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Fabrication and In-vitro Characterization of 
Simvastatin-loaded Polycaprolactone/Hydroxyapatite 
3D Printed Scaffolds for Bone Tissue Engineering

Background: Three-dimensional (3D) printing application is a promising method for the 
development of cell-friendly bone substitutes with appropriate properties. In this study, we developed 
3D polycaprolactone (PCL)-based scaffolds by 3D printing technology, and the osteogenic 
differentiation of pre-osteoblast MC3T3 cells on these scaffolds was evaluated. 

Methods: Considering that PCL is naturally hydrophobic and lacks active interaction sites, oxygen 
plasma surface modification was carried out to provide a suitable hydrophilic surface for PCL-
simvastatin interaction. Different HA concentrations (0.5, 1, and 1.5 % w/v) were added to PCL 
scaffolds, and the scaffolds with 1% HA showed good printability with interconnected porosity.

Results: The mechanical properties exhibited an increase of 2.67 times in comparison to PCL 
scaffolds. The addition of HA and oxygen plasma treatment increased the hydrophilicity and swelling 
ratio, and the final PCL scaffolds with 1%HA and simvastatin (PHPB) showed the highest percentage 
of biodegradation with 36.65±3.75 (%) biodegradation ratio after 21 days. The biological studies 
indicated that surface modification of the PCL scaffolds provided a suitable hydrophilic platform for 
attachment, osteogenic differentiation, and proliferation of MC3T3 cells. 

Conclusion: It seems that PHPB scaffolds are promising for bone tissue regeneration applications.

Keywords: Polycaprolactone (PCL), Hydroxyapatite (HA), Fused deposition modeling 3D printing, 
Simvastatin, Bone tissue engineering
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Introduction

one disorders caused by bone infections, 
bone tumors, osteoporosis, and trauma are 
prevalent, with growing incidences due to 
aging, accidents, and obesity [1–3]. Con-
ventional therapies, including autografts, 
allografts, and xenografts, face limitations, 
such as scarcity, high risk of disease trans-

mission, and immune response [4, 5]. Tissue engineer-
ing promises to restore the normal function of cells and 
remodel the lost tissue or organs [6]. Tissue engineering 
seeks to develop tissue grafts for repairing bone defects 
using tissue engineering scaffolds through the utilization 
of cells, biocompatible natural or synthetic biomateri-
als, and bioactive molecules [7] biomaterials, cells and 
biomolecular signals to produce tissue constructs for 
tissue engineering. For bone regeneration, researchers 
are focusing on the use of polymeric and polymer/ce-
ramic scaffolds seeded with osteoblasts or mesenchymal 
stem cells. However, the design of high-performance 
scaffolds in terms of mechanical, cell-stimulation and 

biological performance is still required. This is the first 
paper investigating the use of an extrusion additive 
manufacturing system to produce poly(ε-caprolactone. 
To promote cell seeding, vascularization, and the flow 
of nutrients, oxygen, and cellular waste products, the 
scaffolds should have a highly porous, interconnected 
structure [8–10]. On the other hand, the surface chem-
istry of scaffolds should also be optimized to provide a 
suitable platform for cell attachment, proliferation, and 
differentiation [11]. Conventional scaffold fabrication 
methods cannot precisely control and tune the geometry, 
uniformity, pore size distribution, and interconnectivity 
of the scaffolds [12]. Also, these conventional methods 
cannot fabricate patient-specific scaffolds with specifi-
cally designed shapes. Along with accurate deposition, 
particular shape, tightly regulated size and porosity, high 
repeatability, resolution, cost-effectiveness, and cell 
distribution controllability, 3D printing technology has 
a strong capability to meet the shortages as indicated 
above [13, 14]. This technology is leading to a global 
revolution in the medical field and has attracted signifi-
cant attention in treating various diseases. Generally, 3D 
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Highlights 

● 3D-printed PCL/1% HA scaffolds showed the best printability, uniform interconnectivity, and a 2.6-fold increase 
in compressive strength compared to pure PCL.

● Oxygen plasma treatment significantly enhanced hydrophilicity and swelling, enabling effective simvastatin 
loading.

● The synergistic combination of HA, plasma modification, and simvastatin provides a highly effective platform 
for bone tissue engineering.

