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Abstract: In this study, benefiting from the sensitive molecular conformation transversion in
azobenzene, a new strategy for fabricating alginate gels with the abilities of splicing and
photo-responsive mechanical adjustment is reported. Firstly, a 4,4’-azobis(benzoylhydrazide)
(Azo-hydrazide) linker was used to crosslink alginate physically via the electrostatic interaction
between hydrazide groups and carboxyl groups. It was then shaped and transferred in situ to
a chemically crosslinked gel via 450 nm light irradiation. Under the irradiation, the molecular
conformation change of azobenzene in the linker was able to form covalent bonds at the crosslinking
points of the gels. Furthermore, the reversible conformation transformation of azobenzene was able
to induce the increase and decrease of the storage modulus under irradiation with 365 nm light and
450 nm light, respectively, while also providing gel-like mechanical properties, depending upon the
irradiation time and given wavelength. Meanwhile, the results also indicated that active groups
could contribute to the splicing ability of the gel and construct a hollow cavity structure. It is believed
that this work could provide a versatile strategy for preparing photo-responsive gels with reversibly
tunable mechanical properties.

Keywords: photo-responsive gel; alginate gel; azobenzene; mechanical adjustment; gel splicing

1. Introduction

Alginate has been widely applied to construct customized gel structures and biocompatible
gel-based structures for bioresearch [1–4]. The rich carboxyl groups of alginate are capable of
crosslinking via various physical interactions and chemical bonds to prepare gels. Compared to gels
crosslinked by physical interactions, covalent bond-crosslinked alginate gels possess high structural
stability and are more suitable for constructing gel structures [5–9]. However, the photo-induced
construction of alginate-based gels with mechanical strength-tuning ability, which is very useful in the
tissue engineering, is still challenging, requiring photo-responsiveness of both the crosslinking process
and the network structure [6,10–12]. For example, to prepare the injectable and photo-crosslinking
alginate gel, two types of functional groups need to be modified onto the alginate molecules: the
aldehyde groups and the methylene groups. Aldehyde groups are used to form Schiff bases with
amine-containing macromolecules, while methylene groups can react with each other under UV
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irradiation [13]. In addition, in order to adjust the mechanical properties of alginate gel, the interaction
between cyclodextrin (CD) and azobenzene can give rise to the alginate crosslink. However, usually,
these gels can only be turned between the sol state and the gel state under light irradiation [14].

Furthermore, numerous works have been conducted to design gel networks, in which it is
possible to tune the mechanical strength of covalent bond-crosslinked gels (chemically crosslinked
gels) [15,16]. In general, the adjustment of gels is achieved by the integration of responsive molecular
structures, functional groups, or chemical bonds into a gel network, along with changing its crosslinking
density [17–21]. For example, a variety of methods, such as the thermal responsiveness of the molecular
structure of poly(N-isopropylacrylamide) (pNIPAAm) [22,23], the pH sensitive strength change of
electrostatic interaction between functional groups [24,25], and the reversible formation of covalent
bonds between coumarin units, have been reported to adjust the mechanical properties of gels [26].
However, controlling the gelation process and adjusting the gel mechanical strength in the above
strategies is usually realized by two isolated responsive structures, which will increase the difficulty of
gel structural design.

