
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​:​​​/​​/​c​r​e​a​t​i​​
v​e​c​​o​m​m​​o​n​​s​​.​o​​r​​g​/​​l​i​c​​e​n​s​​​e​s​​/​​b​y​​-​n​c​​-​​n​d​/​4​.​0​/.

Noory et al. Journal of Biological Engineering           (2025) 19:48 
https://doi.org/10.1186/s13036-025-00514-y

Journal of Biological 
Engineering

*Correspondence:
Parastoo Noory
noory.parastoo@yahoo.com
Ahmad Reza Farmani
ahmadrezafarmani66@gmail.com
Jafar Ai
jafar_ai@tums.ac.ir; jafar_ay2000@yahoo.com
Naghmeh Bahrami
n-bahrami@sina.tums.ac.ir; naghmehbahrami@gmail.com

Full list of author information is available at the end of the article

Abstract
Despite the natural ability of bone repair, its limitations have led to advanced organic-inorganic-based biomimetic 
scaffolds and sustained drug release approaches. Particularly, dexamethasone (DEX), a widely used synthetic 
glucocorticoid, has been shown to increase the expression of bone-related genes during the osteogenesis process. 
This study aims to develop a hybrid 3D-printed scaffold for controlled delivery of dexamethasone. Hence, hybrid 
scaffolds were fabricated using a layer-by-layer 3D-printing of combined materials comprising polycaprolactone 
(PCL)-nanohydroxyapatite (nHA) composite, and DEX-loaded PCL microparticles embedded in the alginate-
gelatin hydrogel. Encapsulation efficiency, loading capacity, and in vitro kinetics of DEX release were evaluated. 
Osteogenic differentiation of human endometrial mesenchymal stem cells (hEnMSCs) on DEX-loaded hybrid 
scaffolds was assessed by evaluating osteogenic gene expression levels (collagen I, osteonectin, RUNX2), alkaline 
phosphatase (ALP) activity, and scaffold mineralization. The hybrid scaffolds exhibited favorable morphology, 
mechanical-properties, biocompatibility, and biodegradability, enhancing osteogenesis of hEnMSCs. DEX-loaded 
PCL microparticles within hybrid scaffolds exhibited a controlled release pattern and promoted osteogenic 
differentiation during the sustained release period through a significant increase in osteonectin and COL1A1 
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Introduction
Despite bone tissue has a restricted regenerative capac-
ity, the repair of bone defects exceeding the critical size 
resulting from tumor resection, infection, or trauma 
poses a major challenge in the domains of orthopedics 
and regenerative medicine [1–3]. Consequently, bone 
is often considered the second most transplanted tis-
sue [4]. The traditional gold standard for the treatment 
of bone defects has been the utilization of autologous 
and allograft bone grafts [5, 6]. Nevertheless, the limited 
availability of bone grafts, the occurrence of additional 
pain, and the risk of associated diseases have stimulated 
the development of tissue engineering as an alternative 
approach [5, 7]. This approach involves three essential 
components including stem cells, scaffolds, and growth 

factors, which work together to stimulate the human 
body towards regenerating bone and repairing bone 
defects [8]. Stem cells are a promising cell source for 
bone regeneration due to their ability to self-renew, pro-
liferate, and differentiate [9]. However, stem cells can also 
be involved in cancer and other pathological conditions 
[10–14]. Mesenchymal stem cells, particularly endome-
trial stem cells, have a high ability to proliferate, differen-
tiate, and promote angiogenesis. Endometrial stem cells 
are easy to harvest and do not cause pain, making them 
an attractive option for bone regeneration [15, 16].

Growth factors are essential small molecules in tis-
sue engineering, playing a crucial role in cell prolifera-
tion, migration, and differentiation [17]. Examples include 
fibroblast growth factors (FGF), vascular endothelial 

expression. Also, increased mineralization was demonstrated by SEM and alizarin red staining. This study proposes 
that drug-loaded 3D-printed hybrid organic-inorganic nanocomposite scaffolds are promising for advanced bone 
tissue engineering applications.

Highlights
	• Layer-by-layer 3D-printing was effectively applied to prepare a biomimetic combined structure composing 

hard composite (PCL-nHA) and soft hydrogel (Alg-Gel).
	• 3D-printing scaffolds were used to control the delivery of dexamethasone (DEX) to enhance bone repair.
	• DEX-loaded scaffolds promoted osteogenic differentiation and mineralization of human endometrial 

mesenchymal stem cells (hEnMSCs).
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growth factors (VEGFs), and platelet-derived growth fac-
tor (PDGF), which have demonstrated effectiveness in 
bone repair [18]. Similarly, osteogenic drugs have been used 
alone or in combination with growth factors to promote 
bone regeneration. Hence, both growth factors and drugs 
are integral components in the development of effective 
strategies for bone tissue engineering and regeneration [19, 
20]. Meanwhile, dexamethasone, a synthetic glucocorticoid, 
exhibits significant anti-inflammatory properties and exerts 
a substantial influence on the regulation of genes associ-
ated with osteogenesis, or the process of bone formation 
[21]. Studies have indicated that dexamethasone can stimu-
late the differentiation of progenitor cells into osteoblasts, 
thereby facilitating increased bone mineralization [22]. 
Therefore, the sustained release of dexamethasone from 
scaffolds represents a promising approach to promote bone 
regeneration, as demonstrated by several studies [23–25].

Polymers are promising biomaterials in designing con-
trolled drug delivery systems for tissue engineering appli-
cations [26–28]. Among synthetic polymers, PCL stands 
out as highly coveted for drug delivery applications due 
to its remarkable biocompatibility and degradability as it 
gradually breaks down within the human body through 
the hydrolysis of its ester connections [29–31]. Also, pre-
vious studies have demonstrated the stable and efficient 
release of drugs using PCL microparticles (PCL-MPs) 
[32–34]. However, when it comes to bone tissue engineer-
ing (BTE) applications, freely dispersed PCL-MPs may not 
be suitable. Moreover, hydrogels have great potential in 
drug delivery and bone regeneration [35]. Hence, incorpo-
rating PCL-MPs in hydrogel can be considered as a novel 
approach for improving controlled drug release and bio-
mimetic bone regeneration [36, 37]. Alginate is a natural 
polysaccharide known for its excellent biocompatibility 
and ability to be cross-linked in the presence of polyvalent 
cations, creating a suitable matrix for encapsulating biolog-
ical materials [38]. Pure alginate lacks cell-adhesive ligands 
for mammalian cells, but the addition of gelatin as a dena-
tured form of collagen enables cell adherence and adjusts 
hydrogel viscosity for extrusion and printing requirements 
[39]. For instance, Di Giuseppe et al. [40] have demon-
strated that the alginate-gelatin composite exhibits favor-
able viscosity for 3D printing. This composite possesses 
the capability to encapsulate drug-containing MPs and 
offers ease of cross-linking, along with suitable degradation 
characteristics in a porous and cohesive polymer structure, 
resulting in more stable drug release [41, 42].

Successful bone tissue engineering requires scaffolds 
with precisely controlled mechanical properties, includ-
ing sufficient compressive strength and elasticity and 
easy fabrication processes, in addition to effective drug 
delivery [43, 44].

Generally, 3D printed scaffolds possess desirable 
mechanical properties for bone tissue engineering [45]. 

Research indicates that 3D printed PCL composites espe-
cially those reinforced with HA nanoparticles exhibit 
mechanical properties that closely resemble those of nat-
ural bone [46–49]. This similarity is vital to prevent stress 
shielding and ensure effective load transfer during the 
healing process. Also, the precision of 3D printing tech-
nology allows for the creation of scaffolds with complex 
architectures that can be optimized for specific mechani-
cal and biological requirements. This customization is 
essential for developing scaffolds that not only support 
mechanical loads but also provide a conducive environ-
ment for tissue regeneration [50].

These scaffolds must also possess high and intercon-
nected porosity to facilitate vascularization and nutrient 
transport, promoting stem cell attachment, proliferation, 
and migration while maintaining adequate mechanical 
strength to withstand physiological loads [43]. Ideal scaf-
folds should also be osteoconductive and osteoinduc-
tive to enhance osteogenic differentiation [51]. Ceramic 
biomaterials, such as hydroxyapatite, have widely been 
used in BTE due to the predominantly mineral nature 
of bone tissue [52–54]. However, the organic phase of 
bone extracellular matrix (ECM) has led to the increas-
ing application of biopolymers in bone regeneration [55]. 
Meanwhile, Polycaprolactone (PCL), a biocompatible and 
biodegradable thermoplastic polymer, is widely used in 
additive manufacturing due to its favorable mechanical 
properties, including high mechanical strength and pro-
cessability [56–58]. However, PCL alone does not possess 
osteoinductive properties due to its low cell binding sites 
and hydrophobicity [59]. To enhance its functionality, 
researchers have explored combining PCL with calcium 
phosphate inorganic additives to create functional com-
posites [60]. Nanohydroxyapatite/poly(ɛ-caprolactone) 
(nHA/PCL) nanocomposites are fully biodegradable and 
have widely been investigated for their potential in BTE 
[61]. These nanocomposites have been shown to promote 
cell attachment, proliferation, and differentiation, mak-
ing them a promising option for bone regeneration [62]. 
Nanocomposites designed for bone regeneration, with 
their organic and inorganic components, have shown 
promising results in BTE [63].

Generally, various techniques exist for fabricating scaf-
folds. Amongst, 3D printing has garnered significant 
interest among researchers owing to its ability to pre-
cisely control the microstructure, porosity, and architec-
ture of scaffolds according to pre-designed patterns using 
CAD/CAM technology [64]. As a result, 3D printing has 
been widely employed in the fields of tissue engineering 
and drug delivery [65–67]. Numerous techniques exist for 
3D printing, with the extrusion method being the most 
commonly used [68]. The extrusion method stands out 
owing to its advantages comprising high printing speed 
and the ability to print multiple materials simultaneously 
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[69]. Despite the numerous benefits of 3D printing, 
the complexity of the bone structure and its layer-by-
layer composition has presented challenges in mimick-
ing its extracellular matrix (ECM) microstructure using 
3D-printed scaffolds [70, 71]. Consequently, techniques 
such as layer-by-layer technology have been widely uti-
lized in the development of bone tissue engineering scaf-
folds [72, 73]. Therefore, it seems that the combination of 
these methods, along with the layer-by-layer 3D printing 
approach, holds promise for the creation of scaffolds with 
controlled microstructure and biomimetic properties.

Hence, in this study, we used an alginate-gelatin hydro-
gel to encapsulate DEX-loaded PCL-MPs for a drug 
delivery system. Layer-by-layer hybrid scaffolds were fab-
ricated using a pre-designed CAD model and 3D printing 
technique. DEX, serving as a bone differentiation-induc-
ing factor, was loaded into PCL-MPs and printed within 
the alginate-gelatin hydrogel along with the hybrid scaf-
folds. The release of the drug from the MPs trapped in 
the scaffold was evaluated, and its osteogenic induc-
tion effects on endometrial mesenchymal stem cells 
(hEnMSCs) within the scaffold were assessed in vitro.

