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Abstract. Poly (vinyl alcohol) (PVA) hydrogels are widely used in biomimetic
cartilage materials for its good biocompatibility and super shock absorbing
properties. However, the small pore size, in general, a few micrometers, of pure
PVA hydrogels prepared through freezing-thawing method can not provide the
suitable microenvironment for the proliferation of chondrocytes, restricting the
application of hydrogels in artificial cartilage. In order to solve this barrier, here,
agarose is introduced as porogen to prepare the macroporous PVA hydrogels
through freezing-thawing method. The obtained PVA hydrogel have the pore
size of 20–200 lm, and macropores have good connectivity. The mechanical
properties of the macroporous hydrogels are tested using uniaxial compression
and tension experiments and the results show that the mechanical properties of
macroporous PVA hydrogels are dependent on the preparation parameters, e.g.
the duration of freezing, number of freezing-thawing cycles and the temperature
of thawing. After optimization, the mechanical properties of the macroporous
PVA hydrogels are closer to those of natural articular cartilage and the obtained
hydrogels may be used as the artificial replacement materials.
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1 Introduction

Articular cartilage is a dense connective tissue covering the articular surface and the
main physiological functions of articular cartilage include facilitating the even distri-
bution of loads, enlarging the load bearing surface of the joint, reducing contact stress
and cushioning vibration. Articular cartilage can not self-heal when the defect covers a
large area as it is an avascular and aneural tissue in a harsh biomechanical environment.
At present, bone marrow stimulation [1] and tissue transplantation (including periosteal
transplantation [2], perichondral transplantation [3], osteochondral transplantation [4],
and chondrocyte transplantation [5]) are the main methods for the treatment of cartilage

© Springer Nature Singapore Pte Ltd. 2020
M. A. Wahab (Ed.): DAMAS 2019, LNME, pp. 743–749, 2020.
https://doi.org/10.1007/978-981-13-8331-1_58

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-8331-1_58&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-8331-1_58&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-8331-1_58&amp;domain=pdf
https://doi.org/10.1007/978-981-13-8331-1_58


injury. However, these methods have such disadvantages as expensive cost, inflam-
mation or lacking of donors [6].

Replacement of the damaged articular cartilage with suitable artificial materials
provides another option. Poly (vinyl alcohol) (PVA) hydrogel has been considered as a
very interesting and promising material for articular cartilage replacement [7]. But the
neat PVA hydrogels can not provide the sufficient bioactivity as the pores of PVA
hydrogels are only a few micrometers [8]. To generate large pores in PVA hydrogels,
the porogen such as polyethylene glycol [9], dichloromethane [10] and gelatin sponges
[11] and the composites porogen consisting of poly (lactic-co-glycolic acid) and
sodium chloride micro-particle [12] have been attempted.

In this communication, agarose (AG), a polysaccharide obtained from agar and
used for a variety of life science applications, was used as a novel porogen to fabricate
macroporous PVA hydrogel (mPVA). We also investigated the effects of preparation
parameters (the duration of freezing, number of freezing-thawing cycles, the temper-
ature of thawing) on the mechanical properties of mPVA.

2 Experiments

2.1 Materials

The PVA with a degree of polymerization of 1750 ± 50 was purchased from Sino-
pharm Chemical Reagent Co., Ltd., China. The agarose (G-10) was provided by Gene
Company Ltd., Spain. The water used in experiments is deionized water.

2.2 Preparation of Macroporous PVA Hydrogels

PVA solution (15 wt.%) was prepared by dissolving the PVA in the deionized water
and heated at 95 °C for 2 h under stirring. PVA/AG solutions were prepared by adding
4 wt.% AG powder (based on water) into the PVA solution (15 wt.%) with continuous
stirring and the stirring was maintained 2 h at 95 °C until the mixtures became
transparent. The mPVA were prepared by freezing-thawing method with different
duration of freezing, number of freezing-thawing cycles and the temperature of thaw-
ing. Finally, AG used as porogen was removed by washing with deionized water.

2.3 Mechanical Test

Compression and tension experiments of hydrogel were carried out on 2 kN Sans
Universal Testing Machine (Shenzhen SANS Testing Machine Co., Ltd., CMT-4204,
China) [13–15]. The compression experiments were performed on the 4 mm � 4
mm � 4 mm hydrogels with a strain rate of 30%/min at room temperature. The tension
experiments were performed on the 50 mm � 4 mm � 2 mm section of barbell
shaped hydrogel samples with strain rate of 600%/min. Each experiment repeats at least
three times.
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2.4 Scanning Electron Microscopy (SEM)

The hydrogel slices were freeze-dried on a freeze drier (BK-FD10S, BIOBASE) for
16 h. Then the obtained hydrogel samples were coated with gold on a magnetron ion
sputter metal coating device (Vacuum Device MSP-1s, Japan), and the surface mor-
phology was examined on a scanning electron microscopy (SEM, FEI Quanta 200,
FEI, USA).