The molecular conformation of azobenzene can be reversibly altered under the stimulation of
light fields. This photoisomerization process can effectively induce the intermolecular interaction
between azobenzene molecules, and thus is applied to produce photo-responsive gels via the physical
crosslinking or chemical crosslinking [27–29]. For physically crosslinked gels, the reversible conjugation
between azobenzene and CD controlled by the azobenzene photoisomerization can achieve the sol-gel
transversion of the gels [30,31]. For chemically crosslinked gels, azobenzene moieties are usually
integrated into the mainframe network of the gel to shift the gel mechanical strength reversibly by
its photoisomerization [32,33]. Additionally, it has also been proved that the conformation state
of azobenzene moieties can affect the reactivity of its side functional groups, and contribute to the
formation of covalent bonds, such as amide bonds or ester bonds [34,35]. This adjustment is mainly
due to the affection of azobenzene conformation to the steric hindrance of its side functional groups.
In particular, Z-azobenzene can induce a great steric hindrance to functional groups and decrease its
reactivity, while E-azobenzene will reduce the steric hindrance of functional groups and allow them
to form covalent bonds with other groups. This has been used to control the sol-gel transversion of
dynamic bond-crosslinked gel, and the polymerization process of polymers [36,37]. However, the
simultaneous control of both the crosslinking process and mechanical strength of the gel by azobenzene
is still difficult to realize, which is crucial for the shaping of gels and their subsequent application.

Herein, a new strategy for fabricating a photo-responsive chemical crosslinking and
mechanically adjustable alginate-based gel (Azo-alginate gel) is reported. As shown in Figure 1,
4,4’-azobis(benzoylhydrazide) (Azo-hydrazide) functions as the linker of sodium alginate (SA).
The electrostatic interaction between hydrazide groups of Azo-hydrazide and carboxyl groups of SA
leads to the physical pre-crosslink of the gel. Moreover, the 450 nm light irradiation gives rise to the
conformation of the Azo-hydrazide, decreases the steric hindrance of aside groups, and initiates the
amidation reaction to crosslink SA via covalent bonds. Furthermore, after being crosslinked by covalent
bonds, the photoisomerization of the Azo-hydrazide linker can also be used to adjust the distance
of alginate molecules, altering the mechanical strength of the gel via photo irradiation. Meanwhile,
unreacted hydrazide groups and carboxyl groups in the gel network can splice gel parts under the
450 nm light irradiation, leading to the construction of complex gel structures with hollow cavities.
Due to a high tolerance of functional groups applied in the gel crosslinking, it is believed that this
work can not only provide a versatile strategy to fabricate the crosslinking mode transformable gel,
but will also show great potential of constructing a gel structure by 3D printing.
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Figure 1. The scheme of the fabrication of Azo-alginate gel.

2. Materials and Methods

2.1. Materials

Sodium borohydride (99%), nitrobenzoylhydrazide (99.8%), alginage (98%) Na2HPO4 (99%), NaH2PO4

(99%) and dimethylsulfoxide (DMSO, 99.9%) were purchased form Adamas (Basel, Switzerland).
N-hydroxysuccinimide (NHS, 99%) and N-ethyl-N’-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC, 99%) was purchased from J&K (Beijing, China). The double-distilled H2O (ddH2O) was purified
by a Synergy (Milipore, Burlington, MA, USA). The synthesized 4,4’-azobis(benzoylhydrazide) was
characterized by a JNM-ECX400S (JEOL, Tokyo, Japan). The FTIR spectra was achieved by a Nicolet
iS 10 Fourier transform inferred spectrometer (ThermoFisher, Waltham, MA, USA). The mechanical
properties of the gel were measured by a TA DHR rotational rheometer (TA, Newcastle, DE, USA), and
450 nm light and 365 nm light irradiation of the gel was carried by a light curing lamp equipped with
365 nm LED (20 W, 809 mW/cm2) and 450 nm LED (20 W, 809 mW/cm2) purchased from Shenzheng
Bashuguang Zhaoming Co. (Shenzheng, China).