Plain Language Summary 

Most of the large bone injuries require supportive scaffolds that assist in the growth of new bone. Herein, we fabricated 
a novel 3D-printed scaffold made from a biodegradable polymer, polycaprolactone (PCL), hydroxyapatite (HA), a 
mineral naturally found in bone, and simvastatin, a drug known for stimulating bone formation. This study aimed at 
designing scaffolds that would not only be biocompatible but also actively capable of supporting bone regeneration. 
These scaffolds were printed with a highly porous structure, allowing the cells to enter, attach, and grow. Adding 1% 
HA to PCL enhanced structural regularity, hydrophilicity, and mechanical strength. Further, we treated the surface 
with oxygen plasma to make it more hydrophilic. This surface treatment aided in increasing the amount of simvastatin 
that the scaffold could hold. The modified scaffolds absorbed more water, degraded faster in a body-like environment, 
and became significantly stronger, more than double the strength of pure PCL. Drug-release studies demonstrated that 
simvastatin could be released over several hours. Biological testing showed that scaffolds containing both HA and 
simvastatin supported cell adhesion, proliferation, and bone-forming activity compared to PCL alone. Cell culture 
on the enhanced scaffolds led to higher levels of key markers associated with bone, more deposition of calcium, and 
stronger signs of osteogenic differentiation. This study demonstrated that a 3D-printed PCL scaffold incorporated 
with HA, plasma treatment, and simvastatin can support bone healing and may be an effective candidate for future 
applications in bone tissue engineering.

 Shahrezaee MH, et al. Potential Applications of PHPB Scaffolds for Tissue Regeneration JTRM. 2026; 1:E1007.

https://www.jregmed.com/


3

2026. Volume 1

printing is a process of rapid prototyping or an additive 
manufacturing approach to print bio-functional materials 
in a layer-by-layer fabrication using biomaterials from a 
computer-aided design (CAD) model [15].

PCL is a biocompatible and biodegradable synthetic 
polyester, which is mainly used in the fabrication of 3D 
bone scaffolds due to its good mechanical strength with 
high flexibility, high stability, low melting temperature, 
excellent printability, and ease of use [16]. However, the 
absence of bioactivity, biofunctionality, and poor hydrophi-
licity restrict its tissue engineering uses [17, 18]. Therefore, 
a good strategy to overcome these restrictions is to add al-
ternative bioactive biomaterials to PCL [19]. To encour-
age PCL’s bioactivity and cellular absorption, a variety of 
components, including different metals, oxides, polymers, 
biomolecules, and ceramic-based materials, can be added 
to PCL-based scaffolds [19]. Duymaz et al. [20] utilized 
PCL/gelatin with levan as a polysaccharide for the fabrica-
tion of 3D printing scaffolds. They indicated that the in-
creasing levan content promoted human osteoblast cells’ 
biocompatibility, proliferation, and adhesion. Juan et al. 
[21] applied beta-tricalcium phosphate (β-TCP) and bone-
decellularized extracellular matrix (dECM) in 3D-printed 
PCL scaffolds. PCL/-TCP scaffolds containing bone 
dECM exhibited superb cell seeding efficiency and prolif-
eration in vitro, as well as exceptional bone regeneration in 
vivo. In another work, PCL was blended with polyethylene 
glycol (PEG) as ink for the 3D printing of bone scaffolds. 
Increased hydrophilicity, cell proliferation, and total pro-
tein content were observed in the developed scaffolds [22]. 

The addition of inorganic fillers, such as hydroxyapa-
tite (HA), to polycaprolactone (PCL) can enhance its 
osteogenic activity and mechanical properties. The in-
corporation of HA is attributed to its ability to enhance 
affinity for ECM proteins, promote osteogenic differen-
tiation and mineralization, and exhibit comparable com-
position and morphology to the inorganic component of 
natural bone [23–25]. Roh et al. [26] added HA and MgO 
nanoparticles to PCL scaffolds. HA was used to provide 
osteoconductivity and improve compressive strength and 
biocompatibility. The results demonstrated that adding 
these nanoparticles enhanced mineralization and cellu-
lar interactions. On the other hand, simvastatin is widely 
used as a clinical statin drug to inhibit the occurrence 
of thrombosis. It was shown that simvastatin, as a very 
efficient drug, could promote osteoblast differentiation 
in vitro and enhance bone formation, and inhibit osteo-
clast resorption in vivo [27–29]. Rezaei et al. [30] used 
simvastatin-loaded graphene oxide embedded in PCL-
polyurethane scaffolds for bone regeneration. The results 
revealed that the addition of simvastatin improved the 

bioactivity of the scaffolds with additional cell support 
and alkaline phosphatase activity for hard tissue regener-
ation. Therefore, simvastatin can synergistically enhance 
osteogenic activity on a PCL/HA scaffold and HA. 

Oxygen plasma treatment is a promising method to cre-
ate active sites on the surface of polymers and increase 
the hydrophilicity of a polymer surface by introducing 
hydrophilic functional groups on the scaffolds’ surface 
[31]. Ghorbani et al. [32] demonstrated that the surface 
modification of PCL constructs with oxygen plasma en-
hanced the hydrophilic nature of the scaffolds and facili-
tated the simvastatin loading. 

