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Abstract
Background: Hydroxyapatite (HA) can be loaded by some osteogenic inducing agents such as
thymoquinone (TQ) and alginate. This study was performed to investigate the effect of TQ loading into
HA/alginate scaffolds on osteogenic differentiation capability of mesenchymal stem cells.
Methods: HA scaffolds were fabricated by casting and sintering method and impregnated by TQ
containing alginate. The stem cells were loaded onto the scaffolds and induced to differentiate into
osteoblasts. Alkaline Phosphatase (ALP) activity, Alizarin Red S, Real-Time qRT-PCR, and MTT
assessments were done. Finally, the cells were examined with a light microscope, confocal microscope,
and SEM.
Results: The results showed that the presence of the alginate decelerates the degradation rate and
reinforces the mechanical strength. while the presence of TQ had no significant influence on physical and
mechanical properties of the HA/alginate scaffolds, it led to a significant increase in ALP activity and
expression of collagen, osteopontin, and osteocalcin at early phase of differentiation. Also, TQ
administration had no impact on calcium deposition and proliferation as well as bone-marker expression
at long term differentiation.
Conclusion: TQ accelerates the differentiation of the stem cells into the osteoblasts without changing the
properties of the scaffolds, and the HA/alginate/TQ scaffold can be used as a scaffold with osteogenic
properties in bone tissue engineering applications.

Background
Repair of bone fractures due to trauma or degenerative diseases has become one of the most important
concerns of regenerative medicine nowadays [1]. Although autografts and allografts are considered to be
the best methods for repairing bone defects, complications limit these therapeutic approaches; it has also
promoted the development of alternative technologies to solve these problems [2, 3]. Bone tissue
engineering, as a more advanced alternative, involves delivering the cells to the area of injury, mimicking
the normal bone tissue [4]. The main goal of tissue engineering is to create a suitable synthetic or natural
alternative for the graft, which mainly consists of the scaffold, living cells, and growth factors [5]. One of
the most widely used composites in bone scaffolds is hydroxyapatite(HA) with excellent osteoconductive
and osteoinductive properties [6].
HA (Ca10 (PO4)6 (OH)2) is the most stable ceramic compound of calcium phosphate under physiological
conditions [7]. Fifty percent of the volume, 70% of the weight, and about 60% of the mineral fraction of
human dry bone have a modified form of HA [8, 9]. Nowadays, due to its outstanding properties such as
biocompatibility, bioactivity, osteoconductivity, and non-toxic nature, HA has many applications in tissue
engineering [10, 11]. The results of research on HA show its effective and useful role in the process of
bone regeneration and repair. Studies have shown that HA-hyaluronic acid-calcium sulfate scaffold
improves the repair of the defects in the alveolar bone [12]. Xin Qi et al. showed that the use of a threePage 2/28

dimensional (3D) HA-collagen-polycaprolactone scaffold increases the bone repair in the rat model [13].
HA can be loaded by some osteogenic inducing agents such as thymoquinone (TQ) to accelerate the
bone-building process.
TQ (2-Isopropyl-5-methylbenzo-1,4-quinone) is the bioactive substance of Nigella sativa oil [14]. It has
anti-fungal, anti-tumor, liver protective, anti-inflammatory, anti-epileptic, anti-coagulant, anti-diabetic, antihypertensive, and anti-bacterial effects [14–18]. TQ has been widely studied, and it has been also
detected as an effective compound on the bone health [19, 20]. Several mechanisms have supported the
potential effects of TQ on improving bone diseases such as rheumatoid arthritis[21, 22]. TQ accelerates
bone formation by inducing Bone morphogenic protein 2 (BMP-2) through ERK signaling pathway [23,
24]. Wirries et al. (2013) showed that TQ induced osteoblast progenitor cell proliferation (MC3T3-E1),
osteoblast differentiation, and mineral matrix deposition [24].
As the drug release from HA scaffolds is rapid, to delay and regulate it, a series of materials such as
alginate is suggested to be used. Alginate is an available, cheap, and biocompatible biopolymer that is
effective in bone tissue repair as well and has a wide range of applications in bone tissue
engineering[25]. Studies showed that alginate in combination with HA and chitosan can be used as a
suitable drug delivery system to regulate the rate of drug release in bone tissue engineering [26]. Another
study showed that the combination of alginate with HA-collagen scaffold could mimic a suitable
substrate with high biocompatibility for osteoblasts [27]. It has also been shown that porous calciumalginate scaffolds can support bone differentiation and osteoblast growth and proliferation [28].
Considering the positive effects of HA, alginate and TQ on bone, in the current study, we prepared a 3D
HA/alginate scaffold and the effect of the presence TQ with and without osteogenic medium (OM) in the
osteogenic differentiation of human adipose-derived mesenchymal stem cells (hADMSCs) towards bone
cells as well as the activity of differentiated cells was evaluated.

