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ABSTRACT

Polyvinyl alcohol (PVA) hydrogels as alternative materials for biomedical

applications have attracted extensive attention. However, the development of

bioactive hydrogel with macroporous structure and good mechanical perfor-

mance is still an enormous challenge. In this study, a PVA-tannic acid (TA)

macroporous hydrogel is presented by cryogelation method. The macropores

are obtained by the large-sized ice crystals generated in situ. The pore size of the

obtained hydrogel could reach 150–250 lm and the porosity is over 85%. The

macroporous PVA-TA hydrogel exhibit notable compressive modulus

(0.54 MPa), tensile modulus (0.70 MPa), compressive toughness (1.14 MJ/m3)

and tensile toughness (1.49 MJ/m3). In addition, the hydrogel has remarkable

self-recovery and energy dissipation ability. From the in vitro cell culture, it is

observed that TA has strongly enhanced the bioadhesion and bioactivity of

hydrogel, implying the potential application of PVA-TA hydrogel in cartilage

replacement.
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GRAPHICAL ABSTRACT

Introduction

Articular cartilage is a highly differentiated connec-

tive tissue composed of glycosaminoglycan, collagen

matrix and over 75% interstitial fluid [1]. Cartilage

plays an important role in dispersing load and

reducing friction between joints, showing good

compressive, tensile and fatigue resistance. The

compressive modulus and tensile modulus are

0.51–1.82 MPa and 0.68–12.49 MPa, respectively [2].

Due to the avascular, aneural and alymphatic nature,

cartilage has limited self-repair capacity after injury,

requiring the external intervention for cartilage repair

[3].

Hydrogel is now the frontline of research in the

study of cartilage repair materials. In particular,

polyvinyl alcohol (PVA) hydrogels have been exten-

sively studied and drawn much attention in various

applications due to their stable chemistry property,

water solubility and non-toxicity [4–6]. Especially for

physical-crosslinking PVA hydrogel, without intro-

ducing toxic reaction solvent in the whole prepara-

tion process, it is the promising material in

biomedical applications such as wound dressing,

tissue regeneration. However, there are still

deficiencies restricting PVA hydrogel application. On

one side, the physical-crosslinking PVA hydrogel

usually has the poor biological activity due to the

inherent inert and the micro/nano porous structure,

which is inconsistent with the common requirement

for cell adhesion and proliferation [7]. On the other

side, the physical-crosslinking PVA hydrogel usually

does not possess adequate mechanical properties to

work in long term load-bearing environment.

The physical-crosslinking PVA hydrogels have

been fabricated during freezing–thawing process,

where the polymer chains aggregate and crosslink

while the solvent forms ice crystals to generate pores.

These hydrogels are also called cryogels [8] and the

amount and size of ice crystals directly determine the

porous morphology. However, it is widely recog-

nized that PVA has a certain inhibition ability to ice

crystal formation [9, 10], resulting the pores present

in pure PVA cryogels are usually nanoscale [11, 12].

In order to fabricate macroporous PVA cryogel, nat-

ural polysaccharides, such as sodium alginate, chi-

tosan and methylcellulose, are blended into PVA

hydrogel precursor [13–15]. Though the pore size is

increased with respect to pure PVA cryogel, most are

still less than 50 lm, which is not sufficient for cell
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survival and growth. In our previous work, using

agarose (AG) as pore inducing agent, we developed

the PVA hydrogel with the pore size 20–200 lm for

cartilage repair [16]. But, PVA is not biologically

active, which limits the adhesion of hydrogel to

chondrocytes and thereby the bio-interaction of the

implanted hydrogel with the host cartilage tissue.

Tannic acid, a natural plant-derived polyphenol

[17], has been widely introduced to hydrogels to

improve the mechanical property and bioadhesion

due to the rich of phenolic hydroxyl groups and

catechol [18–20]. In this work, TA is introduced to

PVA hydrogel to improve the bioadhesion and

bioactivity of hydrogels. The chondrocytes cultured

in the PVA-TA hydrogel show significant prolifera-

tion and continue to secrete extracellular matrix. The

obtained PVA-TA hydrogel simultaneously realizes

the macroporous structure of 150–250 lm and the

comparable mechanical property with natural carti-

lage, demonstrating its potential application in carti-

lage repair.