Here, we proposed simvastatin coating applied to PCL/
HA scaffolds and 3D printed PCL/HA scaffolds. For 
simvastatin coating, the surface of PCL/HA scaffolds 
was functionalized using oxygen-plasma surface modifi-
cation. Surface structure, wettability, chemical structure, 
and mechanical properties of the scaffolds were charac-
terized. Additionally, cell culture, calcium deposition, 
gene expression, and flow cytometry analyses were used 
to assess the cell behavior of scaffolds.

Materials and Methods

Preparation of the PCL/HA composite ink

PCL (Shenzhen Esun Industrial Co, Ltd) was dissolved 
in chloroform (Merck, Darmstadt, Germany) at a con-
centration of 5% w/v. After the PCL pellets (P) dissolved 
completely, HA powders (2196, Merck) were individu-
ally added to the solution at three concentrations of 0.5 
(PH 0.5), 1 (PH 1), and 1.5 %w/v (PH 1.5), and homog-
enized using mechanical stirring [33]. Then, the obtained 
suspensions were subjected to ultrasonication at room 
temperature for 1 h. The prepared suspensions were cast 
on Petri dishes, allowing the solvent to evaporate. The 
obtained films were ground and used for printing.

3D printing of scaffolds

The scaffolds were created using a fused deposition 
modeling (FDM N2-3Dbioprinter, 3DPLCorporation, 
Iran, Tehran) 3D printing technology. P and PH films 
that had been ground were fed into the stainless steel 
nozzle (D=0.5 mm), and the temperature was increased 
to 70 °C. The 3D printing system had a pneumatic con-
troller (two bars) and three motion axes (x, y, and z). The 
following settings were made for the printing param-
eters: Temperature: 70 °C and print speed: 60 mm/min. 
The print-ready sub-models, measuring 10×10×3 mm, 
were created using AutoCAD software. 

 Shahrezaee MH, et al. Potential Applications of PHPB Scaffolds for Tissue Regeneration JTRM. 2026; 1:E1007.

https://www.jregmed.com/


4

2026. Volume 1

Surface modification with oxygen plasma and 
treatment with simvastatin 

Oxygen-plasma surface treatment was performed on 
3D-printed P and PH (P1H) scaffolds using a plasma 
generator (Diener, Germany) for 3 min under an applied 
oxygen power of 70 W, resulting in samples labeled PP 
and PHP, respectively. The PH and PHP samples were 
immersed in a simvastatin solution (5%w/v in ethanol) 
for 2 h and labeled PHS and PHPS, respectively [32]. 

Scaffold characterization

The morphologies of the 3D-printed scaffolds were 
analyzed using a scanning electron microscope (SEM) 
(S360-Cambridge). ImageJ software, version 1.46 (NIH, 
USA) was applied to measure pore size and porosity. 

The chemical structure of scaffolds and the efficacy of 
modifications were assessed through AT-Fourier trans-
form infrared spectroscopy (AT-FTIR) spectroscopic 
measurements. The measurements were conducted us-
ing a Bruker Vector 33 (Germany) in the reflection 
mode, within the spectral range of 400-4000 cm−1.

The present study employed sessile drop contact angle 
measurements to examine the wettability of scaffolds 
both prior to and subsequent to surface modifications. 
The CA 500A contact angle measuring device was used 
for this purpose. 

The swelling capacity of the samples was measured for 
24 hours. For this purpose, the 3D-printed scaffolds were 
weighed, immersed in falcons containing 20 mL Phos-
phate buffered saline (PBS), and transferred to a thermo-
shaker (37±0.5 °C). The samples were weighed again at 
each measuring time point (1, 3, 6, 12, and 24 hours). 
The swelling capacity of the samples was calculated ac-
cording to Equation 1 [34]. 

1. 1 0

0

( )(%) 100W WSwellingratio
W
−

= ×

W0 was the initial weight, and W1 was the wet weight 
of the specimen.

To measure the biodegradation rate of the samples, the 
dry scaffolds were first weighed to determine their initial 
weight and then soaked in PBS solution for 21 days. The 
PBS solution was refreshed every two days, and at the 
defined time points, the scaffolds were removed from 
the PBS solution and weighed. The biodegradation ratio 
was calculated using Equation 2 [35]:

2. 2 1

1

( )Biodegradationratio(%) 100W W
W
−

= ×

W1 was the initial weight and W2 was the weight of the 
biodegraded specimens at each time point.

The compressive mechanical properties of the P and 
PHPS samples (8×8×8 mm) were evaluated at room 
temperature using an STM20 testing machine (Santam 
Co). The crosshead had a load cell of 1000 N and moved 
at a speed of 1 mm/min. 