Materials and methods
Materials
The materials used in this research are listed as fol-
lows: Polycaprolactone (PCL, Mw = 80,000, Sigma-
Aldrich); Calcium chloride dihydrate (CaCl2, Merck); 
Alginic acid sodium salt (viscosity: 15–25 cP, 1% in 
H2O, Sigma-Aldrich USA); Gelatin (Type A, ~ 300  g 
Bloom, Sigma-Aldrich USA); Nano Hydroxyapatite 
(Size range < 20  nm, Apatech, Iran); Dimethyl sulfoxide 
(DMSO, Sigma Aldrich USA); Glutaraldehyde (Merck 
KGaA, Darmstadt, Germany); Paraformaldehyde (Sigma-
Aldrich USA); Dexamethasone (DEX, HPLC grade, 
≥ 98%, Sigma-Aldrich USA); Poly(vinyl alcohol) (PVA, 
Mw: 72,000, Merck Germany); Dichloromethane (DCM, 
CH2Cl2, Merck Germany); Simulated body fluid (SBF, 
1X, Partikan Biomaterial Group, Iran); Alizarin red kit 
(CM-0058, Lifeline Cell Technology Company, USA); 
Dulbecco Modified Eagle’s Medium (DMEM, Bioidea, 
Iran); Phosphate-buffered saline (PBS, Bioidea, Iran) tab-
let; Penicillin/streptomycin (Bioidea, Iran); Collagenase 
I (Sigma-Aldrich); Fetal bovine serum (FBS, Gibco BRL 
USA); Trypsin-EDTA 0.25% (1X, Bioidea, Iran); Dimethyl 
sulfoxide (DMSO, cell culture grade, DNAbiotech, Iran); 
Amphotericin B (Sigma-Aldrich); Gentamycin (Iran); 
Flask T-75 (Gibco); Flask T-25 (Gibco); Cell strainer 40, 
70, 100 (Gibco); Cell filter 0.2 (Gibco USA); ALP assay 
Kit (102 395 H917, Pars Azmun Company, Iran); Hydro-
chloric acid 37% (Merck Germany); hydroxide (NaOH, 
Merck Germany); cDNA synthesis kit (A101161, Par-
stous Company, Iran); RNA extraction kit (RiboEx, 
GA-301-001, GeneAll Biotechnology Company, Korea); 

DAPI (4′,6-diamidino-2-phenylindole, 1:300,000, Sigma-
Aldrich Company, USA).

PCL-DEX microparticles preparation
The fabrication method of PCL-DEX microparticles 
is according to our previous report [74]. Briefly, it can 
explain that PCL-DEX microparticles were prepared 
using a single oil-in-water (O/W) emulsion/solvent-
evaporation method. Initially, a mixture of dichlorometh-
ane (DCM), and ethanol (1:1, v/v) was used to dissolve 
5%, 10%, and 15% (w/w, relative to polymer weight) 
DEX [75], which was then combined with 5% (w/v) PCL 
(Mw = 80,000, Sigma-Aldrich) in DCM (1:3, v/v). The 
resulting mixture was sonicated for one minute at 45% 
amplitude with 0.5 s on/off using a Q500 sonicator from 
QSonica in Newton, CT. Then, 10  ml polyvinyl alcohol 
(PVA, 3% in distilled water), was added to the PCL-DEX 
solution, and the resulting mixture was sonicated for 
3 min at 50% amplitude with 0.5 s on/off. Next, the solu-
tion was mixed with 1.5 times the amount of 0.1% PVA 
and stirred (600  rpm) with a magnetic stirrer for 4 h at 
room temperature to evaporate the organic solvents. 
Finally, the solution was centrifuged at 12,000  rpm at 
4 °C for 4 min using a refrigerated centrifuge, three times, 
to eliminate any untrapped drug and PVA residue. The 
resulting MPs were resuspended in 2 ml of 0.5% sucrose 
in distilled water (w/v), transferred to a freezer at -80 °C 
for 24 h, and then subjected to freeze-drying.

PCL-nHA nanocomposite paste preparation
PCL-nHA (50:50, w/w) composite was synthesized by 
dispersing 1.65 g of nHA into 3 ml of DCM, followed by 
5  min ultrasonication (Q500 sonicator, QSonica, New-
ton, CT) to prevent nHA particle agglomeration. Subse-
quently, 1.65 g of PCL was added and the resulting slurry 
was continuously stirred in a sealed container overnight 
to attain homogeneity of the composite paste [76, 77].

MPs-Incorporating in Alg-Gel hydrogel preparation
In the study, 80 mg/ml alginic acid sodium salt (Sigma-
Aldrich USA) was dissolved in 25 mM CaCl2 solution 
in distilled water containing DEX-loaded MPs (DEX-
MPs) suspended at 1  mg/ml, followed by the dissolu-
tion of 90  mg/ml gelatin. The resulting prepolymerized 
hydrogel, which exhibited desirable 3D-printing viscos-
ity, was transferred to a plastic syringe with a 22-gauge 
blunt dispensing needle [42]. Furthermore, the presence 
of DEX-MPs in the 3D-printed composite hydrogel was 
visualized using FESEM (MIRA3TESCAN-XMU, Czech 
Republic).

Fabrication of hybrid 3D-Printed scaffolds
In this research, two scaffold design strategies were 
evaluated. The first design strategy involved creating a 
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layer-by-layer hybrid scaffold consisting of PCL-nHA and 
Alg-Gel-MPs layers (Hyb-1). The scaffold was built up to 
12 layers, with specific dimensions of 12.5 × 12.5  mm, a 
thickness of 0.5 mm, an inter-filament space of 0.5 mm, 
and a layer height of 0.2 mm. For the second strategy, a 
12-layer scaffold of PCL-nHA composite was designed 
with the same layer parameters as the first strategy, 
except that Alg-Gel-MPs were printed every other fila-
ment between the PCL-nHA filaments and every two 
layers (Hyb-2). The hypothesis was that the latter scaffold 
design would exhibit superior mechanical properties and 
adequate porosity.

For the experimental setup, a two-nozzle pneumatic 3D 
printer was utilized, which was set to a perimeter speed 
of 5 mm/s and a z-axis height of 0.2 mm. The PCL-nHA 
paste was extruded through a 21-gauge needle using an 
air pressure of 5–8 bar, while the Alg-Gel-MPs paste was 
extruded through another needle with 22-gauge and an 
air pressure of 6–8 bar. After printing each layer of Alg-
Gel-MPs, a 30-second pause was applied, and 2 M CaCl2 
solution was sprayed onto the hydrogel layer. This cross-
linking process through in situ layered spraying of CaCl2 
leads to improving structural integrity in Alg-Gel-MPs 
layers, which is crucial for facilitating the 3D printing 
of multi-layers, and creating hybrid scaffolds [78–80]. 
Moreover, other research groups have described the use 
of bioprinting techniques that employ hydrogels in con-
junction with a secondary nozzle. This secondary nozzle 
is utilized for the deposition of crosslinking agents or 
the application of a crosslinking solution via a spray-
ing mechanism [80, 81]. Following the procedure, the 
crosslinking process of the 3D-printed hybrid scaffolds 
was completed by immersing them in CaCl2 solution for 
20  min and 0.5% (v/v) glutaraldehyde solution for one 
hour. The scaffolds were then rinsed three times with PBS 
and freeze-dried for 24  h. The configuration of strands 
and the dimensions of porosities were observed using 
scanning electron microscopy (SEM, VEGA\\TESCAN-
XMU, Czech Republic).

Material characterizations
Encapsulation efficiency
The amount of DEX remaining in the waste PVA solution 
was used to evaluate the drug encapsulation efficiency 
of the MPs. The evaluation was carried out using a UV-
vis spectrophotometer (Perkin Elmer, USA) at λ-max 
242  nm, according to the calibration curve, to optimize 
the quality and effectiveness of the MPs in drug delivery. 
The percentage of drug encapsulation efficiency (EE) was 
calculated using Eq. (1):

	 EE (%) = 1 − DEX amount in supernatant

Initial DEX amount
× 100� (1)

All measurements were performed in three repetitions 
and the results are reported as average and standard 
deviations.

Size, FESEM, and zeta potentials
After freeze-drying, the microparticles were coated with 
a thin layer of Au-alloy (approximately 10 nm) and sub-
sequently analyzed for morphology and uniformity using 
field emission scanning electron microscopy (FESEM, 
MIRA3TESCAN-XMU, Czech Republic). Also, the par-
ticle size and zeta potential were determined by dynamic 
light scattering (DLS, Malvern Nano ZS ZEN3600). To 
conduct the DLS measurements, one milligram of mic-
roparticles was suspended in 50 ml of distilled water and 
transferred to a plastic cuvette. The sample was then sub-
jected to brief ultrasonication in an ultrasonic bath (JP-
010 S, Skymen, China) to prevent particle agglomeration 
before the analysis. DLS measurements were performed 
at 25  °C in three replicates to examine mean and stan-
dard deviation. Additionally, Fourier transform infrared 
(FTIR, NEXUS 670 Spectrometer, USA) spectroscopy 
was used to analyze the chemical structure of PCL-DEX 
microparticles, as well as PCL and DEX separately, to 
confirm the presence of DEX within the MPs. To carry 
out the analysis, the MPs were mixed with KBr, trans-
formed into a disk, and subsequently analyzed over the 
range of 4000–450 cm− 1 with a resolution of 1 cm− 1.

Drug loading
In order to determine the percentage of MPs in DEX, 
3 mg of MPs containing DEX were dissolved in 10 mL of 
dichloromethane (DCM) to completely degrade the MPs 
and release the drug. Next, 30 mL of phosphate-buffered 
saline (PBS) was added and stirred using a magnetic stir-
rer at 60 °C under a fume hood to completely evaporate 
the DCM and obtain a solution of PBS and DEX. The 
solution was then centrifuged at 12,000 rpm for 30 min 
at 4 °C, and the supernatant was analyzed at a maximum 
wavelength of 242 nm using a PBS blank. The drug load-
ing efficiency (DLE) percentage was subsequently calcu-
lated in Eq. (2):

	

DLE (%) =
Mass of DEX determined

in the microparticle

Mass of PCL−
DEX microparticles

× 100� (2)

It is important to note that all measurements were per-
formed in triplicate, and the reported results are pre-
sented as the average and standard deviation.

Drug release study
To assess the drug release pattern from the scaffold, 
the scaffolds (n = 3) were submerged in 5 ml of PBS and 
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maintained at 37 °C while being agitated at 100 rpm. At 
specified time intervals, the PBS was sampled, and an 
equal volume of fresh PBS was used to replace it. The 
released DEX was quantified at λ-max 242  nm using a 
UV-Vis spectrophotometer (Perkin Elmer, USA), follow-
ing the standard calibration curve of DEX.

Upon reaching the final time point, the printed scaf-
folds were crushed and dissolved in a solution com-
prising 5  ml of PBS and 5  ml of DCM. This mixture 
underwent 60  min of ultrasonication (Q500 sonicator, 
QSonica, Newton, CT), followed by stirring at 60 degrees 
until DCM completely evaporated, leaving behind a PBS 
solution containing the drug [74]. This resultant solution 
was subjected to three rounds of centrifugation at 4  °C 
for 30 min at 12,000 rpm, and the supernatant was then 
assessed at λ-max 242  nm using a UV-Vis spectropho-
tometer (Perkin Elmer, USA).

The total quantity of loaded dexamethasone included 
the sum of the concentration obtained after crushing and 
the cumulative concentration of DEX at the final time 
point. Subsequently, the graph representing the cumula-
tive percentage of drug release was derived using Eq. (3):

	

CDR (%) =

Amount of DEX
released at time (t)

Total amount of drug
in the system

× 100� (3)

To elucidate the drug release behavior of DEX from free 
MPs (MPs-DEX) and the MPs-DEX entrapped in the 
Hyb-1 scaffold (Hyb-1-MPs-DEX), the release profiles 
were fitted to various common kinetic models, namely, 
zero-order, first-order, Korsmeyer-Peppas, Higuchi, 
Hixson-Crowelland models [82]. The goodness-of-fit for 
each model was evaluated using the coefficient of deter-
mination (R²). The model equations and parameters are 
summarized in Table 4.

XRD, and FTIR spectrums
The chemical bonds and functional groups of the initial 
materials in the nHA-PCL and alginate-gelatin compos-
ites were identified using FTIR (FTIR, NEXUS 670 Spec-
trometer, USA). X-ray diffraction (XRD, D8 ADVANCE, 
Bruker, Germany), with CuKα radiation at 40  kV and 
30  mA, was utilized to identify the crystal phase of the 
components of the nHA-PCL composite. The scan was 
performed within a 2θ range of 5–80° at a scanning rate 
of 1°/min and a count time of 10 s.

