanical properties under wet 
conditions. The samples were subjected to an increasing 
load until the strain reached 30%. The samples were cut into 
cylinders with a diameter and height of eight mm. Each test 
was repeated three times (22).

In vitro release profile of rosuvastatin 
We evaluated the RSV release profile by placing the 

scaffolds in 10 ml of SBF on a shaker located in an 
incubator at 37°C. At specific time points (1, 2, 3, 6, 
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12, 18, and 30 days), the supernatants were collected 
and the same volume of fresh SBF was added to the 
scaffolds. The concentration of RSV was measured 
using a UV spectrophotometer (Cole-Parmer UV/Visible 
spectrophotometer, USA) at a wavelength of 240 nm (10).

MTT assay
The direct MTT test was used to evaluate the cytotoxicity 

of the scaffolds. The scaffolds were sterilized by ultraviolet 
radiation at 254 nm (20 minutes on each side). Human 
umbilical cord mesenchymal stem cells (HUC-MSCs) 
were isolated from umbilical cord blood bags according 
to a previous study procedure (23) and used for this 
experiment. We placed the sterile scaffolds (with three 
replicates) in 96-well plate and then added 1×104 cells to 
each well. The cells were incubated for 24 and 72 hours 
at 37°C. The MTT solution in PBS (5 mg/ml) was added 
to each well at a specific time point and the plates were 
incubated at 37°C for 4 hours. A total of 150 µl of DMSO 
was added to each well to dissolve the formazan. Again, 
the plate was placed in a shaker incubator (in the dark) 
at 37°C for 20 minutes. A microplate reader (Biochrom 
GmbH, Berlin, Germany) set at a wavelength of 570 nm 
was used to record the absorbance of the resultant solution 
in each well (10). The following formula was used to 
calculate the survival percentage: 

survival percentage=ODe/ODb×100

Where ODe is the optical density of the sample, and 
ODb is the optical density of the blank.

Alkaline phosphatase activity 
ALP is a biochemical marker of osteoblasts that increases 

after osteogenic differentiation of HUC-MSCs (19). The 
scaffolds were sterilized with ultraviolet radiation at 254 
nm (20 minutes on each side) and placed in 48-well plate. 
Then, 104 cells per well of HUC-MSCs were seeded on 
the scaffolds. The scaffolds were incubated in osteogenic 
medium (Bio Idea Company, Tehran, Iran) for 21 days. This 
medium includes dexamethasone, sodium pyruvate, beta 
glycerol phosphate, and ascorbic acid in Dulbecco’s Modified 
Eagle’s Medium-Low Glucose medium that contained foetal 
bovine serum. The cells were continuously checked and the 
medium was replaced. ALP activity was evaluated according 
to the manufacturer’s instructions in the ALP kit (Delta. DP, 
Tehran, Iran). Briefly, on day 21, the scaffolds were washed 
twice with PBS and placed in 500 µl TritonX-100 (1%) 
for 30 minutes at 37°C. The cell lysate was collected and 
centrifuged at 3000 ×g at 4°C for 15 minutes. Then, 100 µl 
of the supernatant was transferred to a new microtube and 
the ALP premix solution (4:1 ratio of A:B solution) was 
added. After one- and 30-minutes incubation at 37°C, the 
absorbance of each sample was measured by a microplate 
reader at 405 nm. The amount of total protein was measured 
by the Bicinchoninic Acid Assay kit (BCA, DNA Biotech, 
Tehran, Iran) according to the manufacturer’s protocol. We 
placed 25 µL of each sample in the wells of 96-well plate 

(three duplications), and 75 µL of reagent (1:49 copper 
reagent to BCA reagent) was added. The plate was slowly 
shaken and incubated at 60°C for 60 minutes. The plates 
were cooled to room temperature, and the absorbance was 
measured at 562 nm. ALP activity values were normalized in 
terms of total protein.

Statistical analysis
GraphPad Prism software version 9 (GraphPad Software, 

Inc., USA) was used for statistical analysis. Data analysis 
was performed with one-way ANOVA, two-way ANOVA, 
and Tukey’s post hoc test for different groups (with three 
repetitions). P<0.05 indicate statistical significance. Low 
variables are described with mean and standard deviation.