Experimental methods

Material

Poly (vinyl alcohol) (PVA) (polymerization degree:

1750 ± 50, alcoholysis degree: 99.8 –99.9%) was

purchased from Sinopharm Chemical Reagent Co.,

Ltd. China. Tannic acid (TA) (C76H52O46, A.R. grade)

was supplied by Shanghai Macklin Biochemical Co.,

Ltd. China. Pluronic� F127 (PF127) was obtained

from Sigma–Aldrich, USA. Calcium carbonate

(CaCO3) (A.R. grade) and hydrochloric acid (HCl)

(A.R. grade) were obtained from Tianjin Kemiou

Chemical Reagent Co., Ltd. China.

Preparation of hydrogel

The PVA-TA blend solutions were prepared by dis-

solving a certain amount of PVA, TA, CaCO3 and

PF127 in deionized water (DI water) and stirred at

95 �C for 1.5 h. After the solutions cooled to 40 �C,

hydrochloric acid (HCl, 37 wt.%) was added drop-

wise to produce CO2 micro bubbles. Gently stirring

was performed during the entire process to ensure

the sufficient reaction. The amount of each compo-

nent was shown in Table 1. The hydrogel precursor

solution was transferred into a plastic mold, and

three times of freezing–thawing procedures were

performed (freezing at - 20 �C for 16 h, thawing at

room temperature for 8 h). Then, the prepared

hydrogels were washed with DI water to remove the

possible remnant for the further use.

Scanning electron microscopy (SEM)

The cross-sectional morphology of the hydrogels was

evaluated through scanning electron microscopy

(SEM, FEI Quanta 200, FEI, USA). All hydrogel

samples were frozen in liquid nitrogen to obtain

fracture surfaces, and then lyophilized through a

freeze drier (FD-1A-50, Yuming, China) over 24 h.

Prior to the observation, the surfaces were sputter-

coated with a gold layer using a magnetron ion

sputter metal coating device (Vacuum Device MSP-

1s, Japan). After obtaining the SEM micrographs, the

pore size distribution was measured using image

analysis software (Nano Measure) by randomly

counting the sizes of 100 pores.

Porosity measurement

The porosity of the hydrogel was measured using

liquid displacement as reported before [21]. In brief,

the hydrogels were immersed in a graduated cylin-

der containing a known volume V1 of ethanol, and a

series of evacuation-repressurization cycles were

conducted to facilitate the penetration of ethanol into

hydrogels. Until no bubbles emerged, the total vol-

ume of ethanol and the sample immersed in ethanol

was recorded as V2. Then, the sample was removed

and the residual ethanol volume was recorded as V3.

Table 1 Composition and

proportion of PVA-TA

hydrogel

Sample PVA (g) TA (g) PF127 (g) CaCO3 (g) DI water (mL) (g) HCl (mL)

PVA 15 – – – 85 –

PVA-MB 15 – 1 3 85 3

PVA-1T-MB 15 1 1 3 85 3

PVA-2T-MB 15 2 1 3 85 3

PVA-3T-MB 15 3 1 3 85 3
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The porosity e of hydrogel could be calculated as

Eq. 1.

e ¼ V1 � V3ð Þ
V2 � V3ð Þ ð1Þ

where V1 - V3 was regarded as the void volume of

the hydrogel, V2 - V3 was the total volume of the

hydrogel.

Swelling property and water content

The swelling ratios were measured using the con-

ventional gravimetric procedure. The hydrogel sam-

ples were dried and weighed (m0). Then, the samples

were swollen by immersing in DI water at room

temperature and were weighed in the pre-deter-

mined time (mt) after removal of surface water. The

swelling ratio (SR) was calculated by Eq. 2.

SR ¼ mt �m0ð Þ
m0

� 100% ð2Þ

The mass of totally swollen hydrogels was denoted

as ms. The water content of hydrogels was calculated

through Eq. 3.

Water content %ð Þ ¼ ms �m0ð Þ
ms

� 100% ð3Þ

Mechanical property

The uniaxial tension tests were conducted to the

barbell shaped hydrogel samples with the strain rate

of 300%/min using Sans Universal Testing Machine

(Shenzhen SANS Testing Machine Co., Ltd., CMT-

4204, China). To increase the friction, the sand paper

was sandwiched between the hydrogel and clampers.