Drug release 

PHS and PHPS samples were immersed in 3 mL PBS 
(pH 7.4) solution at 37 in stirring conditions. Then, the 
release of simvastatin was analyzed at predetermined 
time intervals (5 min, 10 min, 20 min, 30 min, 1 h, 1.5 
h, 2 h, 3 h, 4 h, 5 h, 6 h, 7 h, 8 h, and 9 h) by ultraviolet-
visible (UV) spectroscopy (Biochorm Biowave2, USA) 
at a wavelength of 235 nm. 

Cell lines and cell culture

Pre-osteoblast MC3T3 cell lines were obtained from 
the Materials and Energy Research Center (MERC, 
Karaj, Iran) and were used for cellular investigations. 
The cells were cultured in DMEM-F12 medium (GIB-
CO Life Science, Great Island, NY) supplemented with 
10% FBS (GIBCO Life Science, Great Island, NY) and 
1% penicillin/streptomycin (GIBCO Life Science, Great 
Island, NY) for the purpose of the study. The cells were 
cultured at 37 °C (5% CO2) until they reached 80% con-
fluency, and then harvested. 

Osteogenic potential evaluation

Alizarin red staining (ARS), O-cresolphthalein com-
plexone (OCPC), and alkaline phosphatase (ALP) were 
performed to measure the osteogenesis of the MC3T3 
cells on the scaffolds. Calcium deposition was assessed 
by ARS staining and the OCPC assay. 

An OCPC assay was performed after 21 days of cul-
ture. The cells were subjected to lysis in a 0.5 M Eth-
ylenediaminetetraacetic acid (EDTA) solution followed 
by decalcification with 0.6 N HCl at 4 °C for 24 hours. 
Calcium concentration was measured using the Calcium 
Colorimetric Assay Kit (Sigma-Aldrich, Germany) at 
570 nm. 
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In order to perform ARS staining, the cultured cells 
were first fixed to the scaffolds for 30 min using 10% 
formalin. Then, the ARS solution (Sigma-Aldrich, Ger-
many) was added, and the mixture was incubated for 45 
min in the dark. After that, the stain (Sigma, USA) was 
dissolved in acetic acid for 15 minutes, and the absor-
bance was gauged at 405 nm. 

The evaluation of ALP activity was conducted using 
the p-nitrophenyl phosphate liquid substrate system 
(pNPP, Sigma-Aldrich) after 14 and 21 days. To achieve 
the desired outcome, the cells were broken down using 
a 0.5 M EDTA solution. Afterward, they were exposed 
to an ALP substrate solution for a period of 30 minutes. 
During the experiment, the absorbance was monitored at 
405 nm at 5-minute intervals. The Bradford method was 
used to report the normalized results. 

Immunostaining assay

Immunostaining was performed on cell-cultured scaf-
folds fixed with paraformaldehyde at 21 days. The cells 
were treated with 0.1% Triton X-100 for 30 minutes, 
followed by inhibition with 10% bovine serum albumin 
(BSA) for 1 hour at room temperature. The scaffolds 
were subsequently incubated in phalloidin solution for 
30 minutes to perform phalloidin staining. The phal-
loidin solution was prepared at a ratio of 1:40 in PBS 
and contained 10% BSA and 0.1% Triton X-100. DAPI 
staining was conducted to stain the nuclei. Fluorescence 
optical microscopy (Olympus, CKX53) was utilized to 
capture cellular images. 

Quantitative assay of gene expression

Reverse transcription polymerase chain reaction (RT-
PCR) analysis was used to determine the expression lev-
els of osteoblastic phenotypic markers after 14 and 21 
days. The cultivated cells were treated with the TRIzol 
reagent for this purpose. The suspension was then com-
bined with chloroform before being centrifuged (15,000 
rpm, 10 min). The supernatant was collected and RNA 
was precipitated by combining with isopropyl alcohol 
and centrifuging under the same conditions (15,000 
rpm, 10 min). Then, the stages of washing with 70% 
ethanol, drying, and dissolving in diethyl pyrocarbonate-
containing water were completed. The RNA was then 
extracted and cDNA was produced. Finally, PCR was 
performed using protein-2 (BMP-2) (forward primer: 
CAGGAAGTTGGTGAGCTGGTATA, reverse primer: 
TTGTGTTCGCCTGTAGTGCATA), ALP (forward 
primer: -TCT GAT GCAGGTCCCTATGGT, reverse 
primer: TTA TGG AGT AGCTTCTTCAC), and os-

teocalcin (OCN) (forward primer: AGCGTGGTAGT-
GTAGAGA, reverse primer: AGGGTAAGAGGTA-
AGAAG). 

Statistical analysis

GraphPad Prism software, version 6 (Prism 8™, trial 
version) was used for data analysis. The data were 
presented as Mean±SD and analyzed using a one-way 
ANOVA. A statistically significant result was defined as 
having a P<0.05. 