Mechanical properties
The mechanical properties of the scaffolds were 
examined using a universal testing machine (STM-
20, SANTAM, Iran). Scaffolds with dimensions of 
12 × 12 × 12  mm³ (n = 5) were prepared and subjected to 

compression testing. A load cell with a capacity of 50 kN 
and a crosshead speed of 0.5 mm/min was used to per-
form the test.

Degradation study
The scaffolds (n = 4) were incubated in PBS at 37 °C for 12 
weeks, after which they were removed periodically every 
week, gently rinsed with distilled water three times, and 
oven-dried at 50  °C for 6 h. The dry weight of the scaf-
folds was measured and the weight loss was eventually 
calculated using Eq. (4):

	
Weight loss (%) = W0 − Wt

W0
× 100� (4)

Where Wt is the dry weight of the scaffold at time t and 
W0 is the initial dry weight of the scaffold before soaking.

Biological assessments
hEnMSCs isolation and characterization
hEnMSCs were isolated following the ethical guide-
lines of Tehran University of Medical Science, Iran (IR.
TUMS.MEDICINE.REC.1399.201). Biopsy samples were 
obtained from women aged 25 to 30 years, who provided 
informed consent. The samples were transferred to the 
laboratory in PBS supplemented with antibiotics. Follow-
ing washing and chopping, the samples were then incu-
bated in DMEM-F12 supplemented with collagenase I 
(2 mg/ml) at 37 °C and 5% CO2 for 30 min, with intermit-
tent shaking. After digestion, the samples were filtered 
through 70 μm and 40 μm cell strainers and subsequently 
centrifuged at 1200 rcf for 5 min. The resulting cell pellet 
was cultured in DMEM-F12 enriched with 10% FBS and 
1% penicillin-streptomycin. The medium was changed 
every three days, and hEnMSCs were passaged using 
trypsinization at 80% confluency [83]. For all experi-
ments, hEnMSCs at passage three were used. hEnMSCs 
were then characterized using flow cytometry for MSCs 
surface markers CD90 and CD105, as well as hematopoi-
etic cells surface markers CD45 and CD34.

Biocompatibility assessments (MTT)
Three groups of scaffolds were studied: PCL-nHA com-
posite scaffold (PCL-nHA), hybrid scaffold built through 
a layer-by-layer approach, incorporating PCL-nHA and 
Alg-Gel (Hyb-1), and layer-by-layer hybrid scaffolds 
incorporating microparticles loaded with dexametha-
sone (Hyb-1-DEX). To evaluate cell adhesion, the scaf-
folds in each group were sterilized with 70% ethanol 
for 30 min and exposed to UV radiation for 1 h on both 
sides. They were then prewashed in complete medium 
culture (CMC) supplemented with 10% FBS and 1% peni-
cillin-streptomycin and incubated overnight at 37 °C and 
5% CO2. The next day, the CMC was removed, and the 
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scaffolds were seeded with 0.3 × 106 hEnMSCs in 100 µL 
of CMC, allowing for a minimum of 4 h for cell-scaffold 
interaction. Following this, 1 mL of CMC was added, and 
the scaffolds were incubated for 5 days. Subsequently, 
hEnMSCs were fixed on the scaffold using 2.5% glutar-
aldehyde for 1  h, dehydrated with ethanol (30, 50, 70, 
90, and 96% sequentially) for 5  min each, and air-dried 
overnight at room temperature. The SEM (VEGA\\TES-
CAN-XMU, Czech Republic) technique was employed to 
observe the morphology of hEnMSCs on the scaffolds.

The MTT assay was conducted to evaluate scaffold 
cytotoxicity. Initially, hEnMSCs were seeded onto the 
scaffold (at a density of 10 × 103 cells per well in a 96-well 
plate) and incubated at 37  °C with 5% CO2 for 1, 3, and 
5 days. Subsequently, the culture medium was replaced 
with 100 µl of RPMI containing 10% (v/v) MTT, followed 
by a 4-hour incubation period. Afterward, the RPMI 
solution was aspirated from each well and transferred to 
a separate 96-well plate, and 100 µl of DMSO was added. 
The plate was agitated for 5 min, and the absorbance at 
a wavelength of 570  nm was measured using an ELIZA 
reader (ELX808, Bio-Tek, USA).

Alizarin red staining
Alizarin Red staining (ARs) was performed to evaluate 
calcium deposition as an indicator of successful differ-
entiation of hEnMSCs into osteoblasts using both direct 
and indirect procedures.

In the direct method, scaffolds were seeded with 
10 × 104 MSCs in a 24-well plate, and the medium was 
changed every 3 days until days 14 and 21. At each 
time point, the medium was discarded, and the scaf-
folds were rinsed with PBS, fixed with 4% paraformal-
dehyde (Sigma-Aldrich USA) at room temperature for 
1  h, and subsequently stained with ARs (2% in distilled 
water, pH = 4.1–4.3) for 45 min. The scaffolds were then 
photographed and observed using an inverted micro-
scope after being rinsed with distilled water (3 times). 
To quantify staining, 10% acetic acid was added to the 
wells and incubated at room temperature for 30  min to 
extract ARs bound to calcium deposits and subsequently 
neutralized using 10% ammonium hydroxide. The plate 
was examined at a wavelength of 405 nm, and the opti-
cal density (OD) obtained was subtracted from the OD 
obtained from the control group (unseeded scaffold). The 
results were quantified using a calibration curve based on 
known concentrations of ARs. The tests were performed 
in triplicate.

Moreover, in the indirect method [84, 85], scaffolds 
in different groups were incubated with medium in a 
24-well plate at 37 °C with 5% CO2 for 7, 14, and 21 days. 
On the other hand, MSCs were cultured (60 × 103 cells 
per well) in another 24-well plate and treated with scaf-
fold extraction when they reached 90% confluency. The 

medium was substituted with scaffold extraction every 
three days, and a fresh medium was added to the scaf-
fold wells. At each time point, MSCs were gently washed 
with PBS and fixed with 4% paraformaldehyde (Sigma-
Aldrich USA) at room temperature for 1 h. Subsequently, 
they were stained with Alizarin Red (2% in distilled water, 
pH = 4.1–4.3) for 45 min after rinsing with distilled water 
twice. Alizarin Red was then removed, and the cells were 
washed twice with distilled water. 1 ml of PBS was added 
to each well for visualization and photography using an 
inverted confocal microscope.

In vitro bioactivity analysis
The formation of apatite nuclei was determined using 
simulated body fluid (SBF). The required amount of SBF 
for each scaffold was calculated by Eq. (5) [86]:

	 Vs = Sa/10� (5)

where Sa represents the apparent surface area of the 
scaffold (mm2), and Vs represents the required amount 
of SBF (ml).

The scaffolds were incubated with SBF in sealed plas-
tic bottles and kept at 37  °C for 7, 14, 21, and 28 days. 
At each time point, the samples were taken out, rinsed 
gently with distilled water, and then dried in a desiccator. 
Apatite crystal precipitation was subsequently observed 
using FESEM (MIRA3TESCAN-XMU, Czech Republic), 
and the chemical composition was analyzed by Energy 
Dispersive Spectroscopy (EDS).

Gene expressions
The gene expression levels of collagen I (COL1A1), 
osteonectin (OST), and RUNX2 were evaluated dur-
ing osteogenesis differentiation at 14 and 21 days. RNA 
was extracted from MSCs cultured on 3D-printed scaf-
folds using a GeneAll® RiboEx RNA extraction solu-
tion (GeneAll Biotechnology, Korea) and then reverse 
transcribed into cDNA using a reverse transcription kit 
(Parstous Company, Iran). Real-time PCR reactions were 
performed using specific primers targeting COL1A1, 
OST, and RUNX2 genes. The PCR program involved 
cycling stages of denaturation, annealing, and exten-
sion. The expression levels of the genes were determined 
using the comparative threshold cycle (Ct) method. The 
obtained data were subsequently analyzed to assess the 
osteogenic differentiation of hEnMSCs based on the 
expression levels of these genes. Primers were used for 
gene expression study are presented in Table 1.

Alkaline phosphatase assay (ALP)
Alkaline phosphatase, an enzyme highly expressed in 
the early stages of osteogenic differentiation, serves as 
an indicator for differentiating MSCs into osteoblasts. 



Page 8 of 27Noory et al. Journal of Biological Engineering           (2025) 19:48 

ALP enzyme activity was measured according to the 
standard method of the German Biochemical Society 
(DGKC) using the kit from Pars Azmoun (Iran). In this 
method, the sample ALP enzyme hydrolyzes the color-
less substrate 4-nitrophenyl phosphate-4 (NPP) at pH 
10.3 and a temperature of 37 °C, converting it into yellow 
4-nitrophenol.

First, the culture medium was collected from the sam-
ples. The cells were washed with PBS and lysed with a 
specific volume of lysing solution. The protein concentra-
tion in a specific volume of each sample was measured 
using Bradford solution. The same amount of protein was 
used to measure the enzyme activity. After preparing the 
working solution according to the kit instructions, 100 µl 
of the working solution were added to a specific vol-
ume of the sample. The changes in color intensity were 
read over several minutes with a spectrophotometer at 
405 nm (ELISA reader Bio Tek ELx808). The final result 
of the enzyme activity level is reported based on the 
extracted protein.

Immunocytochemistry analysis
Immunocytochemistry (ICC) staining was performed on 
hEnMSC-seeded scaffolds. The scaffolds were fixed with 
4% paraformaldehyde for 15  min at room temperature 
to preserve the cellular structure. Permeabilization was 
done using 0.2% saponin in a blocking buffer (10% goat 
serum, 10 mM Hepes, 10 mM glycine in RPMI 1640) for 
15  min at room temperature, followed by washing and 
blocking for 1 h at room temperature. Specific antibodies 
against OST were then incubated with the cells overnight 
at 4  °C after dilution in the blocking buffer. After three 
PBS washes, the cells were exposed to secondary anti-
bodies conjugated with Alexa488 (Invitrogen, 1:100 dilu-
tion). Slides were mounted with Prolong Gold anti-fade 
reagent containing DAPI for preservation and photo-
graphed using inverted fluorescence microscopy (Leica, 
TCS SP-8, Germany).

Statistical analysis
Statistical analysis of the groups was performed using 
SPSS version 2023 software. ANOVA software was 
employed to compare between groups, supplemented 
with Tukey’s test. The results were reported in terms 
of mean and standard deviation. Statistical signifi-
cance levels of *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 were 
considered.

Results
Characterization of DEX-MPs
DEX-MPs were synthesized through a water-in-oil sol-
vent evaporation/extraction technique. To ensure the 
optimal manufacturing process for achieving desir-
able morphology, particle size (PS), and higher values of 
encapsulation efficiency (EE) and drug loading (DL) of 
the DEX-MPs, we conducted various experimental tests. 
Initially, we adjusted various drug-to-polymer ratios 
(1:20, 1:10, 3:20) to optimize encapsulation efficiency 
percentage, drug loading percentage, and particle size. 
The summarized results are presented in Table 2. Among 
these ratios, the 3:20 ratio exhibited significantly higher 
percentages of EE and DL compared to other drug-to-
polymer ratios. Consequently, the 3:20 ratio was selected 
for subsequent tests.

Also, the zeta potential results show that DEX-free MPs 
have a value of -27.7 ± 0.99, whereas DEX-MPs exhibit 
a significantly lower value of -31.65 ± 0.07 (p < 0.01) 
(Fig.  1c). This decrease in zeta potential indicates an 
increase in the negative surface charge upon drug load-
ing. More negative zeta potential is advantageous as it 
enhances the stability of DEX-MPs by promoting repul-
sion between particles, preventing aggregation, and 
maintaining their dispersed state. This stability is crucial 
for achieving controlled drug release and targeted deliv-
ery to hEnMSCs. The morphology of MPs was evaluated 
using FESEM after freeze-drying. The MPs displayed a 
spherical shape, uniformity, and a smooth surface post 
freeze-drying (Fig.  1a). Particle size distribution (PSD) 
analysis conducted through DLS (Fig.  1b) revealed a 
range of particle sizes from 0.24 to 5.58 μm, with a domi-
nant mode observed at 1.17  μm, aligning perfectly with 
the FESEM findings.