Result

Evaluation of purity and size of extracted HA particles
As shown in Fig. 1, the peaks in the XRD spectra of the extracted mineral components correspond to
those of commercial HA. This indicates that most of the extracted mineral components are HA with high
purity (Fig. 1-A, B). Also, the particle size of the extracted powder was estimated as 409.78 ± 89.58 nm
(Fig. 1-C).

Scaffolding features
The porous scaffolds were made at a size of 10×10×3 mm3 and the porosity was estimated as 72.75 ±
3.375%. The data indicated that the trend of degradation rate was constant in all scaffolds regardless of
loading TQ. The presence of the alginate decelerates the degradation rate significantly compared to the
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control scaffolds after day 3 (P < 0.05). The presence of TQ had no significant influence on degradation
rate of the scaffolds (Fig. 2-A).
Hydration test revealed that all the scaffolds absorbed water at full capacity almost immediately after
immersion. The presence or absence of TQ did not show any significant impact on the hydration rate
(Fig. 2-B).
Mechanical strength test showed that the presence of alginate, but not TQ, reinforced the mechanical
strength compared to the control scaffolds (P = 0.01 for TO containing, and P = 0.02 for scaffold without
TQ). The mechanical strength of the control scaffold was 3.28 ± 0.76 MPa, while that of alginate
containing scaffolds with or without TQ was 5.20 ± 0.48 MPa and 4.72 ± 0.54 MPa, respectively. (Fig. 2C). The result obtained from these tests revealed that the presence of TQ had no detrimental influence on
physical properties of the scaffolds.

Characterization of hADMSC
The isolated cells were initially spindle-shaped and short, but gradually its phenotype became fibroblastlike. Flow cytometry data showed that the cells isolated from the adipose tissue expressed surface
mesenchymal markers including CD44 (88.4%), CD105 (97.4%), CD106 (46.3%), while they failed to
express the hematopoietic cell lineage marker, CD34 (2.10%), and endothelial cell marker, CD144, (0.78%)
(Fig. 3).

Cytotoxicity assessment
A pilot study was conducted to find the appropriate dose of TQ for further investigations. MTT test
showed that supplementation of 100 µM TQ significantly reduced the cell viability compared with all the
other groups (P = 0.003 for the 3rd day and P < 0.0001for 7th day). The cell viability on the scaffolds
loaded with two other doses, 50 and 25 µM, was significantly similar to the control cultures, and they did
not exert any cytotoxicity for hADMSCs. We choose the higher dose with lower cytotoxicity, 50µM, for
further experiments. The number of viable cells in all the 3D groups was lower than the 2D groups (P =
0.005 for the third; P < 0.0001 for the fifth; and P < 0.0001 for the seventh days) (Fig. 4).

Measuring the rate of drug release
TQ release pattern showed that it sequestrated during the first 1 min. The drug released at 20 min
followed by a quick release at the first hour and then a constant release up to 6 hours. Then, the release
of TQ accelerated with a higher rate up to 48 hours. (Fig. 5).

Cell adhesion test
The data from cell attachment test revealed that the presence of alginate had a significant positive effect
on cell attachment, so that after 120 minutes, almost all the seeded cells were attached to the alginate
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containing scaffolds(P < 0.0001). The presence of TQ had no detrimental effect on cell attachment
(Fig. 6).

