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Abstract: Hydrogels have become an attractive option for tissue repair. A novel multifunctional hydrogel was developed 
using a two-step method involving photopolymerization and tannic acid (TA) solution incubation. The mechanical properties 
of this hydrogel were enhanced by the multi-hydrogen bond interaction between the TA and N-acryloyl glycinamide/gelatin 
methacrylate (NAGA/GelMA). The compressive modulus was doubled. The compressive strengths of the hydrogel were 5.5 
MPa. The swelling rate was reduced by a factor of three. The adhesion strength of the composite hydrogel reached 80 KPa. 
The TA-mediated NAGA/GelMA/Laponite composite hydrogel exhibited excellent anti-fatigue and anti-oxidation properties, 
as well as printability. In vitro experiments indicated that the TA-mediated hydrogel facilitated the proliferation of bone 
marrow mesenchymal stem cells and osteogenic and chondrogenic differentiation. The developed multifunctional composite 
hydrogel has great potential for osteochondral defect repair under osteoarthritis conditions.
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1. Introduction
Hydrogel contains a large number of three-dimensional 
(3D) polymer networks formed by physical or chemical 
crosslinking. Their advantages include an extracellular 
matrix-like environment, a polymer network with high 
water content, biological activity, and flexibility similar to 
tissues[1,2]. Hydrogels have attracted extensive attention in 
tissue engineering and regeneration medicine, with wound 
dressing, bone-guided regeneration membrane, cartilage 
regeneration, and conductive cardiopathy applications[3-6]. 
Most natural hydrogels such as alginate, silk fibroin, 
chitosan, collagen, and gelatin have relatively poor 
mechanical properties, which hinder their applications in 
tissue engineering. This is especially crucial for cartilage 
tissue, requiring high strength and endurance[7,8]. Therefore, 
there have been numerous attempts to develop a high-
strength hydrogel[9-11]. A printable, stretchable, and tough 
hydrogel comparable to natural cartilage was developed 

by combining polyvinyl alcohol (PVA) and sodium 
alginate[12]. Composite hydrogels based on polyacrylamide 
with sodium alginate have been proved to possess excellent 
mechanical properties such as high strength, toughness, and 
stretchability[13]. However, some deficiencies, including 
multi-step polymerization schemes, time-consuming 
experimental procedures, and potential cytotoxicity, have 
restricted their further applications in tissue repair[14]. 
N-acryloyl glycinamide (NAGA), a photopolymerizable 
hydrogel, has become a hot research topic because of its 
excellent mechanical properties. Zhai et al.[15] prepared a 
composite hydrogel composed of NAGA and clay to repair 
skull defects. High-strength hydrogels also hold promise 
for osteochondral tissue repair.

In addition, a hydrogel used for osteochondral repair 
should meet the following requirements. Its mechanical 
properties should match those of natural cartilage[6]. It 
is essential that the hydrogel adheres to the surrounding 

© 2022 Author(s). This is an Open Access article distributed under the terms of the Creative Commons Attribution License, permitting distribution and 
reproduction in any medium, provided the original work is properly cited.

https://creativecommons.org/licenses/by/4.0/


Dong, et al. 

 International Journal of Bioprinting (2022)–Volume 8, Issue 3 221

tissues during regeneration to prevent any treatment 
invalidation caused by the detachment of the two parts[16]. 
Under osteoarthritis conditions, hydrogels with antioxidant 
properties are indispensable[17]. These diseased conditions 
could produce excess reactive oxygen species and generate 
oxidative stress that damages the redox balance, which 
suppresses osteogenic differentiation[18,19]. Hence, for 
hydrogel applications in osteochondral repair, it is essential to 
obtain a synergistic effect involving good biocompatibility, 
high mechanical performance, excellent oxidation 
resistance, and adhesion to realize multifunctionality.