The tensile stress–strain curves were recorded and

the toughness was calculated by the area under

curves. The tensile modulus was calculated as the

tangent modulus at 10% strain.

The uniaxial unconfined compression tests were

performed to hydrogel samples with a strain rate of

30%/min using the same instrument. Prior to testing,

the hydrogel samples were totally swollen, and the

top and bottom platforms were lubricated with the

physiological saline to approximate a pure slip con-

dition. The samples were compressed to 90% strain

and the toughness was calculated by the area under

the stress–strain curves. The compressive modulus

was calculated from the slope of the 10% to 20%

strain.

The compressive loading–unloading cycles were

conducted to evaluate the self-recovery ability of

PVA-TA hydrogels. The hydrogel samples were

compressed to 60% strain for 10 cycles. Besides, the

energy dissipation was defined as the area formed by

the cyclic loading–unloading curve.

Fourier transform infrared spectroscopy (FT-
IR)

Fourier transform infrared spectroscopy was per-

formed using the Attenuated Total Reflection (ATR)

mode on a Thermo Nicolet FTIR (Nexus-670) to

characterize the functional groups and bonds of the

hydrogel samples. The hydrogel samples were vac-

uum dried and FR-IT spectra were recorded in the

wavenumber range of 640–4000 cm-1 with the reso-

lution of 4 cm-1.

X-ray diffraction (XRD)

X-ray diffraction studies were conducted on the X-ray

diffractometer (XRD-6000, Shimadzu, Japan) using a

Cu Ka radiation. The XRD patterns were obtained

with a voltage of 40 kV and a current of 40 mA.

Samples were loaded into a cavity in a Ni-coated Cu

block and diffraction data were collected from 10� to

70� 2h counting with a scanning rate of 4�/min.

Differential scanning calorimetry (DSC)

Differential scanning calorimetry measurements of

hydrogel precursor solutions were performed on a

Netzsch differential scanning calorimetry (DSC-204,

Germany). 5–10 mg sample was placed in a hermet-

ically sealed aluminum pan. The data was collected

from 10 to - 40 �C with a cooling rate of 10 �C/min

under nitrogen atmosphere.

The resonance light scattering (RLS)

The resonance light scattering (RLS) spectra were

obtained on fluorescent spectrometer (Hitachi, F7000)

equipped with a 150 W xenon lamp. The solution

under test requires good light transmission, thus the

hydrogel precursor is diluted 100 times for RLS

testing (PVA solution, TA solution, PVA-TA blend
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solutions). Simultaneous scanning was performed in

the wavelength of 300–700 nm (kex ¼ kem).

In vitro chondrocyte culture

Rat articular chondrocytes were isolated and cultured

in vitro as the previous methods [22]. In brief, cartilage

of 4 weeks old rats was harvested from both sides of

femoral condyle. The cartilage was sliced into 1 mm3

pieces and digested by 0.2 wt.% type II collagenase

(Solarbio, China) solution at 37 �C for 6 h. The diges-

tion solution was filtrated using a cell strainer (70 lm

pore size) to remove the impurities. Subsequently, the

chondrocytes were centrifuged, resuspended and

cultured in Dulbecco’s modified Eagle’s medium

(DMEM, Gibco, USA) with 10% fetal bovine serum

(FBS, AusGeneX, Australia) and 1% Penicillin strep-

tomycin (PS, Gibco, USA) in a humidified 37 �C
incubator (Thermo HERAcell150, USA) at 5% CO2

supplemented. The second and third passage of

chondrocytes were used in the following experiments.

The PVA-3T-MB hydrogels were used to co-incu-

bate with chondrocytes. Prior to the in vitro study,

the hydrogel samples were sterilized with ethanol

and UV lights, and then were washed with phos-

phate buffer saline (PBS, Hyclone, USA) for further

use. The chondrocytes were trypsinized, centrifuged

and resuspended at the density of 2 � 106 cells/mL

in the culture medium, and 20 lL cell suspension

was seeded onto each hydrogel sample for co-incu-

bation. The culture medium was replaced every two

days.