Results 
Fourier transform infrared spectroscopy

Figure 1 shows the Fourier transform infrared spectroscopy 
(FTIR) spectra for the scaffolds. The PCL-Gelatin-0 mg/10 
ml RSV scaffold (black spectra) revealed characteristic peaks 
of PCL and gelatin: a peak at 2956 cm-1 (CH2 asymmetrical 
stretching), 2863 cm-1 (CH2 symmetrical stretching), 1731 
cm-1 (carbonyl group), 1642 cm -1 (amide I bond), and 1260-
1400 cm-1 (hydroxyl group). The addition of RSV revealed 
characteristic peaks at 3372 cm-1 (hydroxyl stretching), 1554 
cm-1 (aromatic c=c stretching), and 1440 and 1370 cm-1 (C-H 
bending) in the scaffolds that had various concentrations of 
RSV. This indicates the preservation of the RSV structure 
during the manufacturing process. The RSV bands became 
sharper with increasing concentrations of RSV. In addition, 
the position and intensity of the peaks also changed due to the 
hydrogen bond between the scaffold’s components and RSV.

Scanning electron microscope
Figure 2 shows SEM images of the scaffolds’ cross-

sections. The scaffolds had well-defined internal geometry, 
highly porous structure, and proper pore connectivity. The 
pore size of the scaffolds increased with increased RSV 
concentration, from 34  ±  4 µm in the PCL-Gelatin-0 mg/10 
ml RSV scaffold to 81 ± 1.8 µm in the PCL-Gelatin-62.5 
mg/10 ml RSV scaffold. 

Porosity assessment
Table 1 shows the percent of porosity of all the assessed 

scaffolds. The presence of the RSV did not cause any 
significant change in the percent of porosity of the 
scaffolds. In general, the scaffolds have sufficient porosity 
for the migration, growth, and proliferation of bone cells.

Weight loss assessment
Figure 3A shows the results of the degradation rate of 

various scaffolds at 7, 14, 21, and 30 days. The results 
show an increase in degradation rate over time. In 
addition, increasing the concentration of RSV, which is 
hydrophilic, can increase the degradation rate. However, 
the lower concentrations of RSV did not have a significant 
effect on the degradation rate.  
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Fig.1: Functional groups or surface chemical bonds on the scaffolds. FTIR spectra of the PCL-Gelatin-0 mg/10 ml RSV (black spectra), PCL-Gelatin-0.1 mg/10 
ml RSV (red spectra), PCL-Gelatin-0.5 mg/10 ml RSV (blue spectra), PCL-Gelatin-2.5 mg/10 ml RSV (green spectra), PCL-Gelatin-12.5 mg/10 ml RSV (purple 
spectra), and PCL-Gelatin-62.5 mg/10 ml RSV (orange spectra) scaffolds. The presence of gelatin, PCL, and the RSV functional groups indicates the stability 
of the components during the fabrication process. FTIR; Fourier transform infrared spectroscopy, PCL; Polycaprolactone, and RSV; Rosuvastatin.

Fig.2: Morphological evaluation of scaffolds. A. SEM images of the PCL-Gelatin-0 mg/10 ml RSV, B. PCL-Gelatin-0.1 mg/10 ml RSV, C. PCL-Gelatin-0.5 
mg/10 ml RSV, D. PCL-Gelatin-2.5 mg/ 10 ml RSV, E. PCL-Gelatin-12.5 mg/10 ml RSV, and F. PCL-Gelatin-62.5 mg/10 ml RSV scaffolds. Increases in the RSV 
concentration cause an increase in pore size. SEM; Scanning electron microscope, PCL; Polycaprolactone, and RSV; Rosuvastatin.
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Table 1: Physical characteristics of the scaffolds

Sample Porosity (%) Compressive 
strength  

Dry (MPa)

Young’s 
modulus 

Dry (MPa) 

Compressive 
strength 

Wet (MPa) 

Young’s 
modulus 

Wet (MPa) 

Pore size (µm)

PCL-Gelatin-0 mg/10 ml RSV 78 ± 1.4 5.8 ± 0.34 5.33 ± 1.5 5.68 ± 0.47 4.9 ± 0.98 34 ± 4

PCL-Gelatin-0.1 mg/10 ml RSV 78 ± 3.2 6.19 ± 1.35 5.39 ± 0.89 6.01 ± 0.14 4.9 ± 0.37 34.12 ± 2.1

PCL-Gelatin-0.5 mg/10 ml RSV 78 ± 6.7 6.72 ± 0.97 7 ± 0.2 6.34 ± 0.67 6.1 ± 1.21 37.92 ± 0.35