Results 

Characterization of 3D-printed scaffolds

As shown in Figure 1a, the P, P0.5H, P1H, and P1.5H 
constructs were fabricated using the 3D printing tech-
nique to optimize the HA content ratio in the scaffolds 
for further studies. The scaffolds showed cube-like pat-
terns with open and interconnected porous architectures, 
with a pore size of ~ 350 µm. The obtained pore size 
was optimal (100-400 μm) for osteoconductivity and 
bone regeneration [36, 37]. In the P, P0.5H, and P1H 
scaffolds, a defined and uniform architecture was ob-
served; however, in the case of P1.5H, the structure was 
deformed due to the aggregation of HA particles, which 
led to nozzle clogging and resulted in non-uniform print-
ing (Figure 1b). The optimum scaffold chosen was P1H, 
which was referred to as PH in the subsequent surface 
modification studies. 

The surface chemistry of the scaffolds was analyzed 
using FTIR, as depicted in Figure 2a. The P scaffold 
was utilized to detect peaks related to the PCL. The in-
frared spectrum exhibited peaks at 2949 cm−1 and 2864 
cm−1, corresponding to asymmetric and symmetric C-H 
stretches, respectively. The peaks detected at 1723, 
1241, and 1188 cm−1 were assigned to the functional 
groups of carbonyl (C=O), ether (C-O & C-C), and cy-
clic ether (symmetric C-O-C), respectively [38]. The PP 
scaffold analysis revealed an increase in peak intensity 
at approximately 1723 cm−1 (C=O bond) when treating 
PCL with plasma. Furthermore, the spectral data exhib-
ited two prominent peaks at 3443 and 1420 cm−1, which 
were assigned to the stretching vibrations of O-H and 
C-O-C bonds, respectively. The presence of these peaks 
was due to the oxygen plasma treatment that introduces 
the carboxyl and hydroxyl functional groups onto the 
PCL surface via breaking the ester bonds of PCL in the 
polymer chain [39] (Figure 2b). In the spectrum of the 
PH scaffold, the appearance of two peaks at 3448-3572 
cm−1 and 562-601 cm−1 can be attributed to OH and 
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(PO4)3 groups in HA, respectively, which were not pres-
ent in the P sample [40]. The chemical properties of PCL 
and simvastatin were found to be comparable. Howev-
er, in the PHPS FTIR spectra, the vibrations of the OH 
group and peak displacements for C=O and ester were 
observed between 1724 and 1730 cm−1, indicating the 
presence of the drug in the scaffold structure. 

As seen in Figure 3, the addition of HA led to a de-
crease in the contact angle from 72.4 for pure PCL to 
63.9 for the PH scaffold. Also, oxygen plasma led to a 
significant decrease in the contact angle to 40.7°. The 
PHPS scaffold exhibited a contact angle of 38.9.

The swelling capacity of the scaffolds was measured 
over 24 hours, and the results are demonstrated in Fig-
ure 4A. PCL showed only a 22.57±4.57% swelling ratio 
after 24 hours. In the HA-contained scaffolds, the swell-
ing ratio was increased to 117.35±11.75% after 24 hours. 
The PHPS sample showed a higher swelling ratio at all 
measurement points [41], and final swelling ratio reach-
ing 207.01±8.3%.

The biodegradability of scaffolds was measured by 
immersion in PBS solution, and the results are shown 
in Figure 4B. The percentage of biodegradation of scaf-
folds increased over time. Only 8.35±0.75% of P scaf-
folds were biodegraded within 21 days. After adding 

Figure 2. FTIR spectra of P, PP, PH, and PHPS samples (a) and the schematic of the proposed chemical reaction of the PHPS 
scaffold (b)

Figure 1. a) The created P, P0.5H, P1H, and P1.5H 3D printed scaffolds and their FESEM images, b) The 3D printing procedure 
used to fabricate the P, P0.5H, P1H, and P1.5H scaffolds 
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hydrophilic HA nanoparticles, the biodegradation rate 
reached 29.95±1.45% after 21 days. However, the PHPS 
sample showed the highest percentage of biodegradation 
among the samples, with its biodegradation ratio reach-
ing 36.65±3.75% after 21 days. 

The mechanical results (Figure 5) indicated that the P 
scaffold had a compressive strength of 5.27 MPa, which 
dramatically increased to 14.09 MPa in the PHPS scaf-
fold.

Drug release results

The drug release results of the prepared scaffolds are 
shown in Figure 6. It can be seen that the drug release 
followed a linear model. According to the drug release 
kinetics, there was no drug release in the first hour in the 
PHS scaffold. After that, the drug release occurred very 
slowly over 7 hours, reaching a maximum drug release 
of 3%. In contrast, in the PHPS scaffold, the drug release 
rate initially increased linearly with time, and 90.99% of 
simvastatin was gradually released after 8 hours. 