Cell characterization

Cell viability was investigated by Live & Dead Via-

bility Assay Kit (KeyGEN BioTECH, China). After 1,

7 and 14 days of culture, the co-incubated cells were

rinsed with PBS three times and stained with Calcein-

AM and Propidium Iodide (PI), and then incubated

for 20 min. After washing with PBS again, the sam-

ples were observed under a fluorescence microscope

(Olympus IX71, Japan).

The morphology of chondrocytes seeded on

hydrogels was observed on SEM. The chondrocytes

cultured for 14 days were washed, fixed in 2.5%

glutaraldehyde, and dehydrated by increasing con-

centrations of ethanol (30, 50, 75, 90, 100% twice).

After freeze drying, the morphology was examined

on SEM (FEI Quanta 200, FEI, USA).

Biochemical analysis

To determine the capacity of cartilage ECM secretion

on PVA-TA hydrogel, the content of DNA and gly-

cosaminoglycan (GAG) were quantitatively analyzed.

After the predetermined time, the cell-hydrogel con-

structs were digested with papain solution at 60 �C
overnight (0.25 mg/mL in 0.2 mol/L sodium bicar-

bonate, 0.01 mol/L EDTA, and 5 mmol/L L-cysteine,

Solarbio, China). The DNA content was measured

using the DNA Quantitation Kit (Sigma-Aldrich,

USA). In brief, the DNA content was evaluated using

Hoechst 33,258 and the fluorescence was measured at

360 nm excitation and 460 nm emission with a

microplate reader (SpectraMax M2e, Molecular

Devices, USA).

Glycosaminoglycan (GAG) contents were tested

using dimethylmethylene blue (DMMB) dye with the

Blyscan GAG Assay Kit (Biocolor, UK). To determine

the GAG content both in external and internal

chondrocytes, the papain digest and cell culture

medium were mixed with DMMB solution and the

resultant absorbance was read at 656 nm with a

microplate reader.

Statistical analysis

The experimental results were expressed as

means ± standard deviations. One-way ANOVA

analysis of variance was applied to determine the

statistical significance of the differences observed

between groups. p\ 0.05 was accepted as statistically

significant.

Result

Morphology characterization

The morphology of PVA and PVA-TA hydrogels are

given in Fig. 1. For pure PVA hydrogel, there are lots

of pores less than 1 lm. After the introduction of TA

and micro-bubbles, the morphology of PVA-TA

hydrogel changes obviously. It is found that a few

round and sparse pores in PVA-MB and PVA-1T-MB

(Fig. 1b and c), which can be attributed to fewer

bubbles remaining in the hydrogel formation, since

bubbles rise, fuse and collapse. As the TA amount is

increased, the sparse pores with * 100 lm are

observed in PVA-2T-MB (Fig. 1d). The macroporous
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hydrogel with stable pore sizes of 150–250 lm is

successfully fabricated with 3 wt.% TA, and the pore

distribution is uniform with thinner pore walls, see

Fig. 1e, g. In addition, the micropores with several

microns are noted on hydrogels ensuring the pore

connectivity, shown in Fig. 1f. In addition, the mor-

phology of PVA-3T hydrogel prepared without

micro-bubbles shows the spare pores with several

hundred microns (Fig. S1), which proves that TA and

micro-bubbles must be presented simultaneously to

fabricate macropores, and the detailed mechanism

will be discussed in discussion section afterwards.

The porosity of hydrogel samples is increased

(Fig. 1h) by the introduction of TA, similar with the

SEM images. The porosity of PVA-3T-MB reaches

85.07%, 1.5 times higher than that of pure PVA

hydrogel.

Furthermore, the swelling properties of PVA-TA

hydrogels were tested and the results are shown in

Fig. 1i. For all hydrogels, the initial swelling rate is

fast and then slows down gradually. The equilibrium

swelling ratio is influenced by the pore structure and

the density of crosslinking networks in hydrogel. The

PVA-3T-MB has the highest equilibrium swelling

ratio, which can be ascribed to its interconnected

macroporous structure. PVA-MB hydrogel also has a

Figure 1 The SEM micrographs of cross-sectional morphology of pure PVA hydrogel (a), PVA-MB (b), PVA-1T-MB (c), PVA-2T-MB

(d) and PVA-3T-MB (e, f). The pore size distribution of PVA-3T-MB (g). The porosity (h) and swelling property (i) of hydrogels.
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relatively high swelling ratio due to the weak PVA

crosslinking network. For PVA-2T-MB, the equilib-

rium swelling ratio is the lowest due to its compact

PVA-TA crosslinking network and no interconnected

pore structure. The equilibrium water content of all

the hydrogels can reach * 80% (Fig. S2), which is

suitable for biomedical applications.