Tannic acid (TA) is a plant polyphenol with good 
anti-inflammatory, antibacterial, and antioxidant properties 
that have attracted widespread interest in biomedical 
applications[20]. Recent studies have demonstrated that TA 
combines with polyacrylamide or PVA to form a composite 
hydrogel with solid adhesion, toughness, and oxidation 
resistance[21-23]. However, because of the polymerization 
inhibition properties of TA, it is challenging to introduce 
TA directly into photoinitiated polymers. In addition, a 
hydrogel synthesized in one pot has submicrometer- or 
nano-sized networks, which obstruct the exchange of 
nutrients and oxygen. It drastically inhibits the proliferation 
and differentiation of cells[24]. 3D printing technology can 
solve this problem by precisely controlling the macropore 
structure within the hydrogel scaffold.[24,25]

Therefore, it was hypothesized that TA incubation 
could provide a simple and effective strategy for preparing 
multifunctional hydrogels. The TA, which contained many 
pyrogallol groups, was inserted into a covalent polymer 
consisting of gelatin methacrylate (GelMA) and NAGA. 
The copolymerization of GelMA and NAGA formed 
a leading network. By adding polyphenol compounds, 
multiple hydrogen bonds occurred between the phenolic 
hydroxyl group of TA, the carbonyl group, and the amino 
group of NAGA/GelMA. The two-step method prevented 
the polymerization inhibition effect of polyphenols. The 
hydrogel’s morphology, chemical structure, swelling 
behavior, mechanical properties, and cell compatibility were 
characterized. The adhesion and oxidation resistance of the 
hydrogels were tested. Subsequently, the influence of clay 
and GelMA on the printability of the hydrogel was examined. 
In addition, the biocompatibility of the hydrogel and the 
potential of osteogenic and chondrogenic were evaluated.

2. Materials and methods
2.1. Materials
Gelatin (from porcine skin, Type A, powder, gel strength 
240~270 Bloom) was purchased from Yeasen (Shanghai, 
China), methacrylic anhydride (MA), and 2-hydroxy-2-
methyl-1-phenyl-1-propanone (IRGACURE 1173, 98%) 
were purchased from Sigma Aldrich (USA), Laponite 
XLG (LPN) was purchased from BYK (UK), NAGA 

was purchased from Zhengzhou Alfa Chemical Co., Ltd 
(Zhengzhou, China). TA and 1,1-diphenyl-2-picrylhydrazyl 
(DPPH) were purchased from Aladdin Co., Ltd (Shanghai, 
China). 2,2-azinobis (3-ethylbenzothiazoline -6-sulfonic 
acid mmonium salt) (ABTS), potassium persulfate 
(K2S2O8), 2-Phenyl-4,4,5,5- tetramethylimidazoline-3-
oxide-1-oxyl (PTIO), and borax were purchased from 
Beijing Innochem Science and Technology., Ltd (China).

2.2. GelMA synthesis
GelMA was synthesized following previous methods[26,27]. 
Briefly, 10 g gelatin was dissolved in 100 ml carbonate-
bicarbonate buffer at 50°C under constant stirring. MA 
(2 ml) was slowly added to the above-mentioned solution. 
After reacting for 3 h, the pH of the solution was adjusted 
to neutral using hydrochloric acid or sodium hydroxide. 
GelMA was obtained after the resulting solution was 
dialyzed, filtered, and freeze-dried.

2.3. Preparation of composite hydrogel
A series of NAGA/GelMA/Laponite (denoted as NGL, 
where N, G, and L represent NAGA, GelMA, and 
LPN, respectively) composite hydrogels (Table 1) were 
prepared. First, deionized water (5 g), NAGA (3 g), and 
GelMA (1 g) were mixed and added to a 20 mL beaker 
under constant stirring for 30 min. Then, the photoinitiator 
Irgacure 1173 (100 µL) was added to the above solution. 
LPN (0.3 g) was then dispersed in 5 mL of deionized water. 
Subsequently, the NAGA/GelMA solution was mixed 
with the LPN suspension. After complete dissolution, the 
resulting solution was added into plastic molds (diameter 
10 mm and thickness 5 mm) and exposed to an ultraviolet 
(UV) crosslinker (Chitang Co., Ltd., Shanghai, China, 
16 W) for 40 min. The obtained NGL3 hydrogel was 
immersed in an aqueous solution with various amounts 
of TA (5 and 10 w/v %) for 24 h to obtain T5 and T10 
hydrogels, respectively (the 1 w/v % borax was added at 
a specific time).