Biological properties of the 3D-printed scaffolds 

On days 14 and 21, the ALP expression level of the 
cells grown on the constructed scaffolds was assessed 
(Figure 7A). The P scaffold showed no significant 
changes in ALP activity over time, whereas ALP activity 
significantly increased after 14 days in the PH and PHPS 
scaffolds. The ALP activity of the PH and PHPS scaf-
folds was considerably greater than that of the P scaffold 
after 14 and 21 days of incubation.

As shown in Figure 7B and C, calcium deposition on 
the PH and PHPS scaffolds was higher than that on the 
pure PCL scaffold, with the most significant calcium de-
position observed in the PHPS group. 

Figure 8 shows that the cells were alive and had almost 
similar cell morphological structures of F-actin on the 
PH and PHPS scaffolds after 21 days of culture. The re-
sults demonstrated that the proliferation and distribution 
of cells were more homogeneous in the PHPS scaffold 
compared to the PH scaffold.

Figure 3. The contact angle measurement of P, PH, PP, and PHPS scaffolds
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Figure 4. The swelling ratio (A) and biodegradation ratio (B) measurements of P, PH, PP, and PHPS scaffolds (*P<0.05)

Figure 5. Mechanical investigation of P and PHPS scaffolds (*P<0.05)
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Figure 9 shows the expression of BMP-2, OCN, and 
ALP in the P, PH, and PHPS scaffolds. After 14 days, the 
expression of BMP-2, OCN, and ALP increased, which 
indicated osteogenic differentiation of MC3T3 cells into 
mature osteoblasts. After 21 days, although the expres-
sion of BMP-2 and OCN increased, the ALP expression 
reduced. 

Discussions

According to morphological observations, P1H was 
chosen as the optimum formulation for further stud-
ies due to its more uniform distribution of HA particles 

throughout the PCL scaffold compared to the other two 
samples. The interconnectivity of the scaffolds is an es-
sential parameter for new bone regeneration because of 
the host cell migration from the native bone and the mi-
gration of the neighboring osteoblasts [42]. Furthermore, 
the percentage of porosity is an important factor in the 
design of tissue engineering scaffolds, as it provides suf-
ficient space for cell migration, infiltration, vasculariza-
tion, and material transportation [42, 43]. The P1H scaf-
fold showed 70.3% porosity with interconnected pores, 
which is suitable for bone regeneration [44, 45]. 

Figure 6. Simvastatin releases from the PHPS scaffold over 9 hours

Figure 7. ALP activity (a), optical density (OD) values of ARS (b), and OCPC assay (c) of P, PH, and PHPS scaffolds (*P<0.05) 
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Figure 8. Fluorescence microscopy studies of F-actin organization (1st row), DAPI- labeled cell nuclei (2nd row), and the merged 
F-actin and DAPI (3rd row) of PH and PHPS scaffolds stained with phalloidin after 21 days

Note: DAPI staining of PH and PHPS scaffolds after 21 days. 

Figure 9. The expression of BMP-2, OCN, and ALP in the P, PH, and PHPS scaffolds (*P<0.05)
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As PCL has a bioinert and hydrophobic nature, the 
plasma surface modification technique can modify the 
chemical and biological performances of PCL [46]. 
Plasma is being widely applied to improve the hydro-
phobicity of a material or to add predefined functional 
groups on the surface of a construct for further modi-
fication [47]. The plasma procedure offers several ad-
vantages, including the absence of solvents, resulting in 
reduced chemical reagent usage. Additionally, the highly 
energetic species generated by the procedure can create 
sterile conditions [48]. Oxygen plasma treatments pro-
duce surfaces that contain hydroxyl groups, allowing for 
the achievement of more stable coatings on the polymer 
surface. Simvastatin coating was performed on the PH 
scaffold after oxygen plasma modification, as confirmed 
by FTIR results. 

The addition of HA led to a decrease in the contact 
angle, consistent with a previous study that attributed 
this to the hydrophilic nature of HA [49]. Furthermore, 
oxygen plasma treatment created active functional OH 
and COOH groups on the PH scaffold. The formation 
of hydrophilic bonds on the surface of PCL resulted in a 
higher interfacial adhesion tendency for molecular wa-
ter, biopolymers, cells, or other biological components. 
These results indicate the successful incorporation of 
HA and simvastatin into PCL scaffolds. 

Hydrophilicity affects the bio-performance of bioma-
terials, cell-biomaterial interactions, and the promotion 
of cellular adhesion and growth [50, 51]. The contact 
angle of the PHPS suggests that the combination of HA 
particles, plasma treatment, and simvastatin improved 
the hydrophilicity of PCL scaffolds. This improvement 
in the hydrophilicity of PCL was observed in a previ-
ous study by Ko et al. [52] after plasma treatment. The 
observed phenomenon may be attributed to the presence 
of hydrophilic moieties in both HA and plasma-treated 
surfaces. 