Mechanical properties

The results of the uniaxial tensile tests of pure PVA

hydrogel and PVA-TA hydrogels are shown in

Fig. 2a, b. After the incorporation of micro-bubbles,

the mechanical properties of PVA-MB decrease

sharply. With increasing concentration of TA, though

the microstructure change, the tensile modulus,

Figure 2 The a tensile stress-strain curves, b tensile modulus and

toughness, c compressive stress-strain curves, d compressive

modulus and toughness of PVA hydrogel and PVA-TA hydrogels

with different TA content. e Cyclic compressive loading-unloading

curves at 60% strain. f The maximum stress and energy dissipation

of PVA-3T-MB hydrogel through 10 times compressive loading–

unloading cycles at 60% strain.
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strength and toughness of PVA-TA hydrogels grad-

ually increase. The tensile modulus of the PVA-3T-

MB is up to 3 times higher than that of pure PVA

hydrogel (0.70 MPa vs. 0.23 MPa). The tensile

strength of PVA-3T-MB is enhanced to 1.02 MPa, but

the elongation is not improved as the macroporous

structure could be regarded as defect in bulk mate-

rial. Furthermore, the toughness of PVA-3T-MB is

1.49 MJ/m3, exhibiting notable toughness.

The characterization of the compressive behavior

of the hydrogel samples is also carried out and the

results are depicted in Fig. 2c, d. Upon compression

to 90% strain, all hydrogels do not show significant

damage. PVA-3T-MB hydrogel shows a compressive

stress up to 11.16 MPa at 90% strain. Moreover, both

the compressive modulus and toughness of the

hydrogel increase with TA concentration. The PVA-

3T-MB hydrogel exhibits compressive toughness as

high as 1.14 MJ/m3 while it maintains a high mod-

ulus of 0.54 MPa, which is 2.5 times higher than that

of pure PVA hydrogel.

It’s an essential requirement for a cartilage repair

material to withstand the repetitive loading. To

investigate the recovery behavior, the cyclic com-

pressive loading–unloading tests are performed. As

shown in Fig. 2e, the compressive loading–unloading

curves of these hydrogels show significant hysteresis

loops, especially larger of PVA-3T-MB, suggesting

that PVA-3T-MB hydrogel dissipates energy much

more efficiently. Ten times cyclic compressive load-

ing–unloading tests at 60% strain were further per-

formed and the results are plotted in Fig. S3. The

macroporous PVA-3T-MB hydrogel exhibits excellent

self-recovery ability. The maximum stress and energy

dissipation in the first cycle are 0.77 MPa and

166.87 kJ/m3, respectively. After 10 successful load-

ing–unloading cycles, the maximum stress and

energy dissipation still remain to be 0.74 MPa and

110.05 kJ/m3, respectively. It seems that the intro-

duction of TA significantly enhances the fatigue

resistance of the hydrogel. Furthermore, the macro-

scopic observation reveals that the shape and height

of macroporous PVA-3T-MB hydrogel samples show

marginal change after ten cycles of compression

loading–unloading (Fig. S4), indicating that there is

insignificantly plastic deformation during loading.

The results of all the mechanical tests demonstrate

that the strength, toughness and fatigue resistance of

macroporous PVA-TA hydrogel are significantly

enhanced.