Table 1  Primer sequences for genes in RT-qPCR
Gene name Sequence An-

neal-
ing 
temp

Prod-
uct 
size 
(bp)

Osteonec-
tin (OST)

For: 5’- ACATCGGGCCTTGCAAATAC − 3’ 60 122
Rev: 5’- GTTGTCCTCATCCCTCTCAT − 3’

Collagen I 
(COL1A1)

For: 5’- GTGCTAAAGGTGCCAATGGT − 3’ 60 128
Rev: 5’- ACCAGGTTCACCGCTGTTAC − 3’

RUNX2 For: 5’- TAGGCGCATTTCAGGTGCTT − 3’ 60 105
Rev: 5’- TGCATTCGTGGGTTGGAGAA − 3’

GAPDH For: 5’- CTCATTTCCTGGTATGACAACG − 3’ 60 122
Rev: 5’- CTTCCTCTTGTGCTCTTGCT − 3’

OST, Homo sapiens secreted protein acidic and cysteine rich (SPARC); COL1A1, 
Homo sapiens collagen type I alpha 1 chain; RUNX2, Homo sapiens RUNX family 
transcription factor 2; GAPDH, Homo sapiens glyceraldehyde-3-phosphate 
dehydrogenase

Table 2  EE, DL and PS of PCL-microparticles. In the drug/
polymer ratio of 3:20, the highest entrapment efficiency and 
drug loading have been achieved
Drug/polymer 
ratio (w/w)

EE (%) ± SD DL (%) ± SD PS 
(µm) ± SD

1:20 55.36 ± 2.614 4.54 ± 0.385 0.784 ± 0.126
1:10 78.28 ± 1.348 8.76 ± 0.251 0.837 ± 0.131
3:20 85.09 ± 1.775 14.34 ± 0.157 1.138 ± 0.147
Note: Data is presented as mean ± SD
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Fig. 1  DEX-MPs characterization and chemical characterization of scaffolds and their ingredients (a) FESEM microscope images illustrate PCL MPs loaded 
with DEX. (b) The size distribution diagram of PCL MPs containing DEX was determined by DLS. (c) Zeta potential comparison between MPs with DEX 
and those without DEX. Spherical-shaped uniformly smooth DEX-loaded microparticles with normal size distribution and high stability were produced 
through the water-in-oil solvent evaporation/extraction technique. (d) FTIR spectrum of PCL microparticles loaded with dexamethasone. (e) FTIR spec-
trum of alginate-gelatin composite. (f) FTIR spectrum of PCL-nHA composite. (g) XRD pattern of PCL-nHA composite. Incorporation of DEX and nHA in 
PCL have been proved through FTIR and XRD spectrums. ** Indicates a significant difference at the P < 0.01 level
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FTIR spectroscopy and XRD assessment
The FTIR spectra of MPs, DEX, DEX-MPs, gelatin, algi-
nate, Alg-Gel, PCL, nHA, and PCL-nHA are presented 
in Fig.  1(d-f). The incorporation of DEX into MPs was 
verified through FTIR analysis, as shown in Fig. 1d. The 
FTIR spectrum of pure DEX exhibited absorption peaks 
at 1617  cm− 1 and 1661  cm− 1, corresponding to C = C 
stretching vibrations in the drug’s structure, while the 
peaks at 3469  cm− 1 were indicative of O-H vibrations 
in DEX. The intensified ester carbonyl peak (C = O) at 
1732.43  cm− 1 confirmed changes in the carbonyl bond 
due to drug inclusion. In the pure PCL spectrum, the 
peaks at 1168 cm− 1 and 1262 cm− 1 were associated with 
the C-O stretching vibration bond, and the 1732  cm− 1 
peaks represented the C = O stretching vibration bond, 
with the 2958  cm− 1 peak relating to the asymmetric 
stretching of C-H bond. In the PCL-DEX spectrum, 
new peaks emerged at 1621.35 cm− 1, 1665.15 cm− 1, and 
3415.03 cm− 1, which can be attributed to the presence of 
DEX [75, 87].

The FTIR spectra of alginate, gelatin, and Alg-Gel 
composite (Fig.  1e) exhibit broad bands in the 3500–
3400  cm− 1 range, indicating stretching vibrations of 
N-H and O-H groups, which are also observed in the 
spectra of pure alginate and gelatin. In the spectrum of 
alginate, absorption peaks at 1642 and 1425 cm− 1 repre-
sent asymmetric and symmetric stretching vibrations of 
COO- groups, respectively. Additionally, vibrations at 
1300  cm− 1 correspond to C-O stretching, while vibra-
tions at 1104 and 1031 cm− 1 signify C-O and CO-C vibra-
tions in mannuronic and guluronic units, respectively. In 
the gelatin spectrum, stretching vibrations of C-N and 
C = O groups in amide I are evident at 1640 cm− 1, while 
C-N and N-H vibrations of amide II are observed at 
1537 cm− 1, and C-N and N-H vibrations of amide III are 
present at 1242 cm− 1 [88, 89].

Additionally, analyzing the spectra of the Alg-Gel com-
posite, the asymmetric stretching vibration of COO- in 
alginate has merged with the stretching vibrations of 
Amid I and shifted to the absorption band at 1666 cm− 1. 
Peaks at 1434  cm− 1 represent symmetric stretching 
vibrations of COO- groups. Peaks at 1087 and 1032 cm− 1 
are associated with C-O and CO-C stretching vibra-
tions, while the peak at 2950  cm− 1 indicates stretching 
vibrations of C-H bonds within the alginate component. 
Additional peaks at 1282, 1731, and 2191  cm− 1 suggest 
potential chemical interactions between the two sub-
stances. These findings confirm the successful combina-
tion of alginate and gelatin in the composite material [88, 
90].

The FTIR spectrum of the PCL-nHA biocomposite 
sample (Fig.  1f ) reveals the presence of PCL, as indi-
cated by the distinctive C-O (1159 and 1253  cm− 1), 
C = O (1726  cm− 1), and CH2 (2867, 2950  cm− 1) peaks. 

Additionally, the existence of nHA is evident from the 
characteristic peaks corresponding to PO−4

3 (567, 
604, 866, 957, 1034 and 1097 cm− 1) and O-H (3432 and 
3571 cm− 1) groups [91, 92]. Additionally, the emergence 
of supplementary peaks in the hybrid spectrum, at 1997, 
2080, 2337, 2708, and 3914 cm− 1, suggests the existence 
of interactions between PCL and nHA. This may indicate 
potential chemical bond formation or structural rear-
rangements. These results validate the presence of both 
materials within the composite [91–93].

The XRD analysis was performed on nHA, PCL, and 
the PCL/nHA composite film, as illustrated in Fig.  1g. 
Alongside the characteristic diffraction peaks of nHA, 
the PCL/nHA composite film exhibits two distinct peaks 
at 2θ values of 21.18 and 24.2 degrees. These peaks cor-
respond to the (464) and (91) crystallographic planes of 
pure PCL, respectively. These findings highlight the pres-
ence of a semi-crystalline phase within the PCL/nHA 
composite film. Importantly, the absence of new peaks 
or shifts in existing peaks within the PCL/nHA compos-
ite film suggests that the structural integrity of both PCL 
and nHA components remains unchanged [94].

Morphological findings (Optical Images)
In this study, scaffolds of PCL-nHA, Hyb-1 (Alg-Gel and 
PCL-nHA composites are printed layer by layer simulta-
neously), and Hyb-2 (Alg-Gel hydrogel is printed every 
other filament between the PCL-nHA filaments and 
every two layers) were designed using CAD software. 
Optical images of the 3D printed constructs revealed 
distinct materials in the upper and lateral views (Fig. 2). 
The PCL scaffold, printed using DCM solvent, exhib-
ited high viscosity, resulting in a disordered structure 
and a high decrease in dimensions with increasing lay-
ers. Hence, due to its highly irregular dimensions, its 
compressive strength was not be able to be measured. It 
seems that incorporating additives and alternative print-
ing techniques may enhance the quality of this particular 
polymer. Interestingly, incorporating the biocompatible 
nHA component into PCL led to a significant improve-
ment in printability. Therefore, an optimal composition 
was used in this study for 3D printing led to the devel-
opment of PCL-nHA composite scaffolds with uniform 
pore and fiber sizes and dimensions, displaying high 
reproducibility.

However, regarding the scaffold based on Alg-Gel 
hydrogel, an increase in the number of printed layers 
resulted in progressively smaller pore sizes and layer col-
lapse. Similarly, due to the considerable deterioration of 
3D printed structures and changes in dimensions, the 
compressive strength of this scaffold could not be mea-
sured. Although printing both the Hyb-1 and Hyb-2 
scaffolds exhibited integrated structures with regular 
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Fig. 2  Top and lateral views and SEM images of the 3D scaffolds; (a) Top and lateral views of PCL, Alg-Gel, PCL-nHA, Hyb-1 and Hyb-2 3D printed scaf-
folds. The structure of Hyb-1 exhibited greater regularity and higher porosity compared to Hyb-2 and PCL-nHA. (b) SEM images of Top views of PCL, Alg-
Gel, PCL-nHA, Hyb-1, and Hyb-2 3D printed scaffolds. (c) SEM images of Cross-sectional views of PCL-nHA and (d) SEM images of Hyb-1 scaffolds (scale 
bars = 200 μm, 500 μm). Hyb-1 microstructure is regular and has a larger pore size than PCL-nHA and Hyb-2 scaffolds
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layering, maintaining the desired and uniform size of 
fibers and pores.

Microscopic studies (SEM Images)
Observing the SEM images (Fig. 2a-c), it is evident that 
the scaffolds exhibit straight filaments and uniform pore 
sizes in scaffolds. Specifically, the Hyb-2 scaffold dem-
onstrates well-placed Alg-Gel filament between PCL-
nHA strands. After the freeze-drying process, some level 
of shrinkage occurred in the scaffolds, with the highest 
amount of shrinkage observed in the Alg-Gel scaffolds. 
Additionally, Hyb-1 scaffolds displayed dimensional 
changes in pore size alongside shrinkage. Nevertheless, 
the overall dimensions of the scaffold approximately 
remained unchanged, regarding improvement of dimen-
sional stability of Alg-Gel related to the cross-linking 

and the presence of the PCL-nHA component, which 
ensured the maintenance of the main framework. Fur-
thermore, when the scaffolds were immersed in an aque-
ous environment, the hydrogel component re-swelled, 
causing the pore dimensions to return to their original 
state. Further details regarding pore sizes and shrinkage 
are provided in Table 3.