2.4. Physicochemical characterization of 
hydrogel
The microstructures of freeze-dried samples were 
analyzed by a field emission scanning electron microscope, 
Zeiss, Germany. Fourier transform infrared spectroscopy 
(FTIR, Nicolet iN10, Thermo Scientific, USA) was used 
to identify the chemical structure of the samples.

(1) Mechanical property

Compression testing of the hydrogel was performed 
using a Zwick Z050 in the press mode. In brief, a 
photocrosslinked hydrogel cylinder (6 mm in height 
and 10 mm in diameter; n = 3) was placed on the 
lower plate, and the speed was set at 1 mm/min. The 
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compressive modulus was calculated from the slope of 
the stress–strain curve. The cyclic compressive tests were 
conducted using 15 loading-unloading cycles at a strain 
of 30% without intervals between consecutive cycles. 
The dissipated energy (Uhys) was quantified according to 
the area between the loading and unloading curves. The 
recovery rate of the hydrogels was calculated according 
to the following formula:

15

0

 100%URecovery rate
U

= ×

where U0 is the initial dissipated energy of the 
sample, and U15 is the energy dissipation after 15 cycles.

(2) Adhesive property

The adhesion strength was measured (n = 5) using 
a lap shear test of the hydrogel under air conditions, 
based on a previously reported method with minor 
modifications[28]. The hydrogel was applied to a piece 
of glass and sandwiched using another glass slide. The 
bonded area was fixed at 10 × 10 mm. The samples 
were incubated for 2 h at room temperature. The glass 
slides were pulled until they separated using a dynamic 
thermomechanical mechanical analyzer. The adhesion 
strength was calculated by dividing the maximum load by 
the bonded area. In addition, hydrogel was also applied 
between different materials. The substrates selected 
for the investigation included plastic, ceramics, rubber, 
leaves, metal, skin, and bone (The skin and bone were 
bought from the local supermarket).

(3) In vitro antioxidant activity

The antioxidant activity of the T5 hydrogel was measured 
by ABTS (2,2-azinobis-(3-ethylbenzthiazoline-6-sulfonic 
acid), DPPH (2,2-diphenyl-1-picrylhydrazyl) and 
PTIO (2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 
3-oxide) assays using a previously reported method[29-31]. 

For the DPPH assay, a DPPH/ethanol (40 µg/mL) solution 
was prepared for the measurement. Then, the hydrogel 
(50 mg) was incubated in DPPH solution and allowed to 
react for 0.5 h in the dark. The absorbance at 517 nm was 
recorded using an UV-visible spectrophotometer (Thermo 
EV300, USA). An ABTS solution with an absorbance of 
0.7 at 732 nm was prepared with a 7.4 mM ABTS stock 
solution and 2.6 mM K2S2O8 aqueous solution. Then, 
50 mg of the hydrogel sample was incubated in the ABTS 
solution at 25°C in the dark for 0.5 h. The absorbance 
at 734 nm of the prepared solution was measured using 
an UV-visible spectrophotometer assay. A PTIO solution 
was prepared with an absorbance of 0.2 – 0.6 at 557 nm. 
Then, 50 mg of the hydrogel sample was incubated in the 
PTIO solution at 25°C in the dark for 2 h. The absorbance 
at 557 nm of the prepared solution was measured using 
an UV-visible spectrophotometer assay. The free radical-
scavenging rate was calculated using the following 
formula:

0

0

% 100%A AInhibition
A
−

= ×

where A0 is the absorbance of the DPPH, ABTS, or 
PTIO solution, and A is the absorbance of the hydrogel 
mixed with the above solution. Each sample was analyzed 
in triplicate.