FT-IR analysis

FT-IR spectra of PVA, TA and PVA-TA hydrogels

with different TA contents were performed and the

results are illustrated in Fig. 3a. For TA, The broad

absorption band at 3395 cm-1 is attributed to the

stretching vibration of hydroxyl groups. The charac-

teristic peaks at 1612 and 1533 cm-1 for aromatic

C = C stretching vibration, the peak at 1717 cm-1 for

C = O groups and the peak at 1200 cm-1 for C-O

vibration are observed [23, 24]. As TA blended into

hydrogels, these characteristic peaks appear at PVA-

1T-MB, PVA-2T-MB and PVA-3T-MB, indicating that

TA molecules can be easily blended in the compos-

ites. For pure PVA hydrogel, the broad absorption

band of –OH stretching vibration is observed at

3246 cm-1. With the incorporation of TA, the –OH

bands of PVA-TA shift to lower wavenumber

(3241 cm-1 of PVA-1T-MB, 3235 cm-1 of PVA-2T-

MB, 3229 cm-1 of PVA-3T-MB). It is well known that

the formation of intermolecular hydrogen bonding

reduces the force contants of the chemical constants

and hence contributes to lower shift of wavenumber

[25, 26]. The significant shifts of the –OH bands to

lower wavenumbers indicate the formation of strong

hydrogen bonding between PVA and TA.

XRD analysis

The XRD tests are performed to evaluate the PVA

crystallinity and the patterns of hydrogel samples are

shown in Fig. 3b. The XRD pattern of PVA shows

three typical peaks at 19.6�, 22.7� and 40.8�, corre-

sponding to the (101), (200) and (102) planes of PVA

crystallines [27], while TA shows the amorphous

nature as its XRD pattern displays a blunt peak cen-

tered at 25�. Due to the existence of Ca2? introduced

by CaCO3, the intensities of three typical peaks of

PVA-MB weaken, indicating that Ca2? has a weak-

ening effect on the crystallization of PVA [28]. After

the introduction of TA, the intensity of peak of (101)

plane of PVA crystalline weaken gradually as the TA

content increases. The relative intensity of peaks of

(101) and (200) planes has changed and the corre-

sponding 2h degree has left shifted. These results

indicate that PVA-TA hydrogels do not show a typ-

ical crystalline structure, indicating the strong

hydrogen bonding between PVA and TA prevents

the crystallization of PVA.
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RLS analysis

As reported above, it is identified that there are

strong intermolecular hydrogen bonds between TA

and PVA. To further investigate the effect of hydro-

gen bonds on the PVA molecular chain, the reso-

nance light scattering (RLS) is applied to characterize

the intermolecular interaction and the molecular

chain state. Under illumination, the phenomenon of

light scattering is caused by the existence of uneven

small ‘local aggregation’ with irregular distribution

in the medium, and the scattering intensity can be

used to judge the degree of molecular aggregation in

the solution. The experimental result plotted in

Fig. 3c shows that almost no light scattering occurs in

pure PVA solution or TA solution. When blended

with TA, the light scattering phenomenon enhances

sharply. In addition, with the increase of TA content,

the RLS intensity further increases. This implies that

the existence of TA has resulted in the PVA molecular

aggregation in the blend solution.

Pore-forming analysis

As shown in Fig. 1d, e the macropores show irregular

shape. To explore the pore forming mechanism, the

morphology of PVA-3T-MB hydrogel in frozen state

is further performed (Fig. S5). It can be seen that the

ice particles with the size about 200 lm are closely

arranged and embedded in the hydrogel matrix,

which is consistent with the microstructures of

hydrogel observed via SEM. As such, it is postulated

that ice particles work as porogen in pore-forming

process of macroporous PVA-TA hydrogel.

To further investigate the effect of TA and micro-

bubbles in ice particles formation, DSC experiments

are conducted and the thermograms are illustrated in

Fig. 3d. The crystallization (freezing) temperature of

the hydrogel precursor solutions was estimated from

the cooling traces of DSC thermograms. In all curves,

one exothermic peak representing heterogeneous ice

nucleation is observed. Pure PVA solution exhibits a

water crystallization ability at - 24.3 �C. As micro-

bubbles are introduced, the crystallization occurs at a

higher temperature (PVA-MB: - 23.2 �C). Further-

more, the crystallization temperatures of PVA-TA

blend solutions with micro-bubbles increase as a

Figure 3 The FTIR spectra

(a) and XRD pattern (b) of

hydrogel samples: TA powder

(i) pure PVA hydrogel (ii),

PVA-MB (iii), PVA-1T-MB

(iv), PVA-2T-MB (v) and

PVA-3T-MB (vi). (c) The RLS

spectra of diluted PVA

solution, TA solution, PVA-TA

blend solutions with different

TA contents. (d) The DSC

thermograms of hydrogel

precursors from 10 to

- 40 �C.
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function of TA content. For PVA-3T-MB, the crystal-

lization temperature reaches - 18.5 �C. It seems that

both micro-bubbles and TA can enhance the ice for-

mation ability in the blended hydrogel precursor,

resulting in the large-sized ice crystals to fabricate

macroporous.

