
Introduction
Nowadays there are a lot of bone defect types which have been 
caused by infection, deformity, trauma, tumor resection and 
osteoporosis. This issue is mounting year by year, but there are 
not enough resources for autogenous and allograft bone graft 
which makes it extremely difficult to treat all of the patients. 
Recently, tissue engineering (TE) has appeared to expand 
viable substitutes capable of reconstructing the structure 
of bone tissues and to regenerate the functions of damaged 
bones.1 The use of porous materials as carriers for the delivery 
of molecules such as drugs has received remarkable attention 
due to their structural stability and controllable surface 
reactivity.2 These properties provide porous materials such as 
scaffolds with useful features for loading, encapsulation, and 
controlled release of drugs, biomolecules, proteins etc.3,4

Scaffolds also are being used for cell differentiation, 
proliferation and spreading to create new tissue.5 Gelatin 

scaffolds are widely used in TE because of their low 
antigenicity, biodegradability, good cell attachment and 
ability to deliver cells and growth factors.6 But gelatin does 
not have good mechanical properties. Halloysite nanotube 
(HNT) incorporation can improve the mechanical properties 
of the polymers due to being tough and also their high 
aspect ratio.7 At the first, Halloysite (Al2Si2O5(OH)4·nH2O) 
was characterized by Berthier (1826) as a dioctahedral 1:1 
clay mineral of the kaolin group8 which has a mainly hollow 
tubular structure in the submicron range and is chemically 
similar to kaolin.9 It originates naturally and can be extracted 
as a raw mineral from the mine which makes it economically 
cost-effective. Neighboring alumina and silica layers, and 
their waters of hydration create packing disarray which lead 
to the layers to curve into tubes.10 Normally, HNTs have a 
15 nm lumen with 30-50 nm external diameter and a length 
of nearly 1 micron.11 Actually, HNTs are specific materials 
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with a unique combination of the tubular nanostructure, 
large aspect ratio, natural availability, rich functionality, 
good biocompatibility, and high mechanical strength. These 
features generate unusual mechanical, thermal and biological 
properties.7 The HNT has also some other advantages, such 
as hydrophilicity, good dispersion capacity, and loading drugs 
ability.12 Due to its non-toxic property, HNTs can be used for 
cell-mediated assembly and for the capture of around free 
cells.13 As a kind of natural inorganic nanofillers, HNTs have 
been added into the polymer matrix as an environmentally 
benign reinforcing material, which can significantly enhance 
mechanical properties, serve as nucleating agent, increase 
thermal stability and flame retardancy.14 In some studies, 
HNTs were used to encapsulate a model drug first, and then the 
drug-loaded HNTs were mixed with biocompatible polymer 
(natural or synthetic) solution for forming composite drug-
loaded scaffolds.15 Protelos (Pr) is a divalent strontium salt of 
ranelic acid which is used as a treatment of bone problems 
and can load onto HNTs. Pr has a dual role: bone-forming and 
bone-resorbing which improves bone microarchitecture.16 
This effect of Pr has been reported in several animal studies 
that correspond with in vitro studies.17

The aim of this study was to evaluate the effect Pr amounts 
on the osteogenesis behavior of 3D gelatin-based scaffolds 
which are produced by the freeze-drying technique. The 
morphological and structural properties of the prepared 
scaffolds were characterized. Also, the drug release and 
cellular behavior of the scaffolds were investigated.

Materials and Methods 
Gelatin was purchased from the Tetrachem Company. The 
HNT was provided by Sigma Aldrich Company, USA. The 
Pr was purchased from Servier Company, France. Also, High 
Glucose Dulbecco’s Modified Eagle’s Medium (DMEM-HG), 
phosphate buffered saline (PBS), penicillin-streptomycin, 
and fetal bovine serum (FBS) were bought from GIBCO 
Company, Ireland. Isolation, expansion and characterization 
of rat mesenchymal stem cell (MSC) were performed as 
described previously.18,19

Preparation of Gelatin-Based Scaffolds
Freeze-drying was carried out with an FDB-5503 dryer 
(OPERON company, Korea). At first, gelatin was dissolved in 
dH2O with a concentration of 6 wt. % at 40 ºC. The HNT was 
added and dispersed by stirring in the gelatin solution for 24 
hours. Then the gelatin solutions with HNT (GH) were then 
stored at -20 and -80°C in the freezers, respectively, and later 
placed in the freeze-drier cooling up to -50°C for 72 hours. 