Mineralization assessments
ALP activity increased significantly in all the 3D cultures compared to 2D condition in the absence of OM,
so that all the 3D culture systems provided a better condition for osteogenic differentiation of MSCs;
however, the OM supplementation of 2D conventional culture condition led to a significant increase in
ALP activity at late stage on days 21 and 28 (P = 0.02 and P = 0.04, respectively); all 3D conditions
accelerated the osteogenesis, so that a significant higher ALP activity was observed compared to the
corresponding 3D control cultures on days 7 and 14 (P < 0.01). The presence of TQ led to a significant
increase in ALP activity compared to the matched control cultures at early phase of differentiation, on
days 7 and 14 (P < 0.0001 for 3D + TQ + OM versus 3D-TQ + OM; P = 0.04 for 3D + TQ-OM versus 3D-TQOM on day 7; P = 0.009 for 3D + TQ + OM versus 3D-TQ + OM on day 14). This means that the TQ acted
as an accelerator of osteoblast differentiation. At short term (7day), TQ reinforced the osteoinductive
effect of 3D culture system since ALP activity showed a significant increase in the absence of OM and in
the presence of TQ (P = 0.04). Besides, 3D HA scaffolds induced osteogenesis in MSC compared to 2D
condition in the absence of OM (P = 0.04 on 7 day; P < 0.0001 on other days) (Fig. 7-A).
Alizarine Red S staining was used to evaluate calcium deposition by differentiated cells on the 28th day
of differentiation. The results showed a significant more calcium deposition in the cultures supplemented
by osteogenic medium compared to their counterpart without OM (P < 0.001). Also, the calcium
deposition was higher in 3D cultures compared to the matched 2D conditions (P < 0.0001). TQ
administration had no impact on calcium deposition. (Fig. 7-B).

Cell viability and proliferation assay after differentiation
After 28 day, the number of viable cells in all the groups which received OM was significantly fewer
compared to the corresponding control cultures (P < 0.0001 for 3D + TQ + OM versus 3D + TQ-OM; P =
0.0006 for 3D-TQ + OM versus 3D-TQ-OM and P < 0.0001 for 2D + OM versus 2D-OM). Cell proliferation on
both 2D conditions was higher compared to the matched 3D conditions (P < 0.0001 for all). TQ
supplementation had no significant effect on cell proliferation (P > 0.05) (Fig. 7-C).

Real time RT-PCR
The expression of collagen 1, osteopontin, and osteocalcin genes significantly increased as the time
progressed (P < 0.001). On both days 7 and 28, adding OM led to a significant increase in all the
osteogenic marker expressions (P < 0.05).
On day 7, regardless of receiving osteogenic medium, the cells in the cultures supplemented with TQ
expressed a significantly higher level of collagen (P = 0.02 for cultures treated with OM, P = 0.01 for
cultures without OM) and osteocalcin (P = 0.02 for cultures treated with OM; and P = 0.04 for cultures

Page 5/28

without OM) compared to the matched controls, in osteogenic medium-treated cultures, the expression of
osteopontin increased significantly by TQ administration (P = 0.03).
On day 28, TQ administration did not exert any significant impact on the bone-specific marker expression.
Thus, TQ acted as an accelerator of the induction of differentiation that led to early expression of bonespecific markers. Also, the cells cultured on HA scaffolds could express bone-specific markers, even in
conditions without OM and TQ, and the level of expression increased as the time progressed. (Fig. 8).

Optical microscope
After osteogenesis differentiation, the morphology of the cells and their distribution were examined by
paraffin-embedded sections and H&E staining. Most of the cells embedded within alginate showed
spherical phenotype without prominence processes. However, some of them contained elongated nuclei.
They showed Heterogeneous distribution throughout the scaffold. There was no significant difference in
the cell morphology of the cells cultured in various conditions (Fig. 9).

Confocal Raman microscope
Generally, spectroscopy in Raman shifts of 500–1000 cm− 1 was more related to the bonds present in the
mineral and those of 1000–2000 cm− 1were related to the bonds of the organic part of the scaffold.
Peaks of the Raman spectra represent a number of bonds in one or several special substances; Raman
peaks at 589 cm− 1,740 cm− 1, 955 cm− 1 and 962 cm− 1and 1044 cm-1 were assigned for the vibration of
v4 po43− symmetric bonds (related to HA phosphate) [29], deformed bonds of nitro groups[30], for the
vibration of calcium phosphate[31], administration of the vibration of symmetrical bonds related to
calcium HA and HA mineral phosphate, respectively, that indicate the presence of HA as the primary base
of the scaffolds. Raman peaks at 1076 cm− 1, 1124 cm− 1[29]and 1405 cm− 1[32] are related to lipids in
the cell membranes, and 1615 cm− 1 are related to the amino acids tyrosine, tryptophan and adenine,
1640–1680 cm− 1 for Amide Ι [29] which indicated the presence of protein production such as collagen by
the cells in the cultures. Also, the vibration at 1721 cm− 1[33], 1802 cm− 1, and 1869 cm− 1[34] represented
CO binding, which may indicate the presence of protein or alginate. Also, the Raman shift of 1900 cm− 1 is
related to the C = C bond of benzenoid rings [35]. Overall, Raman spectra revealed a shift to right for peak
at 962 to 955 cm− 1. These peaks belong to minerals[29, 31]. Also, the trend of Raman spectra in the
cultures which received just TQ was the same as both cultures which received OM, while the trend of the
cultures deprived of either TQ or OM differed from the others. This indicates that the TQ may have an
osteoinductive property (Fig. 10).