In vitro biocompatibility

The biocompatibility of PVA-TA hydrogel as a car-

tilage scaffold was tested with a live & dead viability

assay. As shown in Fig. 4a after 14 days in vitro

culture, a large number of living cells stained green

Figure 4 a Live/dead analysis

for chondrocytes seeded on

PVA-3TA hydrogels after 1, 7

and 14 days post seeding.

Images display live cells

(green) and dead cells (red).

The scale bars represent

100 lm. b SEM image of

chondrocytes cultured on

PVA-3T-MB hydrogels.

Quantitative analyses of

c DNA, d GAG after 1, 7 and

14 days post seeding

compared to the monolayer

culture control group and

agarose gel group (n = 3,

*p\ 0.05; **p\ 0.01;

***p\ 0.001).
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can be observed with nearly no dead red cells visible,

and significant cell proliferation occurs with the cul-

ture time. The morphology of chondrocytes on the

scaffold was observed by SEM, and the results are

shown in Fig. 4b. The chondrocytes grow on the

surface of the hydrogel and inside the pores, and the

significant secretion of extracellular matrix could be

observed.

To further evaluate the proliferation and the ability

of matrix secretion of chondrocytes in the PVA-TA

hydrogel scaffold, quantitative assessments of DNA

and cartilage matrix synthesis GAG were carried out.

Monolayer culture was used as the 2D culture control

group, and agarose gel, a common substrate for cell

culture in vitro, was used as the 3D culture control

group. The results of DNA contents plotted in Fig. 4c

illustrate that chondrocytes exhibit good adhesion

and proliferation on the PVA-TA scaffold. After

14 days culture, the DNA content of the PVA-TA

hydrogel group is 154.07% and 196.22% of that of the

monolayer control group and the agarose gel group,

respectively. Furthermore, the ability of GAG syn-

thesis in PVA-TA group is significantly stronger than

that of two control groups. When normalized to DNA

content, after 14 days culture the GAG synthesized is

87.23 lg/lg for PVA-TA group, which is 1.8 times

and 1.2 times higher than 2D culture control group

and agarose gel group. It indicates that the chon-

drocytes cultured in PVA-TA hydrogel have

remarkable ability in promoting GAG synthesis.

Moreover, it is observed that both the collagen and

type II collagen contents of the chondrocytes cultured

in macroporous PVA-TA hydrogel increase with the

culture time (Fig. S6). It is demonstrated that

macroporous PVA-TA hydrogels have the excellent

biocompatibility and bioactivity as a result of both 3D

macroporous structure and the presence of TA.

Discussion

The experimental results suggest that the prepared

PVA-TA hydrogels have the required factors for

cartilage repair materials: (i) interconnected porous

structure with suitable pore size; (ii) comparable

mechanical properties with nature cartilage; (iii) good

biocompatibility and bioactivity.

It is demonstrated that the macropores in PVA-TA

hydrogels are obtained from the in situ generated

large-sized ice particles (around 200 lm) during

freezing process. As reported in PVA-AG hydrogel,

the large-sized ice crystals formed are mainly due to

the large amount of interacting-water aggregated by

agarose particles. For PVA-TA hydrogel, the intro-

duction of TA and micro-bubbles play important

roles in improving ice particle formation, and this

mechanism will be discussed. In hydrogel precursor,

due to the abundance of pyrogallol and catechol

groups, TA can easily form hydrogen bonding with

PVA, altering the state of molecular chains and

leading to the local aggregation of PVA molecular

chains. During freezing, as the aggregated PVA

chains are locally compact, the steric hindrance of ice

crystals growth is reduced, enabling the ice crystal to

grow further. The stable presence of micro-bubbles in

hydrogel precursor is verified (Fig. S7). DSC results

have demonstrated that micro-bubbles can improve

the formation ability of ice crystals in solution. It can

be explained that the micro-bubbles can serve as ice

nuclei, and also the interfacial free energy of micro-

bubbles can provide energy for ice nucleation[29]. On

the basis of the same freezable water, the increase in

nucleation sites can ensure the number of ice crystals

and control the size of formed ice crystals. The

combination of TA and micro-bubbles breaks the

inhibition of PVA on ice crystal, and promotes the

nucleation and growth of large-sized ice particles,

which work as porogen to form the macroporous

hydrogels.