2.5. 3D-printing and rheological characterization 
of hydrogel
The prepared NGL hydrogel was printed by an extrusion 
3D bioprinter in our laboratory (printing parameters: Inner 
diameter of needle: 400 µm; layer height: 300 µm; and 
strand spacing: 500 µm.) The printed samples were cross-
linked under UV irradiation for 40 min. The viscoelastic 
property of each hydrogel (NAGA, NGL3, and NGL5) 
was evaluated using a rheometer at 25°C in a range of 0.1 
– 1000 s−1 (Kinexus Ultra; Malvern, UK). The frequency 

Table 1. Compositions and codes of different hydrogel.

NAGA (g) GelMA (g) LPN (g) Water (mL) 1173 (µL) TA Brox Code
3 1 0.3 10 100 – – NGL3
3 1 0.5 10 100 – – NGL5
3 1 0.3 10 100 (0.5 g) 10 ml 0.1g T5
3 1 0.3 10 100 (1 g) 10 ml 0.1g T10
3 1 0.3 10 100 (0.5 g) 10 ml – TA5
3 1 0.3 10 100 (1 g) 10 ml – TA10
3 1 0.3 10 100 (2 g) 10 ml – TA20
3 1 0.3 10 100 (3 g) 10 ml – TA30
3 1 0.3 10 100 (4 g) 10 ml – TA40
3 1 0.3 10 100 (5 g) 10 ml – TA50



Dong, et al. 

 International Journal of Bioprinting (2022)–Volume 8, Issue 3 223

sweeps of the samples (0.1 – 100 Hz) were performed 
at room temperature in the obtained linear viscoelastic 
region. The storage modulus (G’) and loss modulus (G”) 
of the samples were measured in a frequency range of 
0.1 – 100 Hz. The recovery properties were quantitatively 
characterized at room temperature using a rheometer. 
An alternate shear strain sweep test was performed at 
a frequency of 1 Hz to test the recovery ability of the 
hydrogel. The shear strain was switched successively 
from a minor strain of 1% (100 s) to a large strain of 
100%, 200%, or 300% (100 s). After each phase of the 
test, the next stage began immediately without retention.

2.6. Biocompatibility and osteochondral activity 
of hydrogel
Bone marrow mesenchymal stem cells (BMSCs) were 
chosen to evaluate the biocompatibility of the hydrogel by 
cell counting kit-8 assays. The osteogenic differentiation 
on the hydrogels was evaluated by alizarin red staining 
(ARS), alkaline phosphatase (ALP) staining, and 
quantitative real-time polymerase chain reaction (qRT-
PCR) assays. The chondrogenic differentiation on the 
hydrogels was evaluated by qRT-PCR assays. The details 
are available in Supplementary File.

2.7. Statistical analysis
Data were analyzed by one-way analysis of variance with 
Turkey’s post hoc test (SPSS, version 17.0, USA) and 
expressed as the mean ± standard deviation. P < 0.05 was 
reported as significant for all statistical tests (*P < 0.05), 
and P < 0.01 was reported as highly significant for all 
statistical tests (**P < 0.01).

3. Results and discussion
3.1. Morphology, FTIR, and in vitro swelling of 
the hydrogel
Microstructural characterization revealed that the freeze-
dried NAGA hydrogel exhibited a microfibrous structure 
(Figure 1A). This might have resulted from the strong 
intermolecular interactions of the hydrogen bonds. 
Figure 1B and C showed that the clay was intercalated 
into the NAGA/GelMA hydrogel[14]. As the clay content 
and tannin content increased, the gel network became 
denser (Figure 1B-E). In addition, as the TA concentration 
increased, the pore size of the TA-mediated hydrogel 
was obviously reduced, and the T10 sample possessed 
morphology similar to that of TA (Figure 1E and F). This 
might have been because the higher TA concentration 
improved the crosslink density by forming hydrogen 
bonds[30]. The macroscopic observations of NGL3, T5, 
and T10 hydrogel were presented in Figure S1.