PCL-Gelatin-2.5 mg/10 ml RSV 79 ± 0.3 11.23 ± 0.47 10.22 ± 2.63 10.34 ± 1.02 9.76 ± 0.9 46 ± 5.4

PCL-Gelatin-12.5 mg/10 ml RSV 79 ± 0.87 14.264 ± 2.1 18.37 ± 0.95 12.02 ± 2.12 17.03 ± 0.81 62.11 ± 2.78

PCL-Gelatin-62.5 mg/10 ml RSV 79 ± 2.2 16.342 ± 1.79 24 ± 0.14 13.86 ± 2.62 22.73 ± 0.15 81 ± 1.8

Data are presented as mean ± SD. PCL; Polycaprolactone and RSV; Rosuvastatin.

Fig.3: Evaluation of RSV effect on various properties of scaffolds. A. Evaluation of the scaffold degradation rate after 7, 14, 21, and 30 days. B. The contact 
angle of the PCL-gelatin scaffolds that contain different concentrations of RSV. C. pH changes of aqueous media in contact with the scaffolds after 7, 14, 21, 
and 30 days. D. Hemolysis percent and E. BCI of the scaffolds (mean ± standard deviation, **; P<0.05, ***; P<0.001, and ****; P<0.0001).  RSV improved 
the degradation rate, wettability, and hemocompatibility of the scaffolds in a concentration-dependent manner. PCL; Polycaprolactone, RSV; Rosuvastatin, 
and BCI; Blood clotting index.

A B

EDC
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Wettability evaluation

As shown in Figure 3B, the addition of gelatin (as a 
hydrophilic component) to PCL decreased its contact 
angle from 118 to 101.7 degrees. In addition, the addition 
of RSV to the PCL-gelatin scaffold also reduced the 
contact angle in a concentration-dependent manner so 
that the PCL-Gelatin-62.5 mg/10 ml RSV scaffold had a 
contact angle equal to 70.2 degrees. 

Assessment of pH changes
Figure 3C shows the pH changes of the aqueous medium 

(SBF) in contact with the scaffold after 7, 14, 21, and 30 
days. More rapid pH changes occurred during the first 
two weeks, followed by a decreased rate of change. RSV 
acidified the pH of the environment, and this opposed the 
alkaline nature of gelatin.

Hemocompatibility 

Figure 3D shows the hemolysis percent of the scaffolds. 
The hemolysis percent of all groups was significantly 
lower than the positive control, which indicated their 
hemocompatibility. The addition of up to 2.5 mg/10 ml 
RSV decreased hemolysis from 5.47 to 1.43%, which 
improved the hemocompatibility of the scaffolds. Higher 
amounts of RSV decreased the hemocompatibility.

Blood clotting index 
Figure 3E shows the coagulation effect of the scaffolds 

according to the BCI. A lower BCI indicates a better 
coagulation effect and a faster coagulation rate. The drug-
free scaffold had a BCI of 13.11. The addition of RSV (up 
to 62.5 mg/10 ml) increased this value to 43.8. 

Compressive strength

The stress-strain curve and mechanical properties of 
the scaffolds are presented in Figure 4A and Table 1, 
respectively. Our results indicated that the RSV had a 
positive effect on the compressive strength of the scaffolds 
under both dry and wet conditions. The compressive 
strength increased from 5.8 ± 0.34 MPa for the PCL-
Gelatin-0 mg/10 ml RSV scaffold to 16.342 ± 1.79 MPa 
for the PCL-Gelatin-62.5 mg/10 ml scaffold.

In vitro release profile of rosuvastatin

Figure 4B shows the RSV-release profile of the PCL-
Gelatin-62.5 mg/10 ml RSV and PCL-Gelatin-2.5 mg/10 
ml RSV scaffolds at 1, 2, 3, 6, 12, 18, and 30 days. 
According to the graph, there was a continuous release 
of RSV from the scaffold for 30 days; only 37 ± 0.68% 
(62.5 mg/10 ml RSV) and 31.68 ± 1.02% (2.5 mg/10 
ml RSV) of the drug was released during this period. 
The scaffolds had a burst release during the first 12 days, 
which was related to the drug released in the surface 
pores of the scaffold. After that, the release continued 
gradually

