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Abstract

Porous alginate/polyvinyl alcohol hybrid scaffolds have been extensively used in cartilage, bone, and dental tissue substitute ap-
plications. However, its mechanical and osteogenesis properties are not good enough to meet the requirement for use in hard
tissues repair applications. In this study, to achieve the best mechanical and physical properties, we carried out the cross-linking
of PVA physically and alginate chemically. Hydroxyapatite nanoparticles (nHA), the important component of hard tissues, was
added to the hydrogel to improve its mechanical properties and osteoconductivity. The results showed that the fabricated algi-
nate/polyvinyl alcohol-nHA scaffold has around 81% interconnected porosity, hydrophilic surface with the contact angle of water
on the surface in the range of 38 ± 0.29°, 3.51 MPa compressive strength, and a degradation rate of 71%. The periodontal ligament
stem cells (PDLSCs) culture results showed that both fabricated alginate/polyvinyl alcohol hybrid scaffolds with and without nHA
had good cell attachment ability and could promote PDLSCs ingrowth. The real-time RT-PCR assay showed that the presence of nHA
in the alginate/polyvinyl alcohol hybrid scaffold could significantly accelerate the expression of specific markers of pre- and mature
osteoblast stages such as osteocalcin, alkaline phosphate, and osteopontin genes. These results showed that alginate/polyvinyl alco-
hol hybrid scaffolds with hydroxyapatite nanoparticles can be used in bone and dental substitute applications as osteoconductive
and reinforcement components.
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1. Background

In recent years, alginate scaffolds have been widely em-
ployed to regenerate and repair damaged tissues and re-
lease drugs because of their excellent hydrophilicity, bio-
compatibility, and gelation ability (1, 2). However, the algi-
nate with a brittle network does not have good adhesion
to cells and cannot induce cells attachment. To overcome
this problem, polyvinyl alcohol (PVA) has been incorpo-
rated into the alginate structure (3, 4). PVA is a U.S. Food
and Drug Administration (FDA) approved polymer with a

high degree of hydrolysis and no degradation at room tem-
perature (5). It has been reported that the combination
of synthetic PVA polymer and alginate natural polymer
would lead to enhanced cell adhesiveness and physically
stable scaffolds (3). However, the chemical composition
and mechanical properties of alginate/polyvinyl alcohol
hybrid scaffolds are not good enough to be used as bone tis-
sue substitutes (6). Hydroxyapatite (HA, Ca10(PO4)6(OH)2)
as a significant component of the bone structure is mixed
with alginate and PVA suspension to improve its mechani-
cal properties, biocompatibility, and osteoconductivity.
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2. Objectives

In this study, we fabricated porous alginate/polyvinyl
alcohol/nano-HA hydrogels by the modified freeze-drying
method. The mechanical, physical, and cellular behaviors
of alginate/PVA scaffolds have been tailored for bone tissue
engineering applications. Furthermore, periodontal lig-
ament stem cells (PDLSCs) differentiation into osteoblast
cells was assessed in the presence of the fabricated scaf-
folds.

3. Methods

3.1. Preparation of Hydroxyapatite Nanoparticles

The nanostructured hydroxyapatite (nHA) powder was
prepared by the sol-gel method (7). Briefly, 0.5 mol of phos-
phorus pentoxide (P2O5, Sigma Aldrich) was dissolved per
liter of absolute ethanol (Merck, Germany). Separately, 0.5
mol of calcium nitrate tetrahydrate (Ca(NO3)2.4H2O, Sigma
Aldrich) was dissolved per liter of absolute ethanol. A mix-
ture of Ca/P (in a mole ratio of 1.67) was obtained by the ho-
mogenous mixing of the two prepared solutions. The so-
lution was left at ambient temperature for 24 h to obtain
a transparent solution. Next, the obtained gel was dried at
80°C. Then, the gel was heat treated (heating up to 600°C at
a rate of 5°C/min for 0.5 h, followed by cooling down at am-
bient temperature). The obtained powder was ball-milled
with zirconia vial and balls the capacity of vial and diame-
ter of balls were 125 mL and 20 mm, respectively).