As shown in Figure 2A, in the NGL3 spectrum, it 
was easy to observe the characteristic Si-O peak of LPN 

(1000 cm−1), the characteristic N-H peak at 1558 cm−1 

arose from NAGA, the characteristic peaks at 1658 cm−1 
corresponding to C=O, -OH, and N-H stretching bands 
at 3300 cm−1 originated from GelMA and NAGA. The 
polymerization reaction caused the 1622 cm−1 band for 
NAGA (representing the characteristic peak of C=C) to 
disappear, indicating that the composite hydrogel was 
successfully formed after UV irradiation[32]. Compared with 
NGL, the TA-mediated hydrogel exhibited overlapping 
TA signals, indicating that the TA was incorporated into 
the NGL hydrogel network. The formation of broad bands 
at 3290 (-OH stretching vibration), and the movement of 
the -OH stretching vibration to a lower wavenumber in the 
T5 spectrum, indicated that a large number of hydrogen 
bonds were constructed between the TA and NGL[4].

The high swelling rate of the hydrogel could 
squeeze the surrounding tissues of the affected area, 
thereby affecting the repair of a defect. Figure 2B shows 
the swelling characteristics of four different hydrogels. 
Because the hydrophilic groups of the GelMA backbones 
were easily hydrated, the equilibrium swelling rates of 
the prepared hydrogels ranged from 600 to 900%. The 
TA-mediated hydrogel reached swelling equilibrium 
within 12 h. It has been previously shown that TA has a 
positive impact on the swelling properties of TA-mediated 
composite hydrogel, and the swelling mainly occurred 
within the first 4 h, which also confirmed the formation 
of hydrogen bonds in the TA-mediated hydrogel. As 
previously mentioned, the addition of TA produced a 
hydrogel with a higher crosslink density and smaller pore 
size, obstructing the diffusion of water into the hydrogel, 
which reduced the swelling ratio.

3.2. Mechanical properties of hydrogels
Ideal mechanical properties are essential for biomaterials 
because hydrogels need sufficient mechanical strength 
to withstand the squeezing of surrounding tissues. As 
shown in Figure 3A, the compressive modulus doubled. 
The compressive modulus reached 0.65 MPa for T5 
(Figure 3B and Table S1), close to the compression 
modulus and compressive strength of human articular 
cartilage (0.4 – 0.8 MPa)[33]. There was no significant 
difference in the compressive modulus of NGL3 and  
NGL5 (Figure 3B and C). LPN by forming physical 
entanglement with NAGA/GelMA chains as well as 
themselves can disrupt the covalent network (established 
during NAGA/GelMA polymerization) and weaken the 
compressive modulus. At the same time, an increase 
in the concentration of nanoclay used as the “filler” 
increases the compression modulus. Therefore, balancing 
these two effects would result in no significant change 
in the compressive modulus[34]. However, when the TA 
content reached 10%, the compressive modulus of the 
material was significantly reduced, which might be 
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attributed to the fragile polymer chains resulting from the 
high crosslinking density[35,36]. Therefore, the following 

fatigue tests were performed on the NGL3, NGL5, and 
T5 groups.

Figure 1. Scanning electron microscope images of composite hydrogels: (A) N-acryloyl glycinamide, (B) NGL3, (C) NGL5, (D) T5, 
(E) T10 (scale bar: 20 µm), and (F) tannic acid (scale bar: 2 µm).
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Figure 3. Mechanical evaluation of NGL3, NGL5, T5, and T10 hydrogels. (A) representative compressive strain–stress curves, (B) 
compressive modulus, and (C) compressive strength of different hydrogels.

Figure 2. (A) FTIR spectra of pure LPN, GelMA, NAGA, TA, NGL3, and T5 composite hydrogel and (B) swelling behaviors of hydrogels.
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In practical applications, a biomaterial should 
possess sufficient fatigue resistance properties to maintain 
its mechanical strength and structural integrity. After 15 
compressive test cycles at 30% strain, no fracture was 
observed, indicating that the hydrogel possessed good fatigue 
resistance (Figure 4A-C). When 30% strain was applied, 
the dynamic hydrogen bond tended to destroy the energy 
dissipation first to protect the covalent network of NAGA[10]. 
However, this inevitably destroyed the covalent bond 
network. As a result, a large hysteresis loop was observed 
in the first loading-unloading cycle. These unique properties 
would allow the hydrogels to be more widely used.