Fig.4: Evaluation of RSV effect on various properties of scaffolds. A. 
Stress-strain curves of the PCL-Gelatin-0 mg/10 ml RSV (black spectra), 
PCL-Gelatin-0.1 mg/10 ml RSV (red spectra), PCL-Gelatin-0.5 mg/10 
ml RSV (blue spectra), PCL-Gelatin-2.5 mg/10 ml RSV (green spectra), 
PCL-Gelatin-12.5 mg/10 ml RSV (purple spectra), and PCL-Gelatin-62.5 
mg/10 ml RSV (orange spectra) scaffolds under dry conditions indicate 
a positive effect of RSV on compressive strength. B. RSV release profile 
from the PCL-Gelatin-62.5 mg/10 ml RSV and PCL-Gelatin-2.5 mg/10 ml 
RSV scaffold within 30 days indicate sustained release of RSV (n=3). RSV; 
Rosuvastatin and PCL:Polycaprolactone.

We evaluated the data using different formulas and 
mathematical models related to each kinetic (zero-order, 
first-order, and Higuchi). Our results indicated that the 
kinetics of drug release was attributed to the zero-order 
model, in which the amount of RSV released at a certain 
time (Qt) is calculated based on the initial amount of RSV 
in the solution (Q0) according to the following equation:

Qt=Q0+k0 t

Where k0 is a rate constant. Zero-order kinetics results 
indicated that a constant amount of drug was released 
from the surface of the scaffold per unit of time. The 
release graph shows a straight line with a positive slope.

A

B
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MTT assay
The cytotoxicity effect of these scaffolds on the survival 

of HUC-MSCs is shown in Figure 5A.  We noted that 
increasing the amount of RSV to 2.5 mg/10 ml resulted 
in an increase in cell survival rate after 24 and 72 hours 
compared to the scaffolds without drugs. However, the 
12.5 mg/10 ml and 62.5 mg/10 ml concentrations of RSV 
slightly reduced cell survival.  

Fig.5: Evaluation of RSV effect on biological properties of scaffolds. A. 
Cell  viability assay of HUC-MSCs cultured on the scaffolds after 24 and 
72 hours. B. ALP activity of MSCs after 21 days of culture with PCL-gelatin 
scaffolds that contain different concentrations of RSV (mean ± standard 
deviation, **; P<0.05, ***; P<0.001, and ****; P<0.0001). RSV improves 
the ALP activity of scaffolds in a concentration-dependent manner. MSCs; 
Mesenchymal stem cells, PCL; Polycaprolactone, RSV; Rosuvastatin, and 
ALP; Alkaline phosphatase.

Alkaline phosphatase activity
We evaluated the ALP activity to determine the 

osteogenic differentiation ability of the scaffolds that 
contained RSV. Figure 5B showed more ALP activity 
in the scaffolds that contained RSV compared to those 
without RSV and the sample without scaffold. Increasing 
RSV from 0.1 mg/10 ml to 62.5 mg/10 ml caused an 
approximately five-fold increase in ALP activity. RSV 
significantly increased osteogenic differentiation of the 
HUC-MSCs.

Discussion
The present study evaluated the PCL-gelatin-RSV 

scaffolds for use as a valuable tool for bone defect 
regeneration. We used the TIPS method to fabricate 
PCL-gelatin scaffolds that had different concentrations 
of RSV to assess the role of RSV in these scaffold 
characteristics.

RSV is a second-generation statin with seven to eight 
times the effectiveness of simvastatin and few side effects. 
It improves BMP-2 expression, ALP activity and bone 
formation, and delays osteoblastic apoptosis (17, 24). 
However, the primary metabolism of RSV in the liver 
has reduced its bioavailability after oral administration 
to less than 20%, and this does not have a good effect on 
osteogenesis. High doses of RSV cause an inflammatory 
response, cytotoxicity, and slow bone regeneration (11). 
Therefore, the preparation of suitable carriers for local 
administration of RSV can help to improve its performance, 
reduce side effects, and reduce the required dose.

In the present study, we used a PCL-gelatin composite 
as an RSV carrier for bone defect regeneration to take 
advantage of the positive effect of both components on 
bone tissue regeneration and ECM simulation. PCL is 
an inexpensive polymer with favourable mechanical 
properties of bone tissue, which is not desirable for use 
alone due to its hydrophobicity and low decomposition 
rate (7). Therefore, we used the PCL-gelatin combination 
to improve cell attachment and cell infiltration into the 
scaffold (more than 100 μm), create structures similar to 
trabecular bone, increase angiogenesis, and differentiate 
pre-osteoblast cells (8).