Scanning electron microscopy
SEM images showed that alginate filled the pores of the HA scaffolds. The mean value of the pore size of
the HA scaffold was 411.32 ± 32.67 µm. The phenotype of the cells in the cultures which received TQ with
or without OM and the cultures which received OM was round with a few short processes which was
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similar to osteoblasts. The cells in the cultures deprived of OM and TQ expanded well with some
processes. These cells had the typical phenotype of MSCs. (Fig. 11).

Discussion
The current evidence supports the impact of TQ-based scaffold on elevating the osteoblast
differentiation capacity of MSCs without considerable impact on the physical and mechanical properties
of the scaffold. Quinones with a wide range of biological activities and applications have several
beneficial effects on bone formation. In this regard, both animal and human-based studies could
demonstrate its preventive and even therapeutic effects on osteoporotic condition [36, 37]. From a
physiological point of view, quinones can inhibit the bone resorption, reduce the osteoclastic activation,
as well as accelerate proliferation and differentiation of the osteoblasts, leading to skeletal recovery [38,
39]. TQ, as a compound derived from Nigella sativa L. and one of the most widely used compounds, has
anti-inflammatory, anti-oxidant, anti-cancer, analgesic, and even hypoglycemic properties [40–42].
Recently, much attention has been paid to its beneficial effects on bone formation and recovery of bone
injuries via impact of bone metabolism. Our study showed the effectiveness of loading the TQ on
HA/Alginate scaffolds to accelerate osteoblast differentiation and this is helpful in bone tissue
engineering applications. The data from the current study showed that the bone specific markers such as
osteopontin, osteocalcin, collagen type I expressed as soon as the 7th day compared to the cells cultured
in TQ-free conditions. ALP activity test also confirmed this finding. In vivo studies in animal models have
indicated the beneficial effects of TQ on bone formation. TQ has been reported to accelerate in vivo new
bone formation by increasing the number of osteoblasts and also inhibiting the inflammatory pathways
in rats [41]. Anti-inflammatory impact of TQ leads to inhibition of osteoclastogenic [23], and osteoclasts
induce hyperactivation of the osteoblasts and increase in bone formation [43]. It has been previously
reported that supplementation of culture media with TQ induced the expression levels of alkaline
phosphatase, osteocalcin, and osteopontin, but not collagen type I [24] in the osteoblast cell line through
the upregulation of bone morphogenic protein. The results of the current study indicated that TQ
accelerated the osteoblast differentiation as well. We also found that TQ could boost the expression level
of collagen type I as well as the other bone-markers, of course when administrated during osteoblast
differentiation.
Both HA and alginate have been shown to exert osteogenic impact on MSCs [44, 45]. The results showed
that TQ not only accelerated the osteoblast differentiation in the presence of osteogenic medium, but
also elevated the osteoinductive property of HA scaffold on hADMSCs. To find whether TQ can induce
osteogenic differentiation in the absence of the other osteogenic stimulators needs more investigations.
The findings of the current study showed that TQ loading either accelerated or enhanced the osteoblast
differentiation since at long term, the cells cultured on all the TQ-loaded and TQ-free scaffolds expressed
statistically similar bone-specific markers or showed the same ALP activity and mineralization. This may
be due to the cells both matched conditions acquired the final osteogenic phenotype at long time. On the
other hand, although alginate decelerated TQ releasing rate, its concentration was too low to enhance the
osteogenesis at days 21st and 28th. However, ALP activity showed that 3D culture system induced
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osteogenesis in all conditions. This data confirmed the previous study that reported 3D HA scaffolds had
osteoinductive property [44]. Besides osteogenic effects, alginate has been used for drug delivery as well.
TQ encapsulation in polylactide-co-glycolide acid nanoparticles can enhance its biological properties
such as anti-proliferative or anti- inflammation activities [46]. Also, the anti-oxidant feature of TQ loaded
in poly (sodium N-undecylenyl-valinate) was higher than free TQ [47]. TQ is an unstable molecule in
aqueous solutions [48]. Encapsulation in alginate has been reported to enhance the TQ stability [49].
Alginate has been suggested as a good biometrical for improving the stability of active molecules [48]. In
this study, TQ enraptured in alginate and drug release test showed that the release of TQ decelerated
without any significant influence on physical and mechanical properties of the scaffold, and after 48
hours, TQ was yet released into the culture medium. The effect of TQ on viability, proliferation, and
immunomodulatory potential of bone marrow-derived mesenchymal stem cells (BM-MSCs) was
assessed in vitro. TQ reduced the cell viability in a time- and dose-dependent manner [50]. The dose and
time dependent cytotoxicity of TQ was also detected in some cancer cell lines [51, 52]. Our data also
confirm the cytotoxic effects of TQ in higher doses, but it was not time-dependent. We checked the
osteogenic induction of the highest non-toxic dose of TQ.