3 Result and Discussion

3.1 Effect of Preparation Parameters on Mechanical Properties

The formation of macropores in the hydrogel will inevitably affect its mechanical
properties. And it is necessary to maintain certain mechanical properties for artificial
articular cartilage. The mechanical properties of mPVA can be modulated by adjusting
the duration of freezing, number of freezing-thawing cycles and the temperature of
thawing. The mechanical experimental results of hydrogels prepared with different
parameters are presented in Figs. 1, 2 and 3. The stress values of tensile tests are

Fig. 1. Effect of individual freezing duration and number of freezing-thawing cycles on tensile
strength of mPVA. The individual freezing durations are 8 h, 12 h and 16 h in (a), (b) and (c),
respectively. N: freezing-thawing cycle time. The freezing temperature is −20 °C. The thawing
temperature is 18 °C and the individual thawing time is 8 h.
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presented at strains of 0.5, 1.0 and 1.5 and the stress values of compression tests are
presented at strains of 0.2, 0.4, 0.6 and 0.8.

As shown in Fig. 1, the tensile strength of mPVA prepared with 8 h and 12 h
individual freezing duration firstly increases and then decreases with the number of
freezing-thawing cycles, the strength reaches the strongest when the numbers of
freezing-thawing cycles are 4 (Fig. 1a, b). The tensile strength of mPVA prepared with
16 h freezing time increases with the increase of number of freezing-thawing cycles
(Fig. 1c). Figure 2 shows the relationship between the compressive strength of mPVA
and the number of freezing-thawing cycles when the individual freezing durations are
8 h, 12 h and 16 h, respectively. The compressive strength of mPVA increases firstly
and then decreases with the increase of number of freezing-thawing cycles. The
compressive strength of mPVA with 8 h and 12 h individual freezing duration reaches
the strongest when the numbers of freezing-thawing cycles are 4 (Fig. 2a, b), and that
of mPVA with 16 h individual freezing duration reaches the strongest when the
numbers of freezing-thawing cycles are 3 (Fig. 2c).

Figure 3 shows the effect of thawing temperature on the mechanical properties of
mPVA. The thawing temperatures are designated as 18 °C and −3 °C. Other param-
eters, including freezing temperature (−20 °C), individual freezing duration (16 h), and
individual thawing duration (8 h), are the same. Tensile strength increases with the

Fig. 2. Effect of individual freezing duration and number of freezing-thawing cycles on
compression strength of mPVA. The individual freezing durations are 8 h, 12 h and 16 h in (a),
(b) and (c), respectively. N: freezing-thawing cycle time. The freezing temperature is −20 °C.
The thawing temperature is 18 °C and the individual thawing time is 8 h.
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increase of number of freezing-thawing cycles. This is true no matter the thawing
temperature is 18 °C or −3 °C. But when the number of freezing-thawing cycles is
fixed, the tensile strength of hydrogels at thawing temperature 18 °C is higher than that
at thawing temperature −3 °C (Fig. 3a, b). From Fig. 3c, d, it can be found that the
compressive strength of the hydrogel prepared with 18 °C thawing temperature is
5122 kPa (strain = 0.8, N = 3), and the compressive strength is only 2706 kPa
(strain = 0.8, N = 3) when the thawing temperature is −3 °C.

In brief, the hydrogel with the best mechanical properties is obtained when the
number of freezing-thawing cycles is 4 (for tension) or 3 (for compression), the indi-
vidual freezing duration is 16 h and the thawing temperature is 18 °C.

3.2 Morphology Characterization

The micromorphology change of PVA hydrogels before and after the addition of AG is
shown in Fig. 4. The honeycomb-like structure can be observed for the neat PVA
hydrogel and the diameters of pores range from 2 to 3 lm (Fig. 4a). In contrast,
macropores range in 20–200 lm are generated in PVA hydrogels when 4 wt.% AG is
introduced (Fig. 4b), which means the macroporous PVA hydrogels are prepared

Fig. 3. Effect of thawing temperature on tension (a, b) and compression (c, d) strength of
mPVA. The thawing temperature is 18 °C in (a), (b) and −3 °C in (c) and (d), respectively. N:
freezing-thawing cycle time. The individual freezing duration is 16 h and the freezing
temperature is −20 °C. The thawing time is 8 h.
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successfully using AG as porogen. The AG particles exist in the pores, indicating that
the introduced AG acts as the poregen. The AG particles in the pores need to be
removed to leave space for the cell growth and proliferation. Fortunately, The AG
particles can be removed simply by washing. The macroporous PVA hydrogel after the
removal of AG is shown in Fig. 4c. Small pores (as indicated by the blue arrows) can
also be observed on the walls of the original pores, as Fig. 4d shows, which means the
macropores have good connectivity, which may facilitate the migration of cells, the
diffusion of nutrients and the removal of waste products.

4 Conclusion

Macroporous PVA hydrogel is successfully prepared by using AG as porogen through
freezing-thawing method. The pore size increases from less than 3 lm to 20–200 lm
when AG is introduced, which meets the requirements of chondrocyte implantation.
And the macropores have good connectivity, which may facilitate the migration of
cells, the diffusion of nutrients and the removal of waste products. The mechanical
properties of macroporous PVA hydrogels can be modified by adjusting the preparation
parameters, and the proposed freezing-thawing parameters are 16 h individual freezing
duration, 3 cycles of freezing-thawing and 18 °C thawing temperature.

Fig. 4. SEM images of PVA hydrogels. (a): neat PVA hydrogel; (b): macroporous PVA
hydrogel before removal of AG; (c): macroporous PVA hydrogel after removal of AG; (d):
macroporous PVA hydrogel in (c) with high magnification.
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