In order to load Pr on HNT, the Pr: HNT ratios (0.5 and 
2) were mixed together in dH2O and stirred overnight. The 
prepared suspension was centrifuged and cleaned with dH2O 
twice and the supernatant was poured out. The remaining 
solid powder was placed in an oven at 30°C for 24 hours. 
Then, the drug-loaded Halloysite powder was added to the 
gelatin solution (6 wt. %) and dispersed by stirring. Finally, 
the suspension was stored in -20 freezer and -80°C freezers, 
respectively, and samples were placed in freeze-drier at -50ºC 
for 72 hours.

The prepared scaffolds made on GH and GHPr were 
immersed in glutaraldehyde for 3 hours for the crosslinked 
treatment and were then washed with 0.01 wt. % of glycine 
solution for 30 minutes and PBS for 5 minutes. This process 
was repeated twice.

Characterization of Fabricated Scaffolds
The morphology of the scaffolds was characterized by field 
emission scanning electron microscopy  (FE-SEM; S-4700 
model, HITACHI Company). The dispersion of the Pr-
loaded HNTs into the gelatin-based scaffolds was inspected 
by energy dispersive spectroscopy (EDS) elemental mapping 
in FE-SEM. 

The crystallography of the scaffolds was studied by X-ray 
diffraction (XRD) in a D8 ADVANCE diffractometer 
(BRUKER Company, UK) with Cu-Kα radiation, voltage of 40 
kV and speed of 2º/min, while the crosslinked structure of the 
GH and GHPr scaffolds were evaluated by Fourier-transform 
infrared (FTIR) spectroscopy (Spectrum 100 model, 
PerkinElmer Company, UK) over a range of 4000–400 cm−1.

The compressive behavior of the scaffolds (GH, 0.5-
GHPr and 2-GHPr) was determined by the ZWICK/ROEL 
Z005 testing machine (ZWICK, Germany). Samples were 
specifically shaped and/or machined for compressive tests 
down to 10 mm in diameter and 10 mm in height. The cross-
head speed was 1 mm/min.

In Vitro Release Study of Protelos From the Scaffolds
In order to characterize the Pr release behavior, the scaffolds 
were incubated in PBS at 37ºC on a 90 rpm/min shaker 
incubator. A UV-Visible instrument (NANODROP 2000c, 
Thermo Scientific Company, USA) was employed to 
determine the amount of released drug until 21 days at the 
wavelength of 318 nm.

Cellular Assay
The MSCs were extracted from the tibia of the rat; then 
they were cultured in DMEM complete media. The media 
included 20% FBS and 1% antibiotics/antimycotics (final 
concentration: penicillin 100 units/mL, streptomycin 100 
mg). All cellular experiments were done by the second-
passage of cells.

MTT Assay
The MTT assay was employed to measure the cytotoxicity of 
the samples. Porous scaffolds were placed in 48-well culture 
plate and MSCs were seeded (20 000 cells/well) on them. Then 
they were cultured in DMEM (15% FBS) at 5% CO2 and 37°C 
in the incubator for 1, 4 and 7 days. After time culture, 30 μL 
MTT was added into each well, and incubation proceeded for 
3 hours. Then, 200 μL DMSO was added to cells and were 
kept for 30 minutes in a dark place. Finally, the absorption 
amount was measured at a wavelength of 570 nm using an 
ELISA plate reader.

Alkaline Phosphatase Activity
Alkaline phosphatase (ALP) activity assessment was 
evaluated by using 200 μL of RIPA buffer. The total protein 
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was extracted from stem cells cultured on TCPS and different 
coatings after 7 and 14 days. For sedimentation of cell debris, 
the lysate was centrifuged at 1200 rpm at 4°C for 5 minutes. 
Finally, the supernatant was collected and ALP activity was 
measured with an ALP assay kit (Parsazmun, Tehran, Iran).