Degradation rate of scaffolds
The degradation behavior of various scaffold types, 
including PCL, Alg-Gel, PCL-nHA, Hyb-1, and Hyb-2, 
was assessed in PBS at 37 °C over 12 weeks. The degrada-
tion rates of the scaffolds were 3.28 ± 1.04%, 5.74 ± 0.57%, 
14.93 ± 3.95%, 39.11 ± 6.08%, and 88.04 ± 6.17% for PCL, 
PCL-nHA, Hyb-2, Hyb-1, and Alg-Gel, respectively. 
The degradation diagram (Fig.  3a) illustrates that both 
PCL and PCL-nHA scaffolds exhibited a slow and con-
sistent degradation pattern throughout all stages. The 
Alg-Gel scaffolds showed the highest degradation rate, 
with an initial intensified degradation observed within 
the first two weeks, followed by a more uniform upward 
trend over time. Hyb-1 scaffolds demonstrated a higher 
degradation rate than Hyb-2 scaffolds, attributed to the 
increased presence of hydrogel within the hybrid scaf-
folds. However, both Hyb-1 and Hyb-2 scaffolds demon-
strated significantly lower degradation rates compared to 

Table 3  Evaluation of porosity size in scaffolds using ImageJ 
software and shrinkage assessment
Group Alg-Gel PCL-nHA Hyb-1 Hyb-2
Shrink-
age 
(%)

35.99 ± 2.09 5.37 ± 0.677 14.07 ± 2.53 9.93 ± 1.95

Pore 
Size 
(µm)

392.52 ± 11.42 474.2 ± 9.2 368 ± 17 × 681 ± 28 451 ± 21

Note: Data is presented as mean ± SD

Fig. 3  Degradation Rate, Compressive properties, Morphology and in vitro DEX release from free MPs and entrapped MPs in Hyb-1 scaffolds (a) Degrada-
tion graph of scaffolds for 12 weeks in PBS. The degradation rate of Hyb-1 is half of Alg-Gel. (b) compressive modulus (c) compressive strength, and (d) 
strain at failure obtained through compressive testing of scaffolds. Hyb-1 has the most strain at failure and slightly lower compressive strength and com-
pressive modulus than Hyb-2. (e) FESEM images illustrating the distribution of MPs within the alginate-gelatin hydrogel. (f) Cumulative percentage of DEX 
released from both free MPs and MPs entrapped in an Alg-Gel. (g) Cumulative concentration of DEX released from MPs entrapped in the Alg-Gel. DEX-
MPs are uniformly dispersed in the Hyb-1 scaffold and revealed sustained released behavior compared with burst release of DEX from free DEX-MPs. The 
data is presented as mean ± SD (n = 3). *** Indicates a significant difference at the level of P < 0.001. * Indicates a significant difference at the P < 0.05 level
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pure Alg-Gel scaffolds, a trend that aligns logically with 
their composition.

Mechanical behavior of scaffolds
The scaffold’s mechanical properties were evaluated 
using a compression test. The results, including com-
pressive modulus, strength, and strain, are presented 
in Fig.  3b-d. The analysis showed that PCL-nHA has a 
significantly higher compressive modulus than Hyb-1 
and Hyb-2 (46.37 ± 2.58  MPa, 13.94 ± 0.62  MPa, and 
18.83 ± 1.72 MPa, respectively) and a notably lower com-
pressive strength (4.51 ± 0.47  MPa, 14.84 ± 1.21  MPa, 
and 17.71 ± 2.14  MPa, respectively). Additionally, Hyb-2 
scaffolds exhibited slightly higher compressive strength 
and modulus compared to Hyb-1 scaffolds. In contrast, 
Hyb-1 scaffolds showed more strain at break than Hyb-2 
scaffolds. Furthermore, both Hyb-1 and Hyb-2 dem-
onstrated significantly higher failure strain than PCL-
nHA (68.50 ± 4.33%, 58.15 ± 2.72%, and 19.66 ± 4.04%, 
respectively).

The observed trend can be ascribed to the decreased 
porosity and denser structure of the Hyb-2 scaffolds, 
resulting in enhanced mechanical properties. Analysis 
of the data indicated that PCL-nHA scaffolds exhibited a 
more brittle behavior compared to the other two types. 
Conversely, Hyb-1 scaffolds demonstrated a more flexible 
behavior, possibly due to the higher content and flexibil-
ity of the polymer component within the scaffolds.

In vitro DEX release from free MPs and entrapped MPs in 
Hyb-1 scaffolds
The analysis of the field-emission scanning electron 
microscopy (FESEM) images of Hyb-1-DEX clearly 
demonstrates the successful encapsulation of DEX-MPs 
within the hydrogel matrix, as indicated by the yellow 
arrows (Fig. 3e). The microparticles were uniformly dis-
tributed throughout the hydrogel structure, retaining 
their initial uniformity without deformation after being 
incorporated into the hydrogel. The release profiles of 
the free MPs-DEX and MPs-DEX entrapped in the Hyb-1 
scaffolds were studied over 30 days (Fig. 3f-g). The release 
of DEX from the free MPs showed an initial burst release 
of 55.76 ± 1.78% within the first day, gradually increas-
ing to 90.39 ± 1.45% by day 30. In contrast, the MPs-DEX 
entrapped in the Hyb-1 scaffold exhibited a significantly 
lower initial burst release of 6.99 ± 2.09% within the first 
day, followed by a slower and sustained release profile, 
reaching 55.8 ± 2.89% by day 30. These findings suggest 
that the presence of the scaffold effectively modulated the 
release of DEX from the microcarrier system, resulting in 
a controlled release pattern.

The drug release data from free MPs showed a high 
correlation (R² = 0.949) with the Korsmeyer-Peppas 
model, as shown in Table  4, indicating that this model 
is the most appropriate to describe the release kinetics. 
The Korsmeyer-Peppas exponent (n) was determined to 
be 0.181. According to the model, when n is below 0.45, 
it indicates that a Fickian diffusion mechanism primarily 
governs drug release. This means that the release of DEX 
from the MPs is driven by the concentration gradient of 
the drug within the matrix [95]. The first-order model 
also showed a high correlation (R²=0.948) with a rate 
constant (K1) of 0.058. This model, in conjunction with 
the Korsmeyer-Peppas model, suggests that the release 
rate is also dependent on the amount of drug present in 
the system, which shows a fast release kinetics with an 
exponential pattern that confirms the dominance of dif-
fusion [82]. The Higuchi, Hixson-Crowell, and zero-order 
models exhibited poor fits to the data (Table  4), imply-
ing that these mechanisms, including matrix erosion and 
zero-order release, play a minimal role in the drug release 
from free MPs.

In contrast, the drug release data from the Hyb-1 scaf-
folds were better described by the Korsmeyer-Peppas 
model (R² = 0.918). However, n was determined to be 
1.629. Based on the Korsmeyer-Peppas model, n > 1 sug-
gests a non-Fickian transport mechanism, specifically 
a Super Case-II transport [96]. This indicates that ero-
sion and polymer relaxation control drug release from 
the Hyb-1 scaffolds in addition to drug diffusion [97]. 
The zero-order model also displayed a reasonable fit (R² 
= 0.885), indicating a tendency for constant drug release 
independent of drug concentration [95] after an initial 

Table 4  The results of fitting different kinetic models for the 
release of DEX from MPs-DEX and Hyb-1-MPs-DEX
Fitting models Systems
Models Equations Parameters MPs-DEX Hyb-1-

MPs-DEX
Korsmey-
er-Peppas

F = kKPtn R2 0.949 0.918
KKP (h− n) 29.313 0.002
n 0.181 1.629

Higuchi F = kHt0.5 R2 0.455 0.740
KH (µg.ml− 1.
h− 1/2)

4.268 1.388

Hixson-
Crowell

F = 100(1-(1-
kHCt)3)

R2 0.494 0.857
KHC (µg1/3.ml− 1/3.
h− 1)

0.002 0.000

First-order F = Fmax(1-
e− k1t)

R2 0.948 0.882
K1 (h− 1) 0.058 0.000

Zero-Order F = F0 + k0t R2 0.526 0.885
K0 (µg.ml− 1.h− 1) 0.085 0.064

Model parameters. F: the fraction of DEX released at time t. F0: the initial 
fraction of DEX during burst release. Fmax: the maximum fraction of DEX 
released at infinite time. k0: the zero-order release constant. k1: the first-
order release constant. kH: the Higuchi release constant. kHC: the Hixson-
Crowell release constant. kKP: The release constant that takes into account the 
geometrical and structural properties of the drug dosage form. n: the diffusional 
exponent indicating the mechanism of DEX release. n ≤ 0.45: Fickian diffusion; 
0.45 < n < 0.89: anomalous and non-Fickian diffusion; 0.89 < n < 1: zero-order 
and non-Fickian Case-II transport (polymer relaxation); n > 0.89: super Case-II 
transport [95, 96]
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phase with a rate constant (K0) of 0.064. The remain-
ing models had comparatively lower fits, confirming the 
complex release mechanism.

In vitro bioactivity test in SBF
The study used FESEM images to evaluate the formation 
of hydroxyapatite on scaffolds immersed in SBF for 7, 
14, 21, and 28 days. The EDS charts of PCL, PCL-nHA, 
and Hyb-1-DEX scaffolds on day 28 were also presented 

(Fig. 4). The analysis of the SEM images revealed that the 
amount of mineral material formation on the surface of 
Hyb-1-DEX scaffolds was significantly higher than that of 
PCL-nHA and PCL at all time intervals. The amount of 
mineral material formation increased significantly with 
the immersion time (Fig.  4a). The analysis of the EDS 
results showed that the ratio of calcium to phosphorus 
on the surface of the scaffolds was 1.85, 1.6, and 0.64 for 
Hyb-1, PCL-nHA, and PCL, respectively, indicating that 

Fig. 4  Bioactivity assessment for PCL, PCL-nHA, and Hyb-1-DEX scaffolds. (a) FESEM Imaging of apatite crystals formed on the scaffolds on days 7, 14, 
21, and 28 after immersion in SBF. EDS chart of (b) PCL (c) PCL-nHA and (d) Hyb-1-DEX scaffolds on day 28. Higher mineralization can be observed in 
Hyb-1-DEX scaffolds
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the increase in calcium absorption and mineralization 
may be attributed to biomineralization associated with 
the presence of DEX in Hyb-1-DEX (Fig. 4b-d).

hEnMSCs isolation and biocompatibility assessment
hEnMSCs were isolated from endometrial tissue and 
cultured in cell culture flasks. The cells exhibited rapid 
growth in the culture medium and maintained a con-
sistent proliferative capacity. Within one week of cul-
ture, the cells adopted a spindle-shaped fibroblast-like 

morphology and formed a homogenous monolayer of 
specific mesenchymal colonies (Fig. 5a). For subsequent 
tests, hEnMSCs from the third passage were evaluated. 
To identify the surface markers expressed by hEnMSCs, 
flow cytometry analysis was performed (Fig.  5b). 
hEnMSCs exhibited a high expression level of typi-
cal MSC-like surface markers, including CD90 (97.7%) 
and CD105 (99%), while showing a low expression level 
of blood cell surface markers such as CD34 (1.24%) and 
CD45 (52%).

Fig. 5  Identification of hEnMSCs and biocompatibility evaluation of PCL-nHA, Hyb-1 and Hyb-2 scaffolds. (a) Colony-forming spindle cells attached to 
the bottom of the flask with a polyhedral appearance one week after culture (Inverted microscope, magnification: 100X). (b) Flow cytometry analysis of 
hEnMSCs. (c) Alizarin red staining was performed on days 7, 14 and 21 of differentiation. (d) The MTT test was conducted at 24, 48, and 72 h). Spindle-
shaped fibroblast-like morphology and MSC-like surface markers, including CD90, and CD105 were exhibited by hEnMSCs. Hyb-1 scaffold revealed the 
highest calcium deposition (as an index of osteogenic differentiation) and cell viability. Statistical significance is indicated as follows: ***P < 0.001, ** 
P < 0.01, and * P < 0.05. Data are presented as mean ± SD (n = 3)
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Additional experiments were carried out to evaluate 
calcium deposition (in 7, 14, and 21 days) and cell viabil-
ity (24, 48 and 72 h). The results of indirect alizarin red 
staining, conducted using the scaffold extract-enriched 
culture medium on hEnMSCs, revealed greater calcium 
deposition in the Hyb-1 sample when compared to the 
other two samples in all time intervals (Fig. 5c). Further-
more, the MTT assay results indicated that hEnMSCs 
survival was lower in the Hyb-2 group compared to the 
PCL-nHA and Hyb-1 groups (Fig.  5d). These findings 
confirm the enhanced interaction between hEnMSCs 
and natural polymers. Based on these compelling results, 
Hyb-1 scaffolds, which exhibited increased porosity and 
interconnected pores, were selected for subsequent drug 
loading, release studies, and in vitro evaluations.

Exploring in vitro osteogenic differentiation
In this research, we examined how a scaffold with DEX-
loaded microparticles, designed for the controlled release 
of DEX, affects the differentiation of hEnMSCs into 
osteoblasts, in comparison to scaffolds unloaded with 
DEX.