SEM images showed that the scaffolds had optimal 
interconnectivity and pore size to assist nutrient 
exchange, remove metabolites, and migrate bone cells. 
These scaffolds had about 78-79% porosity, which was 
in the range for cancellous bone (75-85%) and allowed 
the trabeculae matrix to penetrate the scaffold (25). The 
compressive strengths of the scaffolds were 5.8 ± 0.34 
to 16.342 ± 1.79 MPa, which is in the optimal range 
for cancellous bone (1.5-45 MPa)  and could prevent 
irritations and environmental damage (26).

The results of the drug release profile showed that 
only 31.68 ± 0.1% of the drug was released from the 
PCL-Gelatin-2.5 mg/10 ml RSV scaffold after 30 days, 
which indicated the potential of this system for slow, 
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local release of RSV. Therefore, these scaffolds could 
help bone regeneration during this period by making 
available a sufficient amount of RSV to the cells in the 
defect area. The resulting scaffolds had interconnected 
pores and uniform pore size, which made it possible to 
control degradation rate, porosity, pH changes, and pore 
size by changing the ratio of the components (PCL-
gelatin) (6). The scaffolds created a desirable tool for the 
continuous release of RSV; however, previous studies did 
not achieve this release profile. Monjo et al. (13) used a 
resorbable collagen sponge impregnated with RSV, which 
was fixed in the defect by a titanium implant in order to 
repair bone defects in rabbit tibia. The collagen sponges 
released 82.5% of the drug in only 24 hours, which caused 
toxicity and reduced bone volume at higher doses and 
caused insufficient drug availability to the healing cells 
during the treatment period. The high concentrations of 
released RSV caused an excessive increase in BMP-2 
expression and accelerated bone turnover, which did not 
leave enough time for bone mineralisation. Ibrahim and 
Fahmy (17) used polyelectrolyte sponges that consisted 
of chitosan-xanthan gum, polycarbophil, Carbopol®, and 
sodium alginate as a carrier for RSV to repair bone defects 
in rat femurs. They reported the release of 80% RSV from 
this carrier within eight hours.    

We performed a cytotoxicity test to determine the 
biological effectiveness and optimal concentration of 
RSV loaded in the PCL-gelatin scaffolds because of 
the slow-release rate of RSV from these scaffolds. The 
results showed that the slow-release profile of RSV and 
its beneficial effects resulted in cell survival after 72 
hours. However, concentrations above 2.5 mg/10 ml 
decreased cell survival. High concentrations of RSV 
prevent cholesterol production, which is an essential 
element for the maintenance of cell membrane integrity 
(16). Previous studies have shown that statins stimulate 
a cellular response and osteointegration, and their release 
kinetics can affect osteoblast differentiation (15). In 
agreement with our results, other groups have reported 
that concentrations of RSV greater than 10 μM reduced 
cell survival (24).

In addition, our results showed that ALP activity in the 
HUC-MSCs increased with increasing RSV concentration, 
which confirmed the findings of previous studies (13). In 
their study, Monjo et al. (13) removed the collagen sponge 
from the rabbit tibia to examine ALP activity in the 
wound fluid. The results showed that the increase in RSV 
concentration increased ALP activity. Since the chemical 
composition and biological abilities of the scaffold affect 
cell behaviour, it can be stated that increasing the amount 
of RSV by improving the wettability of the scaffold would 
increase cell adhesion and differentiation (27). In addition, 
increasing the amount of RSV leads to improvements 
in the mechanical performance and stiffness of the 
scaffold, which facilitates osteogenic differentiation (28). 
In addition, RSV uses the Wnt/β-catenin pathway for 
osteogenic differentiation of bone marrow-MSCs (in 
osteoporotic rats), which results in increased ALP activity. 

RSV reduces the breakdown of β-catenin, increases its 
accumulation in cells, and stimulates the proliferation 
of osteoblasts (29). High ALP activity indicates early 
mineralisation and remodelling of bone tissue, and it 
decreases with the cessation of bone matrix deposition 
and mineralisation in mature osteocytes.

The results of the weight loss analysis indicate that 
the hydrophilic nature of RSV enables more water to 
penetrate the scaffold and increase hydrolysis (30). After 
one month, 62.5 mg/10 ml RSV increased the rate of 
scaffold degradation from 14.5 ± 0.68% to 19.8 ± 1.37%. 
The scaffold degradation rate should be proportional to 
the bone regeneration rate (three months) and pure PCL 
has a degradation rate of 1.4% within 28 days (31), which 
may inhibit bone growth. Therefore, the presence of RSV 
could improve and impact the scaffold degradation rate.