Conclusion
Generally, TQ accelerates the differentiation of stem cells into the osteoblast with no change in the
physical and mechanical properties of the scaffolds, and the HA/ alginate /TQ scaffold can be used as a
scaffold with osteogenic properties in bone tissue engineering applications.

Methods

Extraction of HA and characterization
First, the diaphysis of the cow's femur was boiled for 2–3 hours followed by washing in water to remove
the excess tissue, cut into small pieces, delipidized in acetone, and dried overnight at 100°C. Extraction of
HA was done by thermal decomposition method and using electric furnace (LAC, Ltd, Czech Republic) at
850°C for 3 hours; the powder obtained was pulverized by Planetary Ball Mill (Mpm-191, Iran). The X-ray
differentiation method (XRD, Bruker, USA) was used to evaluate the purity of the extracted powder by
comparing it with commercially purchased HA powder (Merck). CuKα beam was used for analysis. The
scanning rate was equal to 1.54 degrees per minute and the diffraction angle was from 10 to 90 degrees.
Also, to measure the particle size, we used SEM analysis of the extracted powder alongside Image J
software (http://imagej.nih.gov/ij/index.html).

Scaffold construction
First, 6g of HA powder was added to 14 mL of distilled water and mixed on a stirrer for 5 min. An
equivalent of 7% of HA powder (0.42 g) of triethyl phosphate (TEP; (C2H5)3PO4) (Sigma-Aldrich, USA) was
added to the mixture and slurry was mixed on the stirrer for 24 hours. Then, an equivalent of 7% of HA
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powder (0.42 g), of glycerin (Sigma-Aldrich, USA) was added and stirred for 1.5 hours. Polyvinyl alcohol
(PVA) (Sigma-Aldrich, USA) was prepared at a concentration of 15% and an equivalent of 33% of the
weight of HA powder (2 g) was added to the slurry and mixed for 24 hours. Polyurethane foam was used
as a template and cut to the desired size and shape. They were immersed in slurry and dried at 90°C for
15 minutes. The immersing and drying periods of the foams were repeated twice, and finally the slurrycoated foams were heated at a rate of 2°C/min to reach the temperature of 800°C; then, they remained at
a temperature of 800°C for 5 hours. After that, the temperature increased at a speed of 3.5°C/min to reach
the temperature of 1250°C and led them to sinterized for 3 hours. The temperature of the device was then
dropped to ambient temperature.
The scaffolds were immersed in a 1% alginate solution (Sigma-Aldrich, USA) dissolved in phosphatebuffered saline (PBS) with/without TQ (Sigma-Aldrich, USA). To avoid trapping air bubbles, we placed
them inside the vacuum pump machine for 10 minutes. Then, the gelation was done by adding 1%
calcium chloride solution (Merck, Germany).

Characterization of the scaffold
SEM images were prepared by lyophilizing TQ free scaffolds. Gold replica was prepared using Q150R- ES
sputter coater (Quorum Technologies, London, UK) and imaged using an VEGA3 microscope (TESCAN,
Brno, Czech Republic) at 10 kV accelerating voltage. The pore size was estimated by analyzing SEM
images using image J software. The porosity was measured by liquid exchange method.
The degradation rate was measured by incubating the scaffolds in 0.01% trypsin (Bioidea, Iran) and
weighting them on days 1, 2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 18, 20, 25, 30, 35, 40, 50, and 56.
The hydration rate was evaluated by immersing lyophilized TQ loaded scaffolds in distilled water and
weighting them at the beginning as well as at intervals of 5, 15, 30, 60, 120, and 240 seconds.
For evaluating the impact of TQ loading on mechanical strength, the scaffolds at a size of 10×10×3 mm3
and the same porosity were exposed to a mechanical resistance determination device (Zwick/Roell,
Germany) at a speed of 0.5 mm/min.