Swelling ratio and biodegradability are also important 
parameters in the design of bone tissue engineering scaf-
folds. Scaffolds act as a temporary biomimetic frame-
work of the ECM, which is replaced by cell growth and 
tissue repair [53].

The results of the swelling tests were consistent with 
the hydrophilicity evaluations. According to the results, 
all samples showed increased water absorption within 24 
hours. PCL did not exhibit much affinity for water mol-
ecules due to its relatively hydrophobic nature within 
this time frame [54]. However, HA-containing scaffolds 
presented a higher swelling ratio due to increased hy-

drophilicity. Surface modification with plasma created 
hydrophilic functional groups on the surface of the scaf-
fold, and facilitated the interaction with water molecules, 
thereby increasing the swelling ratio.

PCL had a low biodegradation ratio due to its hydro-
phobic nature and its high crystallinity [55]. After add-
ing hydrophilic HA nanoparticles, the biodegradation 
rate of scaffolds increased. PCL biodegradation oc-
curred in two amorphous and crystalline phases. Firstly, 
the amorphous phase and then the crystalline phase were 
degraded. The incorporation of additives, such as HA ac-
celerates PCL biodegradation from weeks to even days. 
The higher slope observed between 7 and 14 days in the 
PH and PHPS samples can be attributed to this accel-
eration of PCL biodegradation following the addition of 
HA [56]. The increased biodegradation in PHPS was due 
to the addition of hydrophilic HA nanoparticles and sur-
face modification with hydrophilic groups. According to 
the results of hydrophilicity and swelling ratio, the bio-
degradation results were as expected. The results of the 
swelling and biodegradation tests were consistent with a 
previous study on PCL/bioactive glass scaffolds, which 
found that plasma treatments and simvastatin loading 
enhanced the swelling capacity and accelerated the bio-
degradation rate [32]. 

The mechanical stability of scaffolds is also an essen-
tial factor for bone tissue regeneration [57]. This impor-
tance arises because growing cells may apply force, and 
shape changes in a mechanically weak scaffold can af-
fect the final tissue structure [58]. Mechanical tests were 
performed on the P and PHPS scaffolds. The compos-
ite PCL, with a bone-mimetic structure and a uniform 
distribution of bioceramic particles in the PCL polymer 
matrix, was chosen as a strategy to increase the mechani-
cal properties of PCL-based scaffolds [59]. The increase 
in the mechanical properties of PHPS can be primar-
ily attributed to the introduced HA nanoparticles [60]. 
Therefore, the results exhibited that the presence of HA 
in the PCL matrix improved the mechanical properties of 
the scaffold by approximately 2.67 times. This behavior 
may indicate that evenly distributed HA particles within 
the PCL matrix developed friction, enabling the PCL to 
sustain the load. 

The drug release profiles of the samples were modeled 
by the zero-order equation (Equation 3):

3. 0tQ Q kt= +
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Qt is the cumulative amount of drug released at a time 
“t”; Q0 is the initial amount of drug; k and t are the zero-
order constant and time in hours, respectively.

PCL is intrinsically a hydrophobic polymer, and the 
small amount of adsorbed simvastatin was due to the 
presence of HA in the PCL matrix. The interaction be-
tween the OH groups in the HA structure and the COOH 
groups in the hydrolyzed simvastatin structure facili-
tated the adsorption of simvastatin onto the PHPS scaf-
fold. Plasma treatment of the PH surface formed OH and 
COOH functional groups, which led to high adsorption 
of simvastatin on the surface through interactions be-
tween simvastatin molecules and the functional groups 
as active sites on the PHPS surface. 

Selecting the appropriate biomaterial for tissue engi-
neering scaffold fabrication, along with obtaining high 
cell adhesion, is a significant concern in this context 
[61]. ALP is an early marker of immature osteoblast 
activity and plays a vital role in forming bone minerals 
[62]. Both the production of extracellular matrix (ECM) 
and osteogenic differentiation depend on an increase in 
ALP activity. The combination of HA and simvastatin 
contributes to this increase, indicating osteoblast matura-
tion. HA is the main inorganic ingredient of bone tissue, 
and its high cell interactions are related to its bioactivity, 
osteoconductivity, and hydrophilicity [63]. The higher 
cellular interaction observed in the PHPS sample can be 
attributed to its greater hydrophilicity and swelling ratio. 
However, there was a decrease in ALP activity at day 21, 
indicating that the pre-osteoblast MC3T3 cells had dif-
ferentiated [64]. This level of ALP activity was 3.8 (PH) 
and 7.2 (PHPS) times higher than that of ALP in pure 
PCL (P) after 21 days.