Gene expression analysis
To assess the osteoblastic differentiation of hEnMSCs, 
gene expression analysis was conducted to examine the 
levels of key osteogenic genes, including COL1A1, OST, 
and RUNX2, on days 14 and 21 (Fig. 6a-c). The expres-
sion levels of COL1A1 and OST were significantly higher 
in the Hyb-1-DEX group compared to the other groups 
at both 14 and 21 days, indicating enhanced matrix 

Fig. 6  Osteogenic Differentiation of hEnMSCs. Gene expression analysis of (a) collagen one, (b) osteonectin, and (c) RUNX2 on days 14 and 21 of dif-
ferentiation. (d) Alkaline Phosphatase (ALP) activity measured on days 7, 14, and 21 of differentiation. DEX enhanced the expression of all osteogenic 
genes, however, its effect on COL1A1 and OST is more obvious. (e) Immunocytochemical staining of osteonectin at 14 and 21 days after differentiation. 
(f) Quantitative graph depicting the ratio of osteonectin protein expression in the samples. DAPI-stained cell nuclei are shown as blue dots, while osteo-
nectin protein is represented by light green spots. Hyb-1-DEX revealed intense and extensive green fluorescence compared to Hyb-1, and PCL-nHA in 
both time intervals. ***P < 0.001 **P < 0.01 *P < 0.05
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synthesis and deposition in the presence of the DEX-
MPs. These findings suggest that the controlled release 
of DEX influenced the differentiation process, leading to 
increased expression of genes associated with bone for-
mation. Statistically significant differences were denoted 
by asterisks: *p < 0.05, **p < 0.01, and ***p < 0.001.

Additionally, the expression of RUNX2, a master regu-
lator of osteoblast differentiation, was significantly higher 
than the other examined genes at both time points across 
all groups. This highlights the crucial role of RUNX2 in 
the orchestration of osteoblast differentiation. More-
over, on day 21, the expression level of RUNX2 in the 
Hyb-1-DEX group was significantly higher compared to 
the PCL-nHA group (p < 0.001). However, there was no 
statistically significant difference in RUNX2 expression 
between the groups on day 14, suggesting that factors 
beyond RUNX2 may contribute to the observed differen-
tiation effects induced by the DEX-MPs.

ALP assay
The alkaline phosphatase (ALP) activity was assessed 
on days 7, 14, and 21 post-seeding of hEnMSCs on the 
scaffolds (Fig. 6d). On the 7th day, the Hyb-1-DEX group 
showed significantly higher ALP activity compared to the 
PCL-nHA group (p < 0.05). However, there was no signif-
icant difference in ALP activity between the Hyb-1-DEX 
group and the Hyb-1 group. On the 14th day, no signifi-
cant differences in ALP activity were observed among 
the three groups. Notably, ALP activity increased from 
day 7 to day 14 in all groups, with significant increases 
observed in the Hyb-1-DEX and PCL-nHA groups 
(p < 0.05 and p < 0.001, respectively), indicating continu-
ous osteogenic differentiation. By the 21st day, there were 
no significant differences in ALP activity among the three 
groups. ALP activity levels remained relatively consistent 
from day 14 to day 21, showing no significant variations 
within the groups.

Quantification and visualization of osteonectin expression
The cellular localization and expression patterns of 
osteogenic secreted protein (OST) were analyzed using 
immunocytochemistry (ICC) on days 14 and 21 for the 
three experimental groups. Immunofluorescence staining 
displayed green fluorescence from the OST antibody and 
blue fluorescence from cell nucleus staining (Fig.  6e-f ). 
It was observed that the distribution of the OST marker 
was wider on day 21 compared to day 14 in all groups. 
Particularly, the Hyb-1-DEX group exhibited intense and 
extensive green fluorescence compared to the other two 
groups on both the 14th and 21st days. The staining area 
was quantified using ImageJ software to determine the 
relative amount of OST. The quantitative results, in line 
with gene expression data, demonstrated significantly 
higher levels of OST in the Hyb-1-DEX scaffold group 

compared to both control groups on both day 14 and 
day 21 (p < 0.001). These findings indicate that the incor-
poration of DEX-MPs into Hyb-1 scaffolds significantly 
enhances the secretion of OST protein in comparison to 
PCL-nHA and Hyb-1 scaffolds.

Visualization and assessment of calcium accumulation
Cell attachments, cytotoxicity assessment and alizarin 
red staining of scaffolds (PCL-nHA, Hyb-1, Hyb-1-DEX) 
were presented in Fig.  7. Cell attachment to scaffolds 
(PCL-nHA, Hyb-1, Hyb-1-DEX) was evaluated by SEM 
images of hEnMSCs cultured on them at day 5 at differ-
ent magnifications (Fig.  7a). These images clearly illus-
trate that all scaffold types facilitate robust cell adhesion, 
indicating their non-toxicity and excellent biocompat-
ibility. Notably, within the Hyb-1-DEX group, hEnMSCs 
displayed a higher degree of proliferation and more 
active distribution, establishing stronger cell-to-cell con-
nections. This observation suggests that the controlled 
release of DEX in the initial days following cell seeding 
on the scaffolds played a highly effective and stimula-
tory role in promoting hEnMSCs growth and adhesion. 
Also, the results from the MTT assay demonstrate a con-
sistent upward trend in cell survival rates up to the fifth 
day across all experimental groups. A noteworthy dis-
covery in this investigation pertains to the notably higher 
cell survival rates observed in the Hyb-1-DEX group in 
comparison to the other two groups. On the first and 
third day after cell seeding, hEnMSCs exhibited effective 
growth in all scaffold groups, but Hyb-1-DEX scaffolds 
displayed a significantly higher level of cell proliferation 
compared to the other two groups (p < 0.001) (Fig.  7b). 
Similarly, by the fifth day, the Hyb-1-DEX scaffolds 
exhibited significantly higher cell proliferation and via-
bility compared to the PCL-nHA (p < 0.001) and Hyb-1 
samples (p < 0.05). These outcomes validate the strong 
biocompatibility of all scaffold groups, with particular 
emphasis on the hybrid-DEX group.

Moreover, to evaluate mineralization within the scaf-
folds seeded with hEnMSCs, an ARs test was conducted 
in both qualitative and quantitative moods on days 14 
and 21 (Fig.  7c-d). Quantitative analysis involved mea-
suring absorbance at 405  nm, which demonstrated a 
statistically significant increase in mineralization in the 
Hyb-1-DEX group compared to the Hyb-1 group on both 
days 14 and 21 (p < 0.05 and p < 0.01, respectively). Addi-
tionally, the Hyb-1-DEX group exhibited significantly 
higher mineralization compared to the PCL-nHA group 
(p < 0.001). These results provide compelling evidence 
of the substantial impact of sustained dexamethasone 
release on promoting bone formation and subsequent 
mineralization of the extracellular matrix.
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Discussion
Over than 14  million people in the United States (US), 
and more than 200 million people globally have osteopo-
rosis, a condition characterized by reduced bone mineral 
density. The primary causes of bone loss include obesity, 
genetic disorders, accidents, and aging [98]. While auto-
grafts are the standard treatment for bone injuries, their 
use is limited due to accessibility and risks. As a result, 
new approaches such as tissue engineering are gain-
ing traction in bone repair. Tissue engineering focuses 
on creating scaffolds to support bone cells and promote 
the regeneration of bone tissue [99]. From a histological 
point of view, bone tissue is a natural mixture of bioc-
eramic and polymeric phases, mainly apatite and collagen 
[100].

Hence, scaffolds which consist of organic-inorganic 
hybrid polymeric composites containing hydroxyapatite 
nanoparticles, show promise for bone tissue engineering. 
Specifically, 3D-printed porous polymer nanocomposite 
scaffolds, including those made from polycaprolactone, 
are suitable for supporting various types of cells due to 
their mechanical properties, cost-effectiveness, biocom-
patibility, and printability [101, 102]. Moreover, recent 
approaches in bone tissue engineering focus on creating 
biomimetic scaffolds using hydrogels, such as alginate-
gelatin, to induce biomineralization and drug delivery 
[103]. Sustained release of drugs, including microcarriers 
and nanocarriers, has been shown to support tissue heal-
ing [104]. Amongst, Dexamethasone, a drug for induc-
ing bone differentiation, has been used in microparticles 

Fig. 7  Scaffolds cell attachments, cytotoxicity assessment and alizarin red staining on days 14 and 21 of differentiation for PCL-nHA, Hyb-1, and Hyb-1-
DEX groups. (a) SEM images depicting hEnMSCs cultured on scaffolds, at different magnifications on day 5. (b) MTT assay results assessing hEnMSCs sur-
vival and proliferation on 3D printed scaffolds on days 1, 3, and 5 days. (c) Visual representation, and (d) Quantitative color analysis of alizarin red staining 
for PCL-nHA, Hyb-1, and Hyb-1-DEX scaffolds on days 14 and 21 of differentiation (scale bar = 500 μm). Hyb-1-DEX scaffolds induced higher proliferation 
and osteogenic differentiation in hEnMSCs in both time intervals. *** P < 0.001 level. ** P < 0.01 level. * P < 0.05 level
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within the scaffold structure [105]. The current study 
involves fabricating biomimetic nanocomposite scaffolds 
with sustained drug release using 3D printing, optimizing 
for biological and mechanical performance to promote 
osteogenesis in endometrial mesenchymal stem cells. 
The development of hybrid systems, combining osteo-
inductive 3D-printed scaffolds and cell-laden hydrogels, 
has shown great potential for bone tissue engineering 
and the treatment of bone defects based on active tissue 
regeneration.

Basically, the main aim of the study was to develop 
hybrid scaffolds with sustained release of DEX, which 
mimicked the extracellular matrix (ECM) while enhanc-
ing the differentiation potential of hEnMSCs into osteo-
blasts, thus facilitating bone regeneration. One of the 
key aspects of this study was the similarity of the hybrid 
scaffolds, composed of nHA, gelatin, and alginate, to the 
ECM of bone tissue which promotes osteoconductivity 
and creates a biomimetic microenvironment. Given the 
self-renewal nature of MSCs and their inherent poten-
tial for osteogenic differentiation [106], these scaffolds 
have proven effective in enhancing hEnMSCs adhesion, 
migration, proliferation, and ultimately, bone formation 
by guiding the behavior of MSCs.

The homogenous incorporation of DEX-MPs within 
the hydrogel, entrapped in the hybrid scaffolds, allowed 
precise control over sustained drug release (Fig. 3). Fur-
thermore, the use of 3D printing technology played a piv-
otal role in designing the hybrid scaffolds as it provided 
precise control over dimensions, structure, and porosity, 
ensuring optimal structural integrity (Fig. 2). These scaf-
folds exhibited favorable mechanical properties, ensuring 
sufficient stability and support for hEnMSCs colonization 
and osteogenesis. By combining the structural, mechani-
cal, and bioactive properties of the hybrid scaffolds with 
controlled release of DEX, a synergistic approach for BTE 
was sought to be achieved.

Overview data of (Table 2) demonstrated that increas-
ing the initial DEX percentage compared to the polymer 
led to a corresponding rise in DEX encapsulation within 
the MPs. This trend could be explained by consider-
ing that the drug content in these MPs is influenced by 
the interactions between the drug and polymer, with 
higher drug mixing resulting in greater drug incorpora-
tion [107]. Furthermore, the percentage of drug loading 
closely mirrors the initial drug concentration applied 
during fabrication. This suggests that, regardless of the 
initial drug concentration, a significant amount of drug 
is consistently loaded into the MPs. In this study, encap-
sulation and drug loading efficiencies of DEX align with 
previous reports [75, 82].