Figure 4D showed that the addition of clay 
increased hysteresis. The hysteresis could result in the 
energy absorbed during permanent deformation[34]. 
As shown in Figure 4E, the shape recovery rate of the 
NGL3 hydrogel after 15 cycles was 63%, while that of 
NGL5 was 43%. At the same time, in the T5 group under 
30% strain, the shape recovery rate after 15 cycles was 
57.9%, which could not fully reach the 100% recovery 
rate. This could be due to water loss during the loading 
process and the failure to absorb water over time. In 
short, the T5 group had the largest hysteresis loop area 
and the highest ultimate stress, which indicated that it 
possessed the largest storage modulus, consistent with the 
rheological data discussed later. As a result, it was proved 
that composite hydrogels with excellent mechanical 
properties could be synthesized under the synergistic 
effect of clay and TA treatment.

3.3. Adhesive property of the hydrogel
As shown in Figure 5A, increased TA content exhibited 
a positive impact on the bond strength, and the adhesive 
strength of the TA50 gel was as high as 80 KPa. 
Incorporating TA into the hydrogel could endow the 
TA hydrogel with excellent adhesion attributed to the 
catechol group[37]. Furthermore, borax was introduced 
into the TA solution under the assumption that the addition 
of borax would form a borate bond in situ and further 
enhance the adhesion ability. The lap shear test proved 
this assumption. The addition of 1% borax significantly 
improved the adhesive strength of the hydrogel. There 
was no significant difference between T5 (59.9 ± 3.5 
KPa) and TA40 (56.9 ± 2.5 KPa).

The adhesion of the hydrogel to the surfaces of 
different materials was also evaluated. As shown in 
Figure 5B, the T5 hydrogel could adhere to various 
substrates, including plastic, rubber, ceramic, a leaf, 
glass, metal, skin, and bone. It is worth noting that the 
T5 hydrogel could also lift 500 g of weight. As shown 
in Figure 5B-vii and viii, the T5 hydrogel could easily 
lift a 100-g weight or lift a 48 g plastic bottle to the top, 
indicating that it possessed excellent underwater adhesion. 
Its superb toughness and self-adhesion would allow the 
T5 gel to be directly attached to irregular surfaces. As 
shown in Figure 5B-ix, the gel could adhere to the index 
finger and deform with the movement of joints. Therefore, 
the hydrogel exhibited good deformation adaptability. 

Figure 4. Compressive loading-unloading curves from the cyclic fatigue resistance tests of (A) NGL3, (B) NGL5, and (C) T5 hydrogel. (D) 
The calculated dissipated energy values and (E) toughness recovery rates of different hydrogels under 30% compressive strain.
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The increase in the adhesion strength was attributed 
to the borate ester formed by borax and polyphenols. 
Consequently, when tested with various substrates, the 
T5 hydrogel exhibited universal adhesive properties and 
excellent adhesion to different underwater substrates, 
indicating its universal potential as an adhesive material 
for medical applications.

3.4. Antioxidant property of hydrogels
The ABTS, DPPH, and PTIO methods were used to 
evaluate the antioxidative efficiency of T5 hydrogel. As 
shown in Figure 6A-C, the ABTS, DPPH, and PTIO 

solutions were demonstrated in blue, purple, and blue-
violet, respectively. When the T5 hydrogel was added to 
the solution, the absorbance sharply decreased, and all the 
original colors in the solution changed to light yellow. 
Because the PTIO method measures the transfer capacity 
of oxygen free radicals[38], it was confirmed that the 
antioxidant capacity of the hydrogel was concentration-
dependent.