TQ releasing assessment
To evaluate the drug release, we prepared the scaffolds according to what was mentioned in the previous
part. Then, 1 mL of distilled water was added to each scaffold and the supernatant was removed at 20,
40, 60 seconds, 20, 40, 60 minutes, and 2, 4, 6, 12, 24, 48 hours. Finally, the release of TQ was assessed
using the High-Performance Liquid Chromatography (HPLC AZURA; KNAUER, Germany) with a C18
column. The mobile phase consisted of a solvent system of acetonitrile and water with a ratio of 45:55.
The flow rate was performed at 1 mL/min at 30°C and detection wavelength was at 254 nm.

Isolation, culture, and characterization of hADMSC
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Adipose tissue samples from female patients undergoing liposuction under the age of 27–29 years were
transferred to the laboratory under sterile conditions. The adipose tissue was cut into small pieces and
treated with 0.2% collagenase type I (Gibco) in the serum-free medium for 45 minutes; then, the
suspension was centrifuged for 5 minutes at 1500 rpm and the cell pellets were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco) containing L-glutamine (1mM), Pen-Strep (1%) and 20% fetal
bovine serum (FBS) (Gibco) and incubated at 37°C and 5% CO2. After 48 hours, the float cells were
discarded, and the culture media was changed.
To characterize the hADMSCs, the cells were exposed to Fluorescein-5-isothiocyanate (FITC)-conjugated
CD144 and CD44, to Phycoerythrin (PE)-conjugated CD34 and CD106, and to Peridinin-Chlorophyll-protein
(PerCP)-conjugated CD105 antibodies all from Abcam. Finally, the percentage of expression of these CD
markers was determined by flow cytometry using Flow Cytometer laser 488 nm (Becton Dickinson, NJ,
USA), and Flowjo software was employed for analysis.

Differentiation of ADMSCs
The cells were aliquoted into 6 groups. The aliqoutes at a density of 1×106 cells per mL were mixed with
alginate with or without TQ and OM and seeded into the HA scaffolds and gelation induced by adding
CaCl2. Two of them were cultured on a 2D thin alginate coat with or without OM for 7 and 28 days. OM
included 0.1 mM dexamethasone, 50 µM ascorbic acid, and 10 mM beta-glycerophosphate (SigmaAldrich) in DMEM medium. The culture media with or without OM contained 10% FBS (Gibco). The
medium was changed every three days.

Cytotoxicity assessment
The 3-(4,5 dimethyl-2-thiazolyl) -2,5-diphenyl tetrazolium bromide (MTT) assay (Sigma-Aldrich, USA) was
performed at 3, 5, and 7 days after cell seeding to determine the appropriate and non-toxic dose of TQ
and cell viability on the scaffolds. Briefly, to do this, TQ was prepared in 1% alginate at concentrations of
25, 50, and 100 µM, Then, 3×104 MSC/well was added to the alginate; they were impregnated into the HA
scaffolds and allowed to be jellified by adding CaCl2. After 3, 5, and 7 days, the culture media were
replaced with 500 µL of 0.5 mg/mL MTT and incubated at 37°C for 3 hours. The MTT was then eluted
from the vital cells by adding 300 µL of dimethyl sulfoxide (DMSO; Merck) and incubating for 30 min.
The optical density (OD) of eluted MTT was measured using a POLARstar Omega Plate Reader
Spectrophotometer at 595 nm.

Cell differentiation assessments
To be sure about the presence of viable cells after a 28-day period of differentiation, we performed
another MTT assay as described previously. The cell phenotype on the scaffolds after differentiation was
obtained by SEM image.

Alkaline Phosphatase Activity
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The alkaline phosphatase (ALP) activity was evaluated on days 7, 14, 21, and 28 of differentiation using
a commercial kit (Pars Azmun, Iran) as a functional test for the osteoblasts. The basis of this kit is the
conversion of colorless nitrophenyl phosphate to yellow nitrophenol and it was done according to the
manufacturer's instructions. The yellow intensity of nitrophenol was measured with a plate reader
spectrophotometer at 405 nm.