3.2. Preparation of Hydrogel

A solution was prepared to contain 2% (w/v) sodium al-
ginate (biochemical grade, molecular weight = 398, Sigma
Aldrich, USA) dissolved in distilled water under mag-
netic stirring at room temperature. Separately, 10% (w/v)
polyvinyl alcohol (PVA, hydrolysis 99%, molecular weight =
(30 - 50)×103, Sigma Aldrich) was dissolved in distilled wa-
ter under magnetic stirring at 80°C for 12 h. The same vol-
ume of the two solutions was uniformly mixed together at
ambient temperature for 24 h. The synthesized nHA was
added to the PVA/alginate solution at the concentrations of
1% (w/v) and stirred at room temperature for 12 h to obtain
a homogenous solution. Then, the solution was poured in
12-well plates. Physical cross-linking of PVA in the mixture
was done by the modified freeze-thawing method (8). In
this way, the well plates containing alginate/PVA/HA solu-
tion were exposed several times to the freeze-thawing cy-
cle without using any cross-linking agent that are toxic to
cells. To do this, the solution in wells was exposed sev-
eral times to freezing and thawing at -40°C and 5°C, respec-
tively. By this method, the original shape of the mixture

gel disk was kept and any harmful crosslinking agent was
removed. After that, the disk shape of alginate-PVA-HA hy-
drogel was immersed in 2% (w/v) CaCl2 solution to chem-
ically crosslink the alginate. The disks were washed three
times with water and finally freeze-dried (Telstar, Spain).

3.3. Characterization of Prepared Scaffolds

The apparent and total porosity of the fabricated scaf-
folds were measured using the water displacement prin-
ciple using the Archimedes method (ISO standard 39231/1-
1979(E)) (9).

(1)Interconnected porosity =
W2− W1

W2− W3
× 100

where W1, W2, and W3 are the weight of dry scaffold,
wet scaffold when it was removed from the water after 24-
h soaking, and soaked scaffold in the water, respectively.
To evaluate the wettability property of the fabricated scaf-
folds, the sessile drop technique was used. In this method,
the fabricated scaffolds were placed under the needle of
a contact angle measurement machine. A distilled water
droplet was placed on the surface of the scaffold. The con-
tact angle of the formed water droplet on the surface was
measured by Image J software (Image J 1.40 g). Each experi-
ment was repeated three times. The compressive strength
of the prepared scaffold was evaluated by Instron 5542
machine tester (Norwood, MA, USA). The surface and pore
morphologies of the fabricated scaffold were observed by
scanning electron microscopy (SEM, Philips XL30: Eind-
hoven, The Netherlands).

The average pore size was estimated by Image J soft-
ware. Since blood plasma has different inorganic ions,
such as Na+, Ca2+, and K+, and organic compounds, like
amino acids, the evaluation of in vitro degradation of the
prepared scaffolds in media containing different salts has
a significant role in its biomedical application. Therefore,
in this study, two different solutions were chosen in order
to assess the degradation rate of the fabricated scaffolds,
including Dulbecco’s modified Eagle’s medium (DMEM;
Gibco, USA) and the mixture of 90% DMEM and 10% Fetal
Bovine Serum (FBS, Sigma Aldrich, USA). To do this, the scaf-
folds were sliced to the same dimensions (5mm × 5mm ×
2mm) and immersed in the solutions. The immersed sam-
ples were maintained in a shaking incubator at 37°C dur-
ing the whole experimental period. After 28 days, the sam-
ples were collected and gently dried at ambient tempera-
ture for 24h. The weight loss of the samples in each period
was measured by the following equation:

(2)Weight loss (%) =
W1− W2

W1
× 100

where W1 and W2 are the weights of the scaffold before
and after soaking in the solutions, respectively.
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3.4. Periodontal Ligament Stem Cells (PDLSCs) Isolation and
Culture

To evaluate the cellular behavior of the fabricated scaf-
folds, PDLSCs (extracted from the mature human teeth)
were used. Briefly, after washing the intact teeth by phos-
phate buffered saline (PBS), periodontal ligaments were
scraped from the root area. The obtained tissues were
rinsed several times with PBS, crushed to small pieces, and
put in an incubator at the temperature of 37°C and in the
atmosphere containing 5% CO2.

After reaching 80% confluency, the cells were cultured
in DMEM containing 10% (v/v) FBS, 100 units/mL of peni-
cillin, and 100 mg/mL of streptomycin and were kept in a
humidified incubator for further experiments.