Calcium Deposition
Alizarin red staining method was used to measure the amount 
of calcium deposited on the 3D-scaffolds; simultaneously 
with osteogenesis differentiation of MSCs. At first, the 
prepared samples were sterilized with irradiation of UV light 
for 20 minutes for each side of the scaffolds. The procedure 
followed by rinsing with PBS for 3 times; then the scaffolds 
were immersed in cell culture medium for 7 and 14 days in 
a humidified incubator at 37°C with 5% CO2. The culture 
medium contained high glucose DMEM and osteogenic 
factors (10 mM Beta-Glycerophosphate, 50×10-6 g/mL 
L-ascorbic acid and 10-7 mM dexamethasone) The medium 
was changed every three days. At the end of each time point, 
cell–scaffold constructs were used for Ca assay. After 7 and 
14 days of incubation, cell-scaffold constructs were fixed by 
2.5% Glutaraldehyde at 4°C for 1 hour and subsequently were 
placed in 50, 70, 80 (for 15 minutes), 96 and 100% (for 7-10 
minutes) ethanol, respectively. Then Alizarin red-40 mM was 
added to the scaffold for 20-30 minutes. Phase microscopy 
was employed to observe the calcium deposited areas. In 
order to quantify the calcium deposited amount, the red 
matrix precipitate was solubilized in 10% Acetic acid (Sigma-
Aldrich, USA). Finally, optical density was read at 405 nm. 
Each test was repeated three times. 

Statistical Analysis 
All experiments were performed at least three times and the 
obtained data were expressed as the mean ± standard deviation 
(SD). Differences between the samples were assessed using 
one-way ANOVA. The results were considered statistically 
significant at the P < 0.05 level. 

Results and Discussion
Characterization of the Scaffolds
A suitable scaffold should meet certain criteria, such as 
providing an interconnected 3D porous structure for cell 
growth and nutrient transport. In Figure 1, the typical 
porous structure of freeze-dried samples was observed for 
the three shaped scaffolds (GH, 0.5-GHPr and 2-GHPr).20 
In all samples, a highly porous and interconnected network 
structure formed by lattice-like holes was observed by FE-
SEM. As expected, GH scaffold exhibited the largest pores 
with the diameter of 297.21 ± 53.76 µm. However, the pore 
size decreases to 234.34 ± 36.87 µm in 0.5-GHPr and 118.94 
± 43.80 µm in 2-GHPr scaffold. This reduction might be due 
to the electrostatic interaction of strontium ions in Pr with 
negative charges of HNTs.21 Although Scaffolds with a larger 
mean size of pores (> 100 μm) can provide suitable matrices 
for bone regeneration.22

Figure 2 shows the microstructure of the wall of the GHPr 
scaffold at a higher magnification as well as the punctual EDS 
analysis of the sample. The high dispersion of the HNTs is 

Figure 1. Micrographs of the GH (a and b), 0.5-GHPr (c and d) and 2-GHPr (e 
and f) Freeze Dried Scaffolds.

Figure 2. FE-SEM Images and EDS Analyses of the GHPr Scaffold.

visible in the scaffold walls. From the EDS analyses, Al and Si 
elements were considered as main components of the HNTs, 
while Pr was also detected in the punctual analysis of HNT, 
indicating the successful loading of Pr on HNTs.

Figure 3 shows the XRD patterns of the as-received HNT, 0.5-
GHPr and 2-GHPr porous scaffolds, respectively. The pattern 
of the GH scaffold was typical of partially crystalline gelatin 
with a broad peak located at 2θ = ~19°. This characteristic 
peak is usually assigned to the triple-helical crystalline 
structure of gelatin.23 In the GH composite, the diffraction 
peaks of the freeze-dried structure are in accordance with the 
combination of HNT and Gel characteristic peaks. In general, 
the diffraction profiles of HNT and Gel are weakened in GH 
samples but, although the relatively low amount of HNT 
included in the scaffold (<4%), the (001) basal plane peak 
of HNT is evident in the composite, and it is placed at 2θ = 
11.9°. This constitutes the evidence of the inalterability of the 
HNT crystal structure during the scaffold processing.24 On 
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the other hand, although the Pr diffraction pattern shows 
characteristic sharp crystalline peaks,25 none of these peaks 
were evident for the GHPr scaffolds. The addition of Pr to 
the GH scaffold causes a small increase in the intensity of the 
characteristics peaks of the GH pattern and the slight shift of 
the (001) peak of HNT to 11.2º, which indicates the possible 
insertion of the strontium in the interlayer spaces of silicate at 
the Halloysite structure.25 The crystalline Pr was not detected 
in the scaffold structure evidencing its dissolution and then 
adsorption on the cargo. Consequently, the interaction at the 
molecular level of the Pr and the Halloysite during mixing in 
the aqueous suspension is demonstrated.