For hydrogels, the existence of macropores greatly

weakens the mechanical properties of hydrogels.

Most macroporous hydrogels have low stiffness and

break easily, severely restricting their applications in

cartilage and bone regeneration scaffolds [30, 31]. In

our study, the compressive and tensile modulus of

macroporous PVA-TA hydrogel are 0.54 MPa and

0.70 MPa, and the toughness reach 1.14 MJ/m3 and

1.49 MJ/m3, achieving a balance between macrop-

orous structure and considerable mechanical prop-

erties. These mechanical properties, especially

toughness, are excellent among the hydrogels with

similar macropores [32–35]. Sedlačı́k et al.[36]

designed the double network supermacroporous

hydrogel, the compressive modulus and strength are

up to * 100 kPa and 1 MPa, and tension toughness

is up to 38 kJ/m3. Yue et al.[37] reinforced the poly-

acrylamide hydrogel with chitin nanofibers and TiO2

nanoparticles. The nanocomposites hydrogel has

compressive strength of 1.46 MPa, tensile strength of

316 kPa, and toughness of 47.25 kJ/m3. Su et al. [38]
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obtained the hydrogel with compressive modulus of

0.19–1.38 MPa through the strong intermolecular

hydrogen bonding. However, its elongation at break

is less than 100% exhibiting the poor tension tough-

ness. Here, the intermolecular hydrogen bonds and

polymer chain entanglement caused by PVA and TA

have greatly enhanced the mechanical properties of

macroporous PVA-TA hydrogel, which is compara-

ble to cartilage [2, 39].

Though PVA is biocompatible, PVA hydrogels

usually have poor bioactivity in cell adhesion, pro-

liferation and differentiation due to its biological

inertness. The macroporous PVA-TA hydrogel per-

forms good biocompatibility and bioactivity not only

due to the porous three-dimensional structure, but

also due to the presence of TA. Polyphenols have

been extensively explored in many ways for

biomedical applications [40] and have been proved to

enhance the cell adhesion [41] and promote cell

proliferation [42]. As a kind of natural polyphenol,

TA improves the bioactivity of the macroporous

PVA-TA hydrogel, which is beneficial to its applica-

tion in cartilage repair.

As discussed above, the introduction of TA can

improve the properties of PVA hydrogels to meet the

requirements of cartilage repair materials. Firstly, TA

can alter the state of PVA molecular chains through

the hydrogen bonding to promote the formation of

large-sized ice particles during freezing process,

which works as the porogen to generate macropores.

Secondly, TA can generate strong intermolecular

hydrogen bonds with PVA and strengthen the poly-

mer crosslinking network to enhance the mechanical

properties of hydrogel. Moreover, the presence of TA

strongly improves the bioadhesion and bioactivity of

hydrogels, facilitating chondrocytes adhesion, pro-

liferation and matrix secretion.

Conclusion

In this study, the macroporous PVA-TA hydrogel is

successfully developed by cryogelation without

introducing any toxic substances. The obtained PVA-

3T-MB hydrogel has macropores of 150–250 lm with

porosity over 85%. Since the addition of TA has

dramatically enhanced the hydrogen bonds between

PVA and TA, both the strength and toughness are

improved to meet the requirement of cartilage,

including compressive modulus (0.54 MPa), tensile

modulus (0.70 MPa), compressive toughness

(1.14 MJ/m3) and tensile toughness (1.49 MJ/m3).

More meaningfully, the bioadhesion and bioactivity

of the hydrogel are enhanced due to the existence of

TA. These results suggest the macroporous PVA-TA

hydrogel possesses the promising applications in

cartilage repair.
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