3.5. Cell viability and Proliferation Assays

Cell culture experiments were carried out by seed-
ing 1×104 PDLSCs on the surface of each prepared scaf-
fold in a 96-well plate using DMEM + 10% (v/v) FBS +
100 unit/mL penicillin + 100 µg/mL streptomycin. These
experiments were performed in a humidified incubator.
The media were refreshed every 48 h. The cytotoxicity
and viability of the cultured cells on the fabricated scaf-
folds were evaluated by 3-(4,5-Dimethylthiazol-2-yl)- 2,5-
Diphenyltetrazolium Bromide (MTT) assay kits (Sigma-
Aldrich, St. Louis, USA) according to the manufacturer’s in-
structions. The experiments were carried out three times
for each group and the absorbance was read by an Aware-
ness Technology microplate-reader.

3.6. PDLSCs Differentiation Into Osteoblast-Like Cells in Fabri-
cated Scaffolds

Sterilized fabricated scaffolds were placed in 24-well
plates and 2× 104 cells were seeded in each well. The media
containing DMEM/F12 + FBS 10%, 50µg/mL ascorbic acid, 10
nM dexamethasone, and 10 mMβ-glycerol phosphate were
added to each well for 21 days to encourage the differentia-
tion of PDLSCs. The media were replaced by fresh ones ev-
ery three days.

3.7. Real-Time RT-PCR

The effects of the fabricated scaffolds on the expres-
sion of four main bone-related genes including osteopon-
tin, collagen I, osteocalcin, and alkaline phosphate (ALP)
were evaluated by the real-time reverse transcription (RT)
polymerase chain reaction (RT-PCR). After 21 days of PDLSCs
culturing on the surface of scaffolds, samples were washed
using PBS. A Qiazol reagent kit was used to isolate the to-
tal RNA pursuant to the manufacturer’s instruction. Next,
cDNA was fabricated by an M-MLV reverse transcriptase kit.
The obtained cDNA was exposed to quantitative RT-PCR.

The targeted gene expression was measured by SYBR-Green
(TAKARA, USA). The used primer sequences are presented in
Table 1 for osteonectin, collagen I, osteocalcin, and ALP.

3.8. Immunocytochemistry Analysis

After 21 days of osteoblast-like cells induction, the par-
ticular markers in differentiated cells were detected by im-
munocytochemistry (ICC) experiment. First, the cells were
fixed by 4% paraformaldehyde (Sigma-Aldrich). Then, the
cells were permeabilized using 0.2% Triton-X100 (Sigma-
Aldrich) for 30 min, followed by blocking with 5% bovine
serum albumin in PBS.

After 45 min, the cells were incubated overnight with
primary antibody collagen I (mouse monoclonal AB; Ab-
cam,1:200) and osteonectin (Rabbit Monoclonal AB; Ab-
cam, 1:200). A secondary antibody (Alexa Fluor@488 don-
key anti-mouse IgG and Alexa Fluor@594 donkey anti-
rabbit IgG diluted at 1:500; Abcam) was used for one hour.
After each step, the slides were cleaned with PBS and the
staining of nuclei was carried out using 4’,6-diamidino-2-
phenylindole (DAPI, Sigma). Cells were examined by fluo-
rescence microscopy (Olympus BX51, Japan).

3.9. Statistical Analysis

All experiments were repeated three times and the
mean ± standard error of the mean was reported. Two-
way ANOVA was employed to analyze the data. Significant
differences were shown as *P < 0.05, **P < 0.01, and ***P <
0.001.

4. Results

The scanning electron microscopy images of the pre-
pared alginate/PVA scaffold without and with hydroxyap-
atite nanoparticles are presented in Figure 1A and B, respec-
tively. The pore sizes of the scaffolds were in the range
of 120-140 µm and 110-130 µm for alginate/PVA and algi-
nate/PVA/nHA scaffolds, respectively (analyzed by Image J).
As can be seen, the incorporation of nHA did not affect sig-
nificantly the pore size of alginate/PVA scaffolds. The SEM
images confirmed the pore interconnectivity for both sam-
ples. Hulbert et al. (10) showed that the minimum pore
size suitable for an osteoconductive scaffold is 100 µm. As
shown, both the prepared scaffolds had proper pore sizes
in order to use in hard tissue engineering applications.