Also, the results from DLS indicate that the size of 
microparticles increases with higher initial drug concen-
trations. Given that only a fixed amount of drug can be 

accommodated within a specific quantity of polymer, the 
increased drug content leads to a more viscous dispersed 
phase, which in turn, contributes to larger microparticle 
dimensions [107]. Notably, the particle size distribution 
falls within the range of 0.24 to 5.58 μm (Fig. 1b), which 
is consistent with similar studies and is well-suited for 
the intended application of controlled drug release [74]. 
Moreover, FESEM images (Fig.  1a) reveal the smooth 
and uniform morphology of the MPs, consistent with the 
DLS results (Fig. 1b). These visual observations affirm the 
successful fabrication of MPs with the desired properties, 
reinforcing their potential for controlled drug release 
applications.

The zeta potential, a measure of surface charge, illus-
trates that drug-free MPs exhibit a zeta potential of -27.7, 
while drug-containing microparticles display a more neg-
ative value of approximately − 31.56 (Fig. 1c). This change 
can be attributed to the presence of the drug within the 
microparticles. Zeta potential values within the range of 
-15 to -30 mV are considered ideal for stabilizing mic-
roparticles [108, 109]. The negative charge plays a crucial 
role in preventing microparticle aggregation, maintain-
ing their dispersed state, and ensuring the stability of the 
microparticle system, which are essential factors for con-
trolled drug release and targeted delivery to hEnMSCs 
[110].

In this study, we successfully fabricated hybrid scaffolds 
with integrated and coherent structure using a layer-by-
layer approach, which included Alg-Gel and PCL-nHA 
composites. Calcium chloride (CaCl2) and glutaralde-
hyde were applied as crosslinkers after each Alg-Gel 
layer printing and after the completion of the complete 
3D scaffold printing. In a general sense, the polyan-
ionic carboxylate groups (-COO−) in alginate [111] and 
the polycationic amine groups (NH2-) in gelatin [112] 
can potentially form weak electrostatic interactions 
between the two materials [88]. Simultaneously, the Ca2+ 
ions present in the CaCl2 solution infiltrate the alginate 
matrix, leading to an ion exchange with Na+ ions. This 
process facilitates the formation of ionic bridges between 
alginate’s carboxylate groups (-COO−) and the formation 
of a gel network [111]. This gelation process results in the 
creation of a coherent and stable structure of Alg-Gel, 
onto which the layer of PCL-nHA can be easily placed. 
Moreover, glutaraldehyde, with its aldehyde functional 
groups (-CHO), forms covalent imine bonds (C = N) 
with the amine groups (-NH2) of gelatin [113], thereby 
enhancing the structural integrity.

Additionally, there may be cross-links between the -OH 
group of nHA and the -CHO of glutaraldehyde [114]. 
Previous studies have also proved interactions between 
the phosphate functional groups (-PO4

3−) and Ca2+ ions 
in hydroxyapatite and the carboxyl and amine functional 
groups of gelatin-chitosan-alginate when combining 



Page 20 of 27Noory et al. Journal of Biological Engineering           (2025) 19:48 

these materials [114–116]. These findings support the 
hypothesis that interactions between calcium ions, 
phosphate groups, and carboxyl/amine groups within 
hydroxyapatite, gelatin, and alginate contribute to scaf-
fold stability. However, the precise mechanisms underly-
ing this phenomenon remain unclear. Furthermore, the 
textured and porous surface of the PCL-nHA composite 
layers allows for the penetration and interlocking of Alg-
Gel layers. These physical interactions contribute to the 
mechanical stability and strong interface between the lay-
ers. Further research is still needed to fully elucidate the 
specific mechanisms and extent of these interactions.

SEM images (Fig. 2) revealed scaffold shrinkage follow-
ing freeze-drying. This shrinkage varied among scaffold 
types, likely due to a combination of material properties, 
solvent type, and inter-component interactions. Alg-Gel 
scaffolds exhibited the highest shrinkage (35.99 ± 2.09%), 
potentially reflecting the hydrogel’s susceptibility to 
deformation during the drying process. In contrast, PCL-
nHA scaffolds showed minimal shrinkage (5.37 ± 0.677%), 
possibly attributed to strong interactions between PCL 
and nHA [117] that maintained scaffold structural integ-
rity. The substantial difference in shrinkage may also be 
linked to the solvents employed. DCM, a volatile organic 
compound (VOC) used for PCL, evaporates rapidly dur-
ing 3D printing and drying [118], whereas water, used for 
the alginate and gelatin in Alg-Gel scaffolds [119], evapo-
rates more slowly. The higher water content in Alg-Gel 
inks (resulting from a higher solvent-to-material ratio in 
ink preparation—see Methods section), combined with 
the hydrophilicity of alginate and gelatin [120], likely led 
to greater water loss and consequently higher shrinkage 
during drying [121]. This observation aligns with findings 
reported in other studies [121, 122].

Hyb-1 and Hyb-2 scaffolds, containing both PCL-nHA 
and Alg-Gel components, exhibited moderate shrink-
age. Hyb-2 (9.93 ± 1.95% shrinkage) showed less shrink-
age than Hyb-1 (14.07 ± 2.53%), likely due to differences 
in Alg-Gel distribution. In Hyb-2, Alg-Gel filaments were 
less numerous and more dispersed, between PCL-nHA 
filaments which provided greater structural support and 
reduced the Alg-Gel’s contribution to overall shrinkage 
compared to Hyb-1, where Alg-Gel and PCL-nHA layers 
are stacked.

Hyb-1 scaffolds exhibited pore size changes in addi-
tion to overall shrinkage. However, the scaffold’s overall 
dimensions remained largely unchanged due to interlayer 
crosslinking and the structural support provided by the 
PCL-nHA component. Subsequent immersion in aque-
ous media resulted in hydrogel swelling and pore size 
recovery to near-original dimensions, consistent with the 
findings of Luo Y et al. [121].

The change in pore dimensions in the Hyb-1 scaffold 
after drying and rehydration can be attributed to the 

different swelling properties of the PCL-nHA and Alg-
Gel components. Drying resulted in greater Alg-Gel 
shrinkage than PCL-nHA shrinkage, leading to elongated 
pores. The observed variations in scaffold shrinkage and 
pore dimensions are likely due to the different solvents, 
rehydration, and swelling properties of the PCL-nHA 
and Alg-Gel components.

Previous studies conducted degradation tests within a 
timeframe of less than 30 days [76, 123, 124]. The pres-
ent study was monitored scaffold degradation over a 
period of 12 weeks (Fig. 3a). Dorj et al. investigated the 
degradation rate of PCL-HA scaffolds with a 40:60 ratio 
using acetone and tetrahydrofuran (THF) solvent, which 
resulted in approximately 6% degradation after 14 days 
[123]. In our study, this composite achieved a similar 
degradation level after 12 weeks, indicating a slower 
degradation rate. Additionally, other studies assessed 
the degradation of PCL-13-93B3 composite with a 
50:50 ratio in chloroform solvent, revealing a degrada-
tion rate of about 30% after 2 and 4 weeks [76, 124, 125]. 
Our study demonstrated that as the content of Alg-Gel 
hydrogel increased in the overall scaffold structure, the 
degradation rate increased. Due to their natural compo-
sition, hydrophilic nature, and weaker chemical bonds, 
Alg-Gel scaffolds are more susceptible to enzymatic 
decomposition, hydrolysis, and swelling, resulting in a 
higher degradation rate. This makes them suitable for 
drug delivery systems that require rapid degradation 
[40]. Similar research conducted by Kolan et al. evaluated 
hybrid scaffolds PCL-13-93B3 and Pluronic F127 hydro-
philic and temperature-sensitive hydrogel. Their study 
reported a degradation rate of 20% after one week [77], 
whereas in our study, at the same time, Hyb-1 and Hyb-2 
scaffolds exhibited degradation rates of only 2.5 ± 0.63 
and 2.2 ± 0.68, respectively. Another study investigating 
the degradation behavior of PCL-GelMA hybrid scaf-
folds reported a degradation rate of 2% after three weeks 
[126], which corresponds with our findings for Hyb-1 
(5.08 ± 0.35) and Hyb-2 (2.7 ± 0.62) after three weeks. As 
a result, the choice of solvent and temperature, material 
type and percentage, interactions and cross-linking char-
acteristics, material distribution, presence of impurities, 
and scaffold design and layering can all influence the 
physicochemical properties of the scaffold, including the 
degradation rate [127, 128].

Moreover, the combination of PCL and nHA in the 
scaffold provided structural integrity and biocompatibil-
ity, while the addition of Alg-Gel improved mechanical 
performance. The PCL-nHA scaffolds exhibited brittle 
behavior, whereas the Hyb-1 scaffold with the inclusion 
of Alg-Gel showed advantages in terms of deformation 
capacity and stress distribution [129]. The hydrogels con-
tributed to increased toughness and energy absorption, 
enabling the scaffold to withstand higher compressive 
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loads without failure [130], as evidenced by the high-
est strain at failure (Fig.  3d). Although, the mechani-
cal behavior of the Hyb-2 scaffold was slightly higher 
than Hyb-1, particularly the higher strength observed in 
Hyb-2, are relevant to lower Alg-Gel content, this study 
mainly emphasized investigating the biological efficiency 
of scaffolds on osteogenesis. Therefore, the Hyb-1 scaf-
fold was chosen for drug loading and osteogenesis assays 
due to its higher cell interaction, porosity, and promising 
preliminary results in osteogenic differentiation.

Additionally, it can be claimed that the presence of Alg-
Gel in the scaffold structure particularly in Hyb-1 scaf-
folds, can mimic the role of collagen as a soft phase in 
bone structure which leads to outstanding toughness of 
bone [128].

Overall, this study underscores the significance of 
meticulous material selection, optimization, and scaffold 
design in achieving desired mechanical properties for 
BTE. Processing parameters, such as solvent choice, tem-
perature, material percentage, and interactions between 
composite components, can significantly influence the 
physicochemical properties and degradation rate of the 
scaffold. Thus, the combination of PCL-HA and Alg-Gel 
composites presents a promising approach for construct-
ing scaffolds with favorable mechanical behaviors for 
bone regeneration and drug delivery purposes.

The results of the release curves fitting with mathemat-
ical models showed different release kinetics for free MPs 
(MPs-DEX) and the MPs-DEX entrapped in the Hyb-1 
(Hyb-1-MPs-DEX) (see Table  4). The release of DEX 
from the free MPs follows a primarily Fickian diffusion-
controlled pattern with a high release rate, whereas the 
release from the Hyb-1 scaffolds exhibits a non-Fickian 
Super Case-II transport mechanism dominated by poly-
mer relaxation and degradation, showing a slower and 
potentially more controlled release [97]. The structural 
components of the Hyb-1 matrix seem to be involved 
in sustained DEX release [97]. This drug-release kinetic 
model has also been previously reported in systems con-
sisting of hydrogels [131, 132]. The release rate constants 
were also lower for Hyb-1-MPs-DEX in comparison with 
MPs-DEX, indicating a reduced release rate for the Hyb-1 
scaffold system. The MPs-DEX do not present any physi-
cal barrier to diffusion, contrary to the porous structure 
of the Hyb-1, in which the drug needs to diffuse through 
an additional barrier in addition to the MPs itself.

The slow and sustained release profiles observed from 
the scaffold-encapsulated microparticles hold prom-
ise for controlled drug delivery. Sustained release allows 
long-term drug availability, improving therapeutic effi-
cacy and reducing dosing frequency [133]. The initial 
burst release is due to weakly attached DEX molecules on 
the microparticle surface or poorly encapsulated regions 
in the scaffold [134]. This burst release is reduced in 

scaffold-encapsulated microparticles compared to free 
MPs, thanks to an additional diffusion barrier created by 
the hybrid scaffold matrix.