As shown in Figure 6F, a higher TA content led to 
a greater clearance rate for the sample. However, when 
the TA content exceeded 10%, the clearance rate was no 
significant difference between the T10 and TA powder 

Figure 5. Adhesive properties of hydrogels. (A) The lap-shear adhesive strengths of different hydrogels on glass. (B) (i, ii, iii, iv, v, and vi) Various 
adherent surfaces, including rubber, ceramic, plastic, leaf, metal, skin, and bone. (vii, viii) Underwater adhesive behavior of T5 hydrogel with 
plastic and stainless-steel weight (100 g). (ix, x) Adhesion to finger and movement with joints.

BA

Figure 6. Absorbance changes of ABTS (A), DPPH (B), and PTIO (C) when exposed to T5 hydrogel. ABTS (D), DPPH (E), and PTIO (F) 
scavenging activities with different samples.
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(Figure 6D-F). These results showed that the introduction 
of TA improved the antioxidant capacity of the hydrogel. 
The high hydroxyl group was the main factor explaining 
the high antioxidant activity of the TA[4]. Oxidative 
stress commonly occurs in patients with osteoarthritis. 
Thus, hydrogels with an antioxidant capacity have great 
potential to enhance osteogenesis[17].

3.5. 3D printing and rheological characterization 
of hydrogels
Before printing the scaffold, the viscosities of the NAGA 
and NGL inks were measured, which was a critical factor 
in determining the printability of these inks. When using 
extrusion-based 3D printing, a shear-thinning behavior 
for the ink is beneficial for the gel–sol conversion of 
the material. As shown in Figure 7A, as the shear 

rate increased, the viscosity of the NGL3 and NGL5 
hydrogels rapidly decreased, showing the typical shear-
thinning behavior. In addition, the viscosity of the pure 
NAGA ink did not change with the shear rate, indicating 
the behavior of a Newtonian fluid. The above results 
showed that the NGL3 and NGL5 inks could be easily 
squeezed out from the nozzle at room temperature and 
could immediately return to high viscosity after being 
squeezed out of the nozzle. Immediately after printing, 
the scaffold was irradiated with 365 nm UV light to 
initiate polymerization. As shown in Figure 7B and C, 
the bracket could be folded at will to withstand various 
deformations without damage. Further sweep frequency 
and stress amplitude sweep test were carried out on 
NGL3 and NGL5 (Figure 7D-F). Obviously, in the tested 
frequency range, the G’ values of all the samples were 

Figure 7. Rheological properties of samples. (A) Shear viscosity-shear rates of the various hydrogels. (B And C) Macroscopic observations 
of 3D-printed NGL3 hydrogel constructs. Results of stress amplitude sweep tests (D) NGL3 and (E) NGL5. (F) The G’ and G” values of the 
NGL3 and NGL5 hydrogels. The variation in the G’ and G” values of (G) NGL3, (H) NGL5, and (I) T5 hydrogel when switching the alternate 
step strain from minor strain (1%) to enormous strain (100%, 200%, and 300%) at a fixed frequency of 1 Hz and temperature of 25°C.
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higher than the G” values, indicating that the ink exhibited 
a “gel-like” behavior and stable mechanical properties. 
The self-supporting ability could achieve high-fidelity 
printing of the scaffold[39].

As shown in Figure 7G-I, at a low shear strain 
(1%) at 25°C, the G’ and G” remained almost unchanged, 
where the former value was greater than that of the latter. 
This indicated that the hydrogel network presented gel-
like elastic properties under a minor strain. The amplitude 

oscillatory strains were switched from minor strain (100 s 
for each interval) to large strain (100%, 200%, or 300%, 
100 s for each interval), the G” was more significant than 
the G’, implying that the viscous behavior dominated 
the hydrogel network[40]. When the shear strain dropped 
to 1%, the G’ quickly returned to its initial value, which 
indicated that once the enormous strain was removed, 
the hydrogel realized the reconstruction of the network 
structure due to the reformation of the hydrogen bonds. 
This showed the recovery ability of the hydrogel after a 
continuous large deformation. Figure 7I and Figure S2 
indicate that the G’ of the TA-treated hydrogel gradually 
increased and was higher than the untreated hydrogel. 
Because TA provided reversible hydrogen bonds, the 
movement of polymer chains in the T5 sample was 
confined to relaxation at enormous strain. Therefore, T5 
hydrogel exhibited a higher G’ values[41]. The mechanical 
and rheological analyses proved that TA improved the 
mechanical properties.