Calcium is a crucial mineral that is indispensable for 
the survival of all living organisms. Its ability to se-
quester and release Ca2+ serves as a signal for numerous 
cellular processes. The differentiated osteoblasts from 
MC3T3s can deposit calcium in the ECM during the 
mineralization procedure [65]. Therefore, ARS staining 
and OCPC assay were performed to indicate successful 
ECM mineralization and to measure calcium deposition 
in the ECM on the scaffolds after 21 days. The results of 
calcium deposition suggest that the combination of HA 
and simvastatin had a greater impact on mineralization 
compared to the PCL scaffold alone. Additionally, the 
study found evidence of a synergistic effect between HA 
and simvastatin in promoting calcium deposition. The 
simvastatin-coated PH composite was found to enhance 
cell proliferation and osteogenic behavior, as confirmed 
by both ARS and OCPC.

The PHPS scaffolds exhibited improved cell adher-
ence due to the addition of HA to the PCL scaffold and 
the consistent application of simvastatin coating. Con-
sequently, the qualitative outcomes proved that cell 
growth, proliferation, and differentiation could all be 
supported by the PHPS scaffold within the scaffolds. 
Hydrophilic environments are a crucial factor in scaffold 
surface design within the field of tissue engineering. The 
modification of hydrophobic scaffolds has the potential 
to alter their surface properties, leading to enhanced cel-
lular attachment, growth, and proliferation [66]. This 
hydrophilic environment and osteogenic substrate were 
provided by the incorporation of HA and simvastatin 
into the PCL scaffold. 

The reduction in ALP expression after 21 days in the 
scaffolds may signify the terminal differentiation of os-
teoblast cells and their transformation from the differen-
tiation phase to the proliferation phase. BMP-2 is a se-
cretory signaling molecule that plays an essential role in 
the induction of osteoblast differentiation by influencing 
different osteoblast differentiation processes at different 
stages [67, 68]. Simvastatin could promote osteogenesis 
by activating osteogenesis-related signal transduction 
pathways. Furthermore, simvastatin enhanced osteo-
blast viability and differentiation by activating the Ras/
Smad/Erk/BMP-2 signaling pathway [28]. The effective 
mechanism of simvastatin in bone regeneration is related 
to enhanced BMP-2 expression and inhibited osteoclasts 
by blocking the prenylation of small guanosine triphos-
phatase (GTPase) proteins.

GTPase proteins exist in an inactive state, where they 
are bound to guanosine diphosphate (GDP) within the 
cytoplasm. During the cell activation phase, GTP is ex-
changed and transferred to a membrane form that is ac-
tive. In contrast, it is imperative for small GTPase pro-
teins to undergo prenylation in order to effectively attach 
to cellular membranes. The prenylated small GTPase 
proteins play a crucial role in activating osteoclasts and 
inhibiting BMP-2 synthesis and osteoblasts, by acting on 
downstream signaling pathways [61, 62]. Furthermore, 
the ALP enzyme is responsible for the provision of in-
organic phosphate, which is essential for the mineral-
ization process. The non-collagenous protein, OCN, is 
highly prevalent in bone tissue, particularly in osteoblast 
lineage cells, such as mature osteoblasts [63]. PHPS had 
a significant impact on the transcription of ALP, OCN, 
and BMP-2 in MC3T3-E1 pre-osteoblasts. Moreover, 
it has been suggested that the administration of simvas-
tatin may lead to an upregulation of the BMP-2 signaling 
pathway, which in turn could result in elevated levels of 
ALP and OCN activity. The findings of this study sug-
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gest that the addition of HA and simvastatin coating to 
the PCL scaffold can improve cellular responses, lead-
ing to increased cell proliferation and differentiation. 
HA presented a mimicked bioactive microenvironment 
of the native inorganic phase of bone tissue. On the other 
hand, simvastatin could accelerate mineral deposition. 

Conclusion

3D-printed composite PCL/HA/simvastatin (PHPS) 
scaffolds were fabricated using fused deposition model-
ing 3D Printing. Results indicated that scaffolds loaded 
with HA and simvastatin enhanced cell adhesion, prolif-
eration, and differentiation. Simvastatin-loaded scaffolds 
exhibited significant levels of biological activity and 
promoted biomineralization. The surface modification 
and the addition of HA to the PCL scaffold enhanced the 
hydrophilicity of the scaffolds, resulting in greater swell-
ing and biodegradation ratios. Simvastatin and HA both 
had beneficial effects on cell adhesion and proliferation 
compared to pure PCL in vitro, which can be attributed 
to their complementary actions, as well as the existence 
of a 3D structure with interconnected porosity. There-
fore, applications for bone tissue engineering may be 
possible for 3D-printed PHPS scaffolds. 
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