2.2. Synthesis of 4,4’-azobis(benzoylhydrazide)

The 4,4’-azobis(benzoylhydrazide) was synthesized according to a previous report [38].
Sodium borohydride (3.405 g, 0.09 mol) was dissolved in the 25 mL of DMSO at 85 ◦C. Then,
4-nitrobenzoylhydrazide (2.297 g, 0.015 mol) was dissolved in 12 mL of DMSO and added dropwise
into the sodium borohydride solution for over 10 min. The mixture was reacted for 1.5 h under 85 ◦C,
and was poured into 150 mL of water, neutralized to pH 7 with diluted HCl. The precipitate was
filtered and washed by methanol and dried under 80 ◦C for 72 h. Afterwards, the orange precipitate
was recrystallized from DMSO to obtain the pure product. The product did not melt at temperatures up
to 320 ◦C, and the yield was 60%. The synthesized 4,4’-azobis(benzoylhydrazide) was characterized by
1D 1H Nuclear Magnetic Resonance spectroscopy carried out on a JNM-ECX400S (JEOL, Tokyo, Japan)
operating at a 1H frequency of 400 MHz (solvent: DMSO-d6), 10.22–9.79 ppm (broad, 2H, CONH),
8.38–7.70 ppm (d, 8H, aromatic), 4.78–4.36ppm (s, 4H, NH2), 3.3 ppm (s, water) and 2.5 ppm (s, DMSO)
(Figure S1).

2.3. Preparation of Pre-Gel

The pre-gel was prepared as follows. SA (300 mg, 4.2% w/v), EDC (271 mg) and NHS (157 mg)
were added to 7 mL of phosphate buffer (PB) (20 mM, pH 6), and stirred by mechanical stirring until the
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SA was completely dissolved. Subsequently, 135 mg of Azo-hydrazide was dissolved in 3 mL of DMSO
and added into the mixture of SA, EDC and NHS (the volume ratio of Azo-hydrazide solution and the
mixture was 3:7) under vigorous stirring for 20 s. Hence, the final pre-gel (3% w/v SA) was prepared.
Next, the pre-gel was poured into a dish-shaped mold with a height of 3 mm and a diameter of 2 cm to
make the sample for the rheometer test. The sample was then stored in the dark to avoid light before
further tests. The mechanical properties of samples were tested in air by a parallel-plate rheometer.
The following modes were applied on the sample: frequency-scan (frequency range: 10–500 Hz; strain:
5%; gap size: 3000 µm), strain-scan (frequency: 10 Hz; strain range: 0.1%–50%; gap size: 3000 µm) and
time-scan (frequency: 10 Hz; strain range: 5%; duration: 1500 s; gap size: 3000 µm). The rheological
test was performed at 25 ◦C in the dark to avoid the effect of temperature and light on the samples.
All of the tests were replicated 3 times.

2.4. Photo-Induced Covalent Bond Crosslinking of the Pre-Gel

The covalent bond crosslinking of the pre-gel was achieved as follows. Pre-gel (2 mL) was poured
into a dish-shaped mold with a height of 3 mm and diameter of 2 cm, and was irradiated with 450 nm
light for 16 h at 25 ◦C. The mechanical properties of the gel were then tested by a parallel-plate
rheometer, and the following modes were applied to the sample: frequency-scan (frequency range:
10–500 Hz; strain: 5%; gap size: 3000 µm), strain-scan (frequency: 50 Hz; strain range: 0.1%–50%; gap
size: 3000 µm) and time-scan (frequency: 50 Hz; strain range: 5%; duration: 1500 s; gap size: 3000 µm).
The rheological test was performed while maintaining a temperature of below 25 ◦C in the dark to
avoid the effect of temperature and light on the samples. All of the tests were replicated 3 times.

2.5. Adjustment of the Chemically Crosslinked Gel Mechanical Properties

The mechanical properties of the transformed chemically crosslinked gel were adjusted using
450 nm and 365 nm light irradiation. To study the photo-responsive mechanical change of the chemical
alginate-based gel, it was firstly irradiated with 365 nm light for 0 min, 10 min, 20 min and 30 min,
respectively. The storage modulus, loss modulus and tan δ of the gel were then recorded via the
rheometer. Then, the gel was irradiated with 365 nm light and 450 nm light, alternately, and each
irradiation lasted for 10 min or 20 min. The mechanical properties of the irradiated gel were monitored
by a parallel-plate rheometer. The samples were analyzed by a time-scan rheological test with a fixed
frequency and strain of 50 Hz and 5%. The rheological test was performed at