Interestingly, we observed a strong correlation between 
the DEX release and the in vitro degradation profiles of 
the Hyb-1 (Fig.  3). The degradation test showed a slow 
weight loss during the first 3 weeks, after which the deg-
radation rate accelerated. Similarly, the initial stage and 
then the gradual increase in drug release from days 16 to 
30 align with the degradation pattern of Hyb-1 (Fig.  3). 
This strong correlation suggests that scaffold degradation 
plays a crucial role in controlling the drug release from 
Hyb-1. The initial slow release may be attributed to the 
low initial degradation and the need for the drug to dif-
fuse through the matrix. The increased degradation rate 
of Hyb-1 creates larger pores [131], causing incorpo-
rated MPs to lose their structural support, which in turn 
facilitates the release of more microparticles and dexa-
methasone. Changes in hydrogel cross-linking density 
and dexamethasone diffusion characteristics contribute 
to this phenomenon [135]. This is consistent with the 
zero-order fit, which suggests that the DEX release rate 
is approximately constant after an initial phase that over-
comes the immediate-release first-order systems and 
results in long-term maintenance of drug concentrations 
in the therapeutic range [95]. The release mechanism is 
thus influenced by a combination of polymer erosion, 
and possibly diffusion with zero-order model. So if ini-
tially the release mechanism may be accompanied by 
diffusion, matrix degradation becomes the rate-limiting 
factor. Overall, both polymer relaxation, as suggested by 
the Korsmeyer-Peppas model, and subsequent matrix 
degradation contribute to the sustained and non-Fickian 
release of DEX in Hyb-1.

In the scaffold-entrapped DEX-MPs, we observed an 
initial burst release of about 2  µg, followed by a slower, 
more uniform release. This controlled release can inhibit 
inflammatory reactions in the first days since a con-
centration of DEX between 0.5 and 5  µg/ml is known 
to inhibit the inflammatory response of macrophages 
[136]. In previous studies, the effective dose of DEX for 
osteogenic differentiation has been reported between 4 
and 400 ng/ml [137–139]. In our study, the average drug 
release from day 1 to day 16 was approximately 133 ng 
from each scaffold, providing insights into drug release 
kinetics relevant to bone differentiation, and biomin-
eralization (Fig.  3f ). Sustained release of DEX from 
scaffold-entrapped DEX-MPs, especially in the effective 
concentration range, benefits osteogenic differentiation, 
demonstrating successful drug delivery for BTE applica-
tions [25, 140, 141].

The evaluation of osteogenic differentiation, using 
gene expression analysis of RUNX2, COL1A1, and OST 
at days 14 and 21, revealed a complex interplay between 
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DEX-MPs, the biomaterial properties of the scaffold, 
and intrinsic cellular responses. In line with previous 
research, our study demonstrates that scaffolds contain-
ing controlled-release DEX-MPs enhance the differentia-
tion of hEnMSCs into osteoblasts compared to scaffolds 
without the DEX [136, 142, 143]. Gene expression anal-
ysis revealed significant upregulation of COL1A1 and 
OST, key markers of late-stage osteoblast differentiation 
and matrix maturation [144], in the Hyb-1-DEX com-
pared to Hyb-1 and PCL-nHA on days 14 and 21, con-
firming the beneficial effect of the DEX release system 
on osteoblast activity and bone formation (Fig. 6). These 
findings align with our visual and quantitative assess-
ments from the ICC test, which reveal stronger and more 
extensive green fluorescence in the Hyb-1-DEX, in com-
parison to both PCL-nHA and Hyb-1 on days 14 and 21 
(Fig.  6e). Moreover, the higher level of OST protein in 
the Hyb-1, compared to the PCL-nHA, suggests that the 
natural polymer composition, along with HA, provides a 
conducive environment for promoting bone differentia-
tion and facilitating increased expression of OST.

RUNX2, Known as a key transcription factor respon-
sible for regulating osteoblast differentiation [145, 146], 
exhibited increased expression in all groups, highlight-
ing its critical role in governing osteoblast differentia-
tion. However, the absence of a significant difference in 
RUNX2 expression between the groups on day 14, and 
only a slight difference against PCL-nHA on day 21 
(p < 0.01), suggests the involvement of additional factors 
that contribute to the observed differentiation effects 
caused by the DEX-MPs (Fig.  6c). This trend, which 
is that the presence of a component can significantly 
increase only one or two bone biomarkers but has no 
significant effect on the others, has also been seen in 
the work of other researchers [3]. This indicates that the 
DEX-MPs may primarily influence later stages of osteo-
genic differentiation, consistent with studies showing 
enhancement of downstream signaling pathways involved 
in ECM protein synthesis, rather than directly affecting 
the initial transcriptional activation mediated by RUNX2 
[147–149]. Despite observed improvements in bone for-
mation, the lack of a statistically significant difference in 
RUNX2 expression likely reflects the complex interplay 
of multiple factors influencing osteogenic differentiation. 
Firstly, the limitations in experimental design might not 
have fully captured the dynamic expression patterns of 
RUNX2, highlighting the need for future studies employ-
ing a more comprehensive temporal analysis. Secondly, 
the complexity of osteogenesis suggests compensatory 
mechanisms may be at play. While RUNX2 is a crucial 
transcription factor, bone formation is regulated through 
multiple interconnected pathways, such as TGF-β and 
Wnt signaling [148, 149]. The controlled release of DEX 
influences osteogenesis via diverse pathways, including 

the induction of mineralization, secretion of BMP2, and 
activation of the hedgehog pathway [25, 150–152]. Fur-
thermore, DEX has been shown to stimulate osteoblast-
derived extracellular vesicle secretion, promoting bone 
differentiation [153]. These alternatives signaling path-
ways could compensate for subtle changes in RUNX2 
expression, resulting in enhanced bone formation despite 
the non-significant change in RUNX2 levels. Finally, 
inherent biological variability must also be considered, 
including intrinsic cellular heterogeneity, variations in 
MSC responsiveness to DEX, and the unique biophysi-
cal properties of scaffold and paracrine signaling within 
the 3D microenvironment [154–156]. Further research 
is necessary to fully elucidate the contribution of each of 
these factors to the observed effects and clarify the com-
plex interplay between RUNX2 and other signaling path-
ways in the context of the controlled DEX release system.

The higher ALP activity in the Hyb-1-DEX compared 
to the two other groups over time, especially the signif-
icantly higher ALP activity on day 7 in the Hyb-1-DEX 
compared to the PCL-nHA (p < 0.05), can be partially 
attributed to the presence of the DEX-MPs within the 
scaffolds. However, the absence of significant differences 
between the Hyb-1-DEX and the other two groups on 
days 14 and 21 requires further analysis. Scaffold struc-
tural components, including alginate and gelatin, in both 
the Hyb-1-DEX and Hyb-1, may have influenced ALP 
activity [157–159]. The presence of these biopolymers 
in Hyb-1 likely mitigates the long-term impact of DEX, 
leading to similar ALP activity levels between groups by 
days 14 and 21. As shown in a study, the potential of chi-
tosan addition to the culture medium for osteogenic dif-
ferentiation of DPSCs was almost similar to that of DEX 
by evaluating markers such as ALP and RUNX-2 [160]. 
Also, in another study, Amjadian et al. did not observe 
a significant difference in ALP activity on day 7 in the 
PLLA, nHA, DEX/gelatin compared to the PLLA, nHA/
gelatin [161]. Throughout the study period, ALP activ-
ity peaked on the 14th day. It remained relatively stable 
until the 21st day in all groups, indicating that the con-
tinuous release of DEX effectively supports and sustains 
osteogenic differentiation (Fig.  6d). This observation 
likely arises from the inherent temporal dynamics of 
ALP during osteoblast differentiation, where activity 
peaks around day 14 and subsequently plateaus, as seen 
in other studies [157, 162, 163]. This inherent biological 
process, combined with the osteoconductive properties 
of biopolymers, may obscure any difference in ALP activ-
ity beyond day 7 [157]. Also, the results of ARs support 
the conclusion that the Hyb-1-DEX scaffold enhances 
osteogenic potential, thereby promoting increased min-
eral matrix formation compared to the control groups 
(Fig. 4, and Fig. 7).
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In summary, despite the lack of significant differ-
ences in RUNX2 expression and ALP activity between 
groups on days 14 and 21, the significant upregulation 
of COL1A1 and OST, coupled with improved ARs and 
ICC, strongly suggests that the Hyb-1-DEX effectively 
enhances osteogenic differentiation of hEnMSCs. Further 
research is needed to fully elucidate the specific contri-
bution of each factor and the underlying mechanisms 
involved in this process.

While 3D bioprinting holds great promise for preclini-
cal and clinical applications, significant challenges persist 
regarding the accuracy, printing speed, scalability, and 
reproducibility of bioprinters. At present, no single 3D 
bioprinter has been developed that outperforms all oth-
ers across these key performance metrics [70, 164]. One 
limitation of the present study is the increased printing 
time due to the temporary pause required after each 
hydrogel layer extrusion to facilitate cross-linking. This 
pause was necessary to prevent structural collapse and 
ensure the successful printing of subsequent layers, but 
it extended the overall printing process. Future studies 
should explore alternative strategies to accelerate cross-
linking without compromising the integrity of the printed 
constructs.

Also, despite the fact that hybrid nature of the designed 
scaffolds in this research can be considered an innova-
tive biomimetic strategy for bone healing [165, 166]. 
However, there are still serious challenges that need to 
be addressed, such as enhancing adhesion and integ-
rity, and limitations of using glutaraldehyde as cross-
linker. Using a multifunctional crosslinker that can create 
chemical bonds between the different layers of the scaf-
fold (Alg-Gel-MPs and PCL-nHA) could enhance the 
adhesion between the layers and boost the overall integ-
rity of the scaffold. This could improve the load-bearing 
capacity and mechanical properties of the scaffold. In 
this research, as described, we used CaCl2 and glutaral-
dehyde as a well-known chemical crosslinkers that can 
create strong chemical bonds in Alg-Gel-MPs layers. 
While glutaraldehyde has been used for coating gelatin 
on PCL scaffolds, its ability to create chemical bonds 
between PCL and Gel by using glutaraldehyde has not 
been proven [167]. Subsequently, the potential toxicity of 
the crosslinker used to polymerized the hydrogel layers 
should be considered.

Consequently, this study emphasizes the significance 
of optimizing scaffold design, release kinetics, and 
drug concentration to enhance bone regeneration. The 
results demonstrate that incorporating DEX-MPs into 
the hydrogel and subsequently 3D printing it as hybrid 
scaffolds offers a controlled drug delivery system. This 
not only ensures the sustained presence of DEX but 
also potentially enhances the osteogenic potential of 
the Hyb-1-DEX group. Further research is required to 

comprehend the underlying mechanisms governing the 
release behavior and optimize the scaffold system for pre-
cise and targeted drug delivery. Future studies can focus 
on evaluating the degradation properties of the hydro-
gel, elucidating the drug release mechanisms within the 
matrix, conducting additional cellular assays, employing 
in vivo models, assessing the long-term effects of DEX on 
BTE, and exploring alternative crosslinkers.

Conclusion
In this research, we incorporated DEX-loaded PCL MPs 
uniformly into a hydrogel, which was then 3D printed 
to create layer-by-layer hybrid scaffolds. These scaffolds 
featured interlayers of PCL-nHA and Alg-Gel compos-
ites for bone regeneration. The hybrid scaffolds exhib-
ited favorable mechanical stability, biocompatibility, 
and biodegradability, providing an ideal environment 
for the growth and proliferation of hEnMSCs. The inte-
grated MPs-DEX into the hybrid scaffold demonstrated 
more controlled release of the DEX compared to free 
MPs-DEX, showing promise for sustained drug delivery. 
Moreover, the continuous release of DEX through Hyb-1-
DEX scaffolds created a microenvironment conducive to 
activating bone signaling pathways, leading to enhanced 
bone differentiation and mineralization compared to 
PCL-nHA and Hyb-1 scaffolds. These findings were sub-
stantiated by significantly elevated expression levels of 
bone markers, including COL1A1 and OST, as well as the 
key transcription factor RUNX2. Increased ALP activity, 
as well as positive immunofluorescence staining for OST 
and ARs, further confirm the efficacy of the Hyb-1-DEX 
scaffolds. In conclusion, our innovative approach of 3D 
printing hybrid scaffolds with DEX-MPs presents a con-
trolled drug delivery system that significantly boosts the 
osteogenic potential in BTE therapies.
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