3.6. Biocompatibility and osteochondral activity
The NAGA, NGL3, and T5 hydrogels showed good 
biocompatibility (Figure 8). Compared with NAGA, the 
addition of clay and GelMA increased cell proliferation. 
It is worth noting that with the addition of TA, the cell 
proliferation on the T5 hydrogel increased significantly on 
the 7th day. The enhanced cell activity could be attributed 

Figure 8. Cell proliferation of BMSCs cultured on NAGA, NGL3, 
T5, and T10 hydrogels.

Figure 9. (A) Alkaline phosphatase activity assay and calcium deposition assay. Osteogenic (B) and chondrogenic (C) gene expression of 
BMSCs cultured on a NAGA, NGL3, T5, and T10 hydrogel (scale bar: 100 µm).
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to reduced swelling and a more significant number of 
interaction sites for cell attachment[42]. However, for 
the T10 hydrogel, the growth rate of the BMSCs was 
slow. This might have occurred because the excessive 
crosslinking density was not conducive to cell growth[15]. 
In this study, the T5-mediated hydrogel promoted the 
significant proliferation of BMSCs.

To study the osteogenic differentiation of the 
hydrogels, the ALP and ARS activities and expression 
of osteogenic genes were evaluated. As shown in 
Figure 9A, the expression of ALP increased with 
culture time. Among them, the T5 group had the highest 
expression of ALP, and the NAGA group had the lowest 
expression. The ARS results revealed more mineralized 
nodules in the T5 and T10 groups, and the staining of 
the mineralized matrix was significantly deepened. The 
osteogenic gene expression (COL I, RUNX2, OCN, and 
ALP) of BMSCs in the NGL3, T5, and T10 hydrogels 
was considerably higher than that in the NAGA hydrogels 
(Figure 9B). This showed that adding clay and TA to the 
hydrogel could synergistically promote the osteogenic 
differentiation of BMSCs. Nanoclay has been associated 
with enhanced osteogenic differentiation. The previous 
research confirmed that TA has excellent antioxidant 
activity, quenches the over-expressed ROS of cells, 
protects stem cells from oxidative stress damage, and 
promotes osteogenic differentiation[43]. In summary, 
these results proved that the T5 hydrogel had excellent 
osteogenic properties and could promote the osteogenic 
differentiation of BMSCs (Figure S3).

Furthermore, the chondrogenic differentiation of the 
hydrogels was studied and the expression of chondrogenic 
genes was evaluated. The expression of AGG, SOX9, 
and COLII genes in the NGL3 and T5 hydrogels was 
significantly higher than in the NAGA and T10 hydrogels 
(Figure 9C). The lower expression of COLX in T5 and T10 
hydrogels indicated that tannins could prevent cells from 
differentiating into a hypertrophic phenotype. The AGG 
gene expression of the BMSCs in the NGL3 group was 
approximately 5 times higher than that of the cells in the 
NAGA group. In terms of chondrogenic gene expression of 
AGG, COLII, and SOX9 genes, the expression of the T10 
hydrogel was significantly lower than that of T5, indicating 
that when the TA concentration reached 10%, it was not 
conducive to the expression of chondrogenic genes.

4. Conclusion
A novel multifunctional hydrogel was developed using a 
two-step method. The interaction of multiple hydrogen 
bonds between the TA and NAGA/GelMA could dissipate 
energy and improve the hydrogel’s mechanical strength 
and fatigue resistance. The swelling rates of the hydrogels 
were significantly reduced. The TA gave the hydrogel 
significant oxidation resistance and adhesion. The 

TA-mediated composite hydrogel promoted the significant 
proliferation of BMSCs and osteogenic and chondrogenic 
differentiation. The developed multifunctional composite 
hydrogel could be a promising candidate for osteochondral 
defect repair in the treatment of osteoarthritis.
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