Alizarin Red S staining
Alizarin red S staining was used to evaluate the amount of calcium deposition by the osteoblast cells.
After 28 days of differentiation, 2D and 3D cultures were fixed with 4% PFA for 20 min. The samples were
exposed to a 1% Alizarin red S solution (Sigma-Aldrich) for 30 minutes. The sedimented dye was then
eluted with 500 µl of 100 mM Cetyl pyridinium chloride monohydrate (Merck) and its optical density was
measured with a plate reader spectrophotometer at 405 nm.

Cell attachment test
First, 3×104 cells were mixed with 1% alginate with/without TQ and seeded on the scaffolds. Then, 1%
calcium chloride solution was added on them to start gelation of alginate and they were incubated in a
serum-free environment for 2 hours. The scaffolds were then placed vertically in a falcon tube and
centrifuged at 30 rpm for 30 minutes. The number of detached cells, as pellet, were then counted using a
Neubauer chamber and subtracted by the number of initial cell number.

Real-Time qRT-PCR
Total RNA from differentiated osteoblast was isolated using the TRIzol (YTzol pure RNA, CinnaGen,
Tehran, Iran), according to the company’s instructions. Extracted RNA content was quantified by
NanoPhotometer (NanoDrop 2000, Implen, Germany). cDNA was produced with the aid of a HighCapacity RNA to cDNA kit (Thermo Fisher Scientific, USA), according to the manufacturer’s protocol. The
expression of Collagen Ι, Osteocalcin and Osteopontin was evaluated by qRT-PCR (ABI7900HT, USA
Specific primer sequences, as depicted in Table 1. PCR conditions were as follows: 10 min of initial
denaturation at 94°C, followed by 40 cycles of denaturation at 95°C for 15 s; annealing was conducted at
60°C for 45 s, followed by 30 s extension at 72°C, and 5 min final extension at 72°C. PCR results were
quantitatively analyzed by Rotor-Gene Q Series Software. For data analysis, the fold change (FC) of each
gene expression was calculated by using the 2−ΔΔCt method, whereas housekeeping genes, β-actin and
GAPDH, were used as controls to normalize the results.

Confocal Raman microscope
After 28 days of differentiation, all the 3D samples were fixed by 4% PFA for 20 min and then they were
lyophilized; the samples were evaluated by Lab-Ram HR Confocal Raman spectrometer (Horiba, Japan).
The spectra were prepared with an excitation wavelength of 633 nm and a maximum power of 17 mW
from different parts of the scaffold, including filled pores with alginate, HA blades, and cells. To include
organic and mineral excitations, Raman shift was investigated at the range of 500–2000 cm− 1.

Optical microscope
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After 28 days of differentiation, the 3D groups were fixed using 20% PFA for 20 minutes and prepared for
paraffin-embedded light microscopy. Due to the presence of HA in the samples and in the absence of
demineralization during tissue preparation, the blocks were placed in 8% HCl and 8% formic acid from the
starting of tissue cut point, to prevent the scaffolding from pulverizing during cutting. The samples were
sectioned at 20 µm thickness, and stained with hematoxylin and eosin (H&E) and examined by a light
microscope (Nikon E-200 microscope, Japan) and imaged.

Statistical analysis
Data are presented as mean ± standard deviation (SD). GraphPad Prism software (version 8.1) was used
to quantitatively analyze the data and draw the graphs, and the data were analyzed using one wayANOVA and two way-ANOVA statistical tests. P-value with less than 0.05 was considered as significant
data. All experiments were performed in triplicate.
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Table 1. The promoter sequences used
Name

Primer Sequence (5'→3')

Melting Point
C°

Collagen 1

Forward: CGGCTCCTGCTCCTCTTAG
Reveres: GGGCTCGGGTTTCCACACG

65

Osteocalcin

Forward: CCTCACACTCCTCGCCCTA
Reveres: TCTTCACTACCTCGCTGCC

63

Osteopontin

Forward: CTCAGCCAAACGCCGACCAA
Reveres: TCCTCAGAACTTCCAGAATCAGCCT

65

β-actin

Forward: GCCTTTGCCGATCCGC
Reveres: GCCGTAGCCGTTGTCG

55

GAPDH

Forward: GCAAGAGCACAAGAGGAAGA
Reveres: ACTGTGAGGAGGGGAGATTC

57

Figures

Figure 1
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Evaluation of the purity of the extracted hydroxyapatite (HA); A. commercial HA XRD spectrum, B. XRD
spectrum of extracted HA, XRD spectra showed that most of the mineral content is HA, C. SEM images of
the HA particles. The particle size of the extracted powder was estimated to be 409.78 ± 89.58 nm.