The contact angle (wettability) of the scaffold is a critical 
parameter that determines the interaction of the scaffold 
with cells and proteins. According to previous studies, 
PCL has a high contact angle of about 118 degrees. Our 
results show that the addition of both gelatin and RSV, 
two hydrophilic components, to this scaffold helps to 
improve the contact angle and reduce the scaffold contact 
angles to 70.2 degrees, which enhances the cell-scaffold 
interaction. 

Our evaluation of pH changes in this study showed the 
effect of the residues released from the scaffold during 
degradation on the surrounding environment. If these 
changes are excessive, they cannot be adjusted by the 
cells and result in toxicity (32). Our results showed drastic 
changes in pH in the first two weeks due to the release 
of di-hydroxy monocarboxylic acid (RSV) present in the 
surface pores. The presence of RSV partially neutralized 
the alkaline nature of the gelatin. During the initial 
days of bone mineralization, the accumulation of acidic 
metabolites results in a decrease in the pH of the tissue 
to less than normal serum. Then, with the precipitation of 
minerals and increasing calcium, the pH becomes more 
alkaline (33). By taking into consideration the essential 
role of tissue pH in bone repair and mineralisation, the 
residues released from the scaffold should not cause 
severe pH changes. In addition to its biocompatibility and 
favourable degradation rate, the scaffold that contained 
2.5 mg/10 ml RSV also had small pH changes, which 
made it acceptable for bone tissue repair.

The amount of hemoglobin in the samples indicates the 
degree of red blood cell (RBC) membrane destruction. 
The hemolysis percent has an inverse relationship with 
the level of the scaffold’s hemocompatibility. Generally, 
hemolysis up to 5% is acceptable for scaffolds (34). 
Previous studies have shown that statins can cause acute 
hemolysis, but RSV does not lead to hemolysis due to its 
structural difference with other statins (Atorvastatin and 
Lovastatin) (35). This is compatible with our results that 
showed a decrease in hemolysis with the addition of up 
to 2.5 mg/10 ml RSV. However, our results showed that 
higher amounts of RSV could increase hemolysis. The 
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cholesterol content of the RBC membrane is a factor that 
determines the mechanics of RBCs and the behaviour of 
their membranes. Statins can affect the cholesterol content 
of the RBC membrane, and their high amounts cause cell 
membrane rupture and increase hemolysis. In the case of 
atorvastatin, it has been proven that this statin can soften 
RBCs and increase the risk of hemolysis due to its shape 
and charge (36).

Blood coagulation on the implanted scaffold is one of 
the critical parameters in tissue regeneration. In damaged 
bone repair, the clot creates a temporary matrix that helps 
with cell absorption, migration, and bone repair. Blood 
clots induce maturation, differentiation, and repair of bone 
tissue (37). Our results show that high concentrations of 
RSV can reduce the rate of clot formation. Statins, as a 
weak anticoagulant factor, cause downregulation of the 
coagulation cascade and reduce the expressions of tissue 
factors and thrombin production. By inhibiting HMG-CoA 
reductase, they disrupt the coagulation reactions by this 
enzyme and activate the protein C anticoagulant pathway 
(38). However, the presence of PCL-gelatin moderates its 
effect to some extent by controlling the drug release rate 
and its coagulation properties. Tran (39) showed that the 
blood cells penetrated the PCL scaffold and caused clot 
strengthening. Furthermore, the new bone is also formed 
from the edge of the defect towards the centre of the 
scaffold, which shows the role of clot guidance. In total, 
the BCI index of the scaffolds that contained the highest 
concentration of RSV was 57% lower compared to the 
control group, which indicated that the scaffolds increased 
the blood coagulation rate, but low concentrations of RSV 
could be more effective.

Conclusion 
This study evaluated the properties of PCL-gelatin 

scaffolds with different concentrations of RSV on 
bone healing. Our results show that the RSV had a 
dose-dependent positive effect on hydrophilicity, pore 
size, porosity, mechanical properties, weight loss, and 
hemocompatibility. The PCL-Gelatin-2.5 mg/10 ml RSV 
scaffolds have the best characteristics for BTE. The PCL-
gelatin combination provides a favourable release system 
for RSV and greater bioavailability than free RSV.
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