Table 1 shows the mechanical and physical properties
of the prepared alginate/PVA and alginate/PVA/nHA scaf-
folds. As can be seen, the compressive strength of algi-
nate/PVA scaffolds increased from 1.91 ± 0.15 MPa to 3.51
± 0.42 MPa. Poor mechanical properties of alginate/PVA
scaffolds limit its application as a hard tissue substitute
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Table 1. The Order of Used Primers for Quantitative RT-PCR

Gene Forward (5’-3’) Reverse (5’-3’)

COL (I) ATGGCTGCACGAGTCACACC CAACGTCGAAGCCGAATTCC

OCN TGCTTGTGACGAGGTATCAG GTGACATCCATACTTGCAGG

ALP CCTCGTTGACACCTGGAAG CTGGTAGTTGTTGTGAGCATAG

OPN GCCGACCAAGGAAAACTCACT GGCACAGGTGATGCCTAGGA

Abbreviations: ALP, alkaline phosphate; COL (I), collagen I; OCN, osteocalcin; OPN, osteopontin.

Figure 1. Scanning electron microscopy images of alginate/PVA scaffold (A) without and (B) with hydroxyapatite nanoparticles

or filler. Gibson and Ashby showed that spongy bone had
the compressive strength in the range of 0.2 - 4 MPa (11).
To eliminate the stress shielding phenomenon, the me-
chanical properties of implanted scaffolds and near tis-
sues should be similar. As can be seen, the compressive
strength of the fabricated scaffolds and spongy bone fall
in the same range. As shown in Table 2, alginate/PVA and al-
ginate/PVA/nHA scaffolds had the interconnected porosity
of 82.3 ± 1.2% and 80.4 ± 1.6%, respectively. The incorpora-
tion of hydroxyapatite nanoparticles reduces the amount
of interconnected and total porosities of alginate/PVA scaf-
folds. This leads to the improved mechanical properties of
alginate/PVA scaffolds. Contact angle measurements were
performed to evaluate the effect of nHA on the wettabil-
ity of alginate/PVA scaffolds. As can be seen in Table 1,
the hydrophilicity of the alginate/PVA surface increased by
adding nHA (the contact angle of alginate/PVA scaffolds de-
creased from 41°±0.46 to 38°±0.29). The hydrophilic sur-
face of alginate/PVA/nHA can lead to cell attachment, pro-
liferation, and differentiation.

Figure 2 shows the degradation rates of alginate/PVA
scaffolds with and without nHA soaked in DMEM and
DMEM + FBS solutions. As can be seen, both prepared
scaffolds had higher degradation rates in the DMEM + FBS
medium. After incorporation of nHA, the degradation rate

of alginate/PVA scaffolds increased significantly (P = 0.05).
However, the degradation rate of alginate/PVA/nHA scaf-
folds did not show any significant difference in DMEM and
DMEM + FBS solutions. As shown, both prepared scaffolds
met the requirements of degradable scaffolds in order to
use in tissue engineering applications.

Figure 3 shows the morphology of PDLS cells cultured
on alginate/PVA and alginate/PVA/nHA scaffolds after seven
days. As shown, cells spread on the surface perfectly
(marked by orange arrows). These images also show that
the cells attached and grew on the surface of both sam-
ples with normal spherical shapes and their surfaces were
obviously covered by the cells on day 7. These results
certainly show that both fabricated alginate/PVA and algi-
nate/PVA/nHA scaffolds are safe and biocompatible.

Figure 4 shows the result of MTT assay of fabricated al-
ginate/PVA and alginate/PVA/nHA scaffolds, as well as the
control sample (only cells + media), after three, five, and
seven days of cell culturing. As can be seen, there are no sig-
nificant differences in the cell viability between the control
and alginate/PVA or alginate/PVA/nHA samples on day 3. By
increasing the culture time up to five days, the optical den-
sity of alginate/PVA/nHA scaffold was significantly higher
than that of the control sample (P < 0.01). The fabricated
alginate/PVA/nHA scaffold not only did not have any nega-
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Table 2. The Compressive Strength, Interconnected Porosity, Total Porosity, and Contact Angle of Fabricated Alginate/PVA and Alginate/PVA/nHA Scaffolds

Sample Compressive Strength (MPa) Interconnected Porosity (%) Total Porosity (%) Contact Angle (°)

Alginate/PVA scaffold 1.91 ± 0.15 82.3 ± 1.2 84.1 ± 2.3 41 ± 0.46

Alginate/PVA/nHA scaffold 3.51 ± 0.42 80.4 ± 1.6 81.3 ± 1.1 38 ± 0.29

DMEM 
DMEM+FBS

n.s.
100

50

0

Sample

D
eg

ra
da

tio
n 

Ra
te

, %

Alginate/PVA                    Alginate/PVA/nHA 

Figure 2. The degradation rate of alginate/PVA scaffolds with and without hydroxyapatite nanoparticles soaked in DMEM and DMEM + FBS solutions.