Figure 2
Physical and mechanical properties of the scaffold; A. The degradation rate of scaffolds. In general,
scaffolds with alginate with or without thymoquinone (TQ) had less corrosion than the control group, B.
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Hydration rate of scaffolds. The amount of water absorption was similar in all the groups, C. Mechanical
strength of the scaffolds by the diametral method. In general, the use of alginate increased the
mechanical strength of the scaffolds compared to the control group. •significantly different between
control and alginate-TQ groups and *significantly different between control and alginate+TQ groups in
chart A. *significantly different from the controls in chart C. (*P<0.05, **P<0.01, ***P<0.001), (•P<0.05,
••P<0.01, •••P<0.001).

Figure 3
Flow cytometry showed that adipose-derived stem cells expressed CD44, CD105, and CD106.
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Figure 4
Cell viability by MTT assay as a criterion for drug dose determination. In all groups, the viability rate of
cells on the seventh day was higher than that of their counterparts on the third and fifth days. Also, the
cell viability of the both 25 and 50 μM of TQ-treated cultures was the same as matched controls. In all
days, the cell viability in 2D condition was higher than all the 3D conditions. *significantly different from
the controls on day 3 (P<0.01), #significantly different from the controls on day 5 (P<0.001),
αsignificantly different from the controls on day 7 (P<0.001).
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Figure 5
The release of TQ from the scaffolds slowly continued into the environment up to 48 hours. Calibration
curve for standard TQ (A), HPLC peak for a representative standard TQ (B), A representative sample in 60
seconds (C), and 24 hours (D). the releasing curve of TQ from scaffold during 48 hours (E).
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Figure 6
The number of cells attached to the alginate-containing scaffolds with or without thymoquinone was
significantly increased compared to the control group. *significantly different from the controls
(P<0.0001).
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Figure 7
Cell differentiation assessments; A. Evaluation of alkaline phosphatase activity on different days of
differentiation in 2D and 3D groups, B. calcium deposition by differentiated cells after 28 days, C.
Evaluation of the cell viability at the end of differentiation period. Thymoquinone acts as an accelerator
of the induction of differentiation in the early days. *significant difference between the groups (*P<0.05,
**P<0.01, ***P<0.001).
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Figure 8
Expression of A. collagen I, B. osteopontin, C. osteocalcin genes in mesenchymal cells cultured on
hydroxyapatite-alginate scaffolds in the presence and absence of osteogenic medium and
thymoquinone. *significant difference between the groups (*P<0.05, **P<0.01, ***P<0.001). (P=0.001 for
3D+TQ+OM versus 3D+TQ-OM, P=0.0008 for 3D-TQ+OM versus 3D-TQ-OM on 7 day; P<0.0001 for all
groups with/ without OM on day 28 in collagen 1 expression), (P=0.003 for 3D+TQ+OM versus 3D+TQPage 25/28

OM, P=0.03 for 3D-TQ+OM versus 3D-TQ-OM on 7 day; P<0.0001 for 3D+TQ+OM versus 3D+TQ-OM,
P=0.0005 for 3D-TQ+OM versus 3D-TQ-OM on day 28 in osteopontin expression), and (P=0.005 for
3D+TQ+OM versus 3D+TQ-OM, P=0.01 for 3D-TQ+OM versus 3D-TQ-OM on 7 day; P<0.0001 for all
groups with/ without OM on day 28 in osteocalcin expression)

Figure 9
Light microscope images; A. 3D+TQ+OM, B. 3D+TQ-OM, C. 3D-TQ+OM, and D. 3D-TQ-OM groups.
Generally, cells in the alginate were scattered non-uniformly. Also, any cell morphological changes were
observed between the groups. (Arrowhead: cell, yellow arrow: hydroxyapatite, green arrow: alginate).
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Figure 10
Raman confocal microscopy; A. Raman spectra related to mineral components at 500-1000 cm-1, and B.
Organic component at 1000-2000 cm-1.
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Figure 11
Scanning electron microscope images; A. Hydroxyapatite (HA) scaffold, B. HA scaffold containing
alginate, C. Osteoblastic cells with short processes in the 3D+TQ+OM group, D. Cells with mesenchymal
stem cell phenotype expanded on 3D-TQ –OM cultures.
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