The FTIR analysis was used to determine the chemical 
interaction of HNT and Pr with the gelatin matrix, which 
defines the structure of 3D-scaffolds and their biological 
behavior and drug delivery. Figure 4 shows the FTIR spectra 
collected for all the 3D scaffolds under study. In a study, the 
FTIR spectra of gelatin showed the major peaks in three 
different Amide regions in 1660-1610 cm-1 (Amide-I), 1560-
1510 cm-1 (Amide-II), 1240-450 cm-1 (Amide-III) regions.26 
The spectra of composite materials (GH and GHPr) mainly 
showed the characteristic peaks of gelatin.27 Also, the Al-OH 
stretching peaks between 3690 cm-1 and 3615 cm-1 disappear 
in the spectrum of the composite material suggesting the 
reaction between gelatin and halloysite Al–OH groups and the 
loss of hydrated water. This fact can be also supported when 
the spectral range between 1100 and 1000 cm-1 is inspected. 
This wavelength range includes the vibrations arising from 
stretching vibrations of the carbohydrate, ν(C-O) and ν(C-
O-C) at 1078 and 1028 cm-1 in the Gel scaffold, which slightly 
shifts to higher wavelengths and intensified when HNT and 
Pr are added, pointing out to the interaction of carbohydrate 
groups of the gelatin and the Al-OH exposed groups of 
Halloysite and Pr.24 Finally, the intensification of the spectra 
at lower wavelengths in GH and GHPr scaffolds is due to the 
characteristic peaks of halloysite placed at 697, 530 and 467 
cm-1 indicatives of the Si-O stretching Al-O-Si bending and 
the Al-O stretching vibration.24

The compressive test of scaffolds is essential in TE and 
clinical operations. The compressive yield strength and 
modulus charts of the scaffolds are shown in Figure 5. It can 
be seen that after incorporation of the Pr, the compressive 
yield strength and modulus were increased due to two main 
reasons: 1) the high loading and reinforcing of Pr onto the 

Figure 3. X-Ray Diffraction Pattern of the GH and GHPr Scaffolds. Figure 4. FTIR Spectra of the GH, 0.5-GHPr and 2-GHPr Scaffolds

Figure 5. Compressive Properties of the GH, 0.5-GHPr and 2-GHPr Scaffolds.

HNT can be ascribed to the ability of bearing and conveying 
the force (stress) through the composite interfaces, and 2) 
due to the demonstrated existence of the physical interaction 
(hydrogen and electrostatic bonds) between gelatin matrix 
and HNT. Also, the SEM results showed that after loading of 
Pr, the pore goes to the lower diameter and higher uniformity 
that can help to strengthen the scaffolds. It has been reported 
that decreasing the pore size of the scaffolds enhanced their 
compressive mechanical strength and modulus.28 Accordingly, 
since the 2-GHPr porous scaffold showed good mechanical 
properties, it has potential applications in bone TE.29

In Vitro Pr Release Studies
Data from the Pr release in PBS medium performed on 
the 3D-scaffold is presented in Figure 6. The loading and 
releasing goal of this drug carrier (HNT) was to acquire a new 
drug carrier for Pr and perceive the scheduled time-release 
behavior. The washing procedure (twice with glycine and 
twice with PBS) was found to reduce the initial burst release 
significantly. After 500 hours (21 days), about 37% and 47% 
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of Pr was released from 0.5-GHPr and 2-GHPr, respectively. 
The increase in the percentage of drug release from a 2-GHPr 
scaffold can be attributed to the completely hydrophilic nature 
of the SrR. Since the SrR amount in the 2-GHPr scaffold was 
higher than 0.5-GHPr, so the rate and amount and percentage 
of SrR release in the 2-GHPr scaffold was expected. Such 
sustained release of SrR can be attributed to its interaction 
with HNTs as confirmed by FTIR and XRD results. 

In order to induce proper osteogenic differentiation, Pr has 
to be released continuously for 21 days.30 There are several 
studies that confirmed the HNT ability for sustained release 
of drugs.31 The sustained release of Pr can be attributed to 
the bonding of Pr in the core of HNT or onto the surface of 
HNT. There are two suggested mechanisms for the release 
of Pr from HNTs; 1) given the fact that the surface of HNTs 
due to the presence of Si-O-Si groups has a negative charge, 
there is the possibility of bonding between positively charged 
strontium on the surface; 2) Due to the presence of a positive-
charge Al (OH)2 (aluminum hydroxide) in the core of HNT, 
the drug can be bonded from the ranelate negative terminal.