Figure 3. Scanning electron microscopy of PDLS cells after seven days culturing on (A) alginate/PVA and (B) alginate/PVA/nHA scaffolds

tive effects on the PDLS cells, but also could promote cell
ingrowth. These results strongly show that the fabricated
alginate/PVA/nHA samples are biocompatible and could in-
duce cell growth and viability.

The osteogenesis ability of fabricated alginate/PVA and
alginate/PVA/nHA scaffolds was evaluated through real-
time RT-PCR and ICC analysis. The main osteogenic gene
markers were detected. The morphological images of
PDLSCs exposed to differentiating media and cultured on
Petri dishes show that they changed to long and spindle-
shaped osteoblast-like cells (Figure 5A). The expression of
osteocalcin, alkaline phosphate, and osteopontin genes

was significantly higher in differentiated cells seeded
on alginate/PVA/nHA scaffolds than those seeded on al-
ginate/PVA scaffolds (Figure 5B). These results obviously
show that nHA had significant positive effects on osteocon-
ductivity and bone defects repair.

Figure 6 shows the immunocytochemistry staining for
collagen I and osteonectin performed on PDLSCs cultured
on alginate/PVA/nHA scaffolds. As can be seen, PDLSCs dif-
ferentiated to osteoblast-like cells successfully during cul-
turing in the differentiation media. These results show
that the fabricated alginate/PVA scaffold with hydroxyap-
atite nanoparticles is osteoconductive and can be used in
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Figure 4. The viability of PDLS cells exposed to alginate/PVA and alginate/PVA/nHA scaffolds after three, five, and seven days.

Figure 5. (A) Morphological changes of control and differentiated cells after 21 days (scale bar: 100 µm). (B) mRNA expression of osteoblast-like cells derived from PDLS cells
seeded onto alginate/PVA and alginate/PVA/nHA samples after 21 days. The results showed significantly higher expression of osteocalcin, alkaline phosphate, and osteopontin
markers in differentiated cells exposed to alginate/PVA scaffolds with hydroxyapatite nanoparticles. (n.s.: non-significant difference, *P < 0.05, **P < 0.01, and ***P < 0.001).

bone and cartilage tissue engineering applications.

Scaffolds are porous materials that ideally should have

a suitable level of biodegradability, high amount of inter-
connected porosity, good mechanical properties, and a hy-
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Figure 6. Immunocytochemistry analysis of osteogenic-differentiated PDLSCs seeded on alginate/PVA and alginate/PVA/nHA scaffolds for collagen I and osteonectin

drophilic surface for cell attachment and differentiation.
These properties of a scaffold ultimately facilitate the re-
generation of tissues. In this study, we concluded that fab-
ricated alginate/PVA/nHA scaffolds have good properties of
an ideal bone substitute scaffold and they are strongly rec-
ommended in bone tissue engineering applications.

5. Discussion

In this survey, we fabricated alginate/PVA/nHA hybrid
scaffolds with enhanced cell compatibility, improved sur-
face wettability, and enhanced mechanical properties by
the modified freeze-drying method in order to use in
bone tissue engineering applications. The results showed
that fabricated alginate/PVA/nHA scaffolds have ~ 80% in-
terconnected porosity with the pore sizes in the range
of 110 - 130 µm. The results were compared with algi-
nate/PVA scaffolds fabricated in the same condition. The
alginate/PVA/nHA hybrid scaffolds had higher mechanical
strength than the control alginate scaffolds without signif-
icant differences in porosity and wettability. The samples
with HA nanoparticles showed higher cell viability than

the samples without HA nanoparticles. The results showed
that alginate/PVA/nHA scaffolds can significantly promote
the periodontal ligament stem cells differentiation into os-
teoblasts. We suggest scaffold alginate/PVA with hydrox-
yapatite nanoparticles as osteoconductive and reinforce-
ment compounds in bone tissue engineering applications.
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