Cellular Studies
Good TE scaffold should be biocompatible and nontoxic. To 
evaluate the cytocompatibility of the 3D-scaffolds, the MSCs 
were cultured on the prepared scaffolds, and MTT assay was 
done (Figure 7). It was found that the proliferation of cells 
on 2-GHPr scaffolds after days 1, 4 and 7 was better than 
the GH and 0.5-GHPr samples. Cell growth rate and living 
cells were found to be reduced a little for all samples; due to 
forming a complete and homogenous layer of MSCs after day 
7, which caused intercellular contact inhibition.32 All of the 
GH and GHPr scaffolds gave a significant cell-viability, upon 
incubation with the extract obtained at 1, 4 and 7 days.33

ALP activity assay was done to evaluate the osteogenic 
ability of MSCs. This enzyme is well-known as one of the 
earliest osteogenic markers. Several studies have proven that 
ALP has a relevant key role in osteogenic differentiation since 
it enhances the mineralization of calcium phosphate cement, 
the final osteogenic differentiation marker of stem cells.34 
Figure 8 shows a comparison study that applied to all scaffolds 
for 14 days. The results show an increasing trend during the 
ALP assay study, proving that scaffolds containing Pr displayed 
better osteogenic behaviour after 7 and 14 days. Moreover, 

Figure 6. Pr Release Behavior From the Freeze Dried Scaffold in PBS. Figure 7. MTT Assay of MSCs Proliferation and Viability on the GH, 0.5-GHPr 
and 2-GHPr Scaffolds During 1, 4 and 7 Days of Culture.

Figure 8. Alkaline Phosphatase (ALP) Activity in MSCs on Samples (GH, 0.5-
GHPr and 2-GHPr) and Tissue Culture Polystyrene  at 7 and 14 Days, During 
Osteogenic Differentiation (P < 0.05).

the ALP activity is highest in cultures grown on the 2-GHPr 
scaffold. That is, considering that the content of released 
Pr is larger in 2-GHPr, which improves cell differentiation. 
Finally, it can be stated that although the Pr delivery does 
not significantly affect the MSCs growth after the first week 
of immersion, as it was shown in Figure 7, improvements in 
osteogenic differentiation were clearly observed in cultures 
on Pr-scaffolds after 14 days, with respect to the GH scaffold.

Calcium deposits are found in the body, particularly in 
bone tissues. To confirm the matrix mineralization and 
differentiation of 3D-scaffolds, an alizarin red staining was 
performed on the samples for 7 and 14 days of culture.35 As 
shown in Figure 9, the calcium content increased after 14 days 
of differentiation. Also, 2-GHPr scaffold exhibited the highest 
increment among all the samples. The calcium depositions 
in Pr-scaffolds was higher than the depositions in pure 
GH scaffold.36 Therefore, it can be inferred that the GHPr 
scaffolds promoted the osteogenic differentiation of MSCs. 
The osteogenic induction potential of Pr has been reported 
previously and several mechanisms have been extracted and 
proposed.37 Zheng et al38 have proved that strontium can 
interact with the mitogen-activated protein kinase signaling 
pathway and then improve the osteogenic differentiation. 
Also, Caverzasio and Thouverey39 have shown that strontium 
could enhance osteoblast synthetic activity by interacting 
with the fibroblast growth factor receptors.
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Conclusions
In this study, the 3D interconnected porous structures with 
pore sizes of about 300 microns were produced. The addition 
of Pr in the GH matrix exhibits a significant change in the 
morphological and structural properties of the scaffolds. 
About 37% and 47% cumulative release of Pr was achieved 
after a sustained release of 500 hours. The sustained release of 
Pr can be seen till 21 days, due to Pr loading in/onto of HNT. 
There was no toxic sign after adding Pr to the GH scaffold. 
The cellular studies were done as the culture on MSCs 
proved that ALP activity and calcium significantly increased 
in 2-GHPr scaffold compared to the other scaffolds. To 
conclude, the 2-GHPr scaffold in this study provided a good 
porous 3D-structure for bone TE.
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Figure 9. Qualification of the Mineralized GH (a and b), 0.5-GHPr (c and d) and 
2-GHPr (e and f) Scaffolds Stained with Alizarin red. Cells were cultured under 
mineralizing conditions for 7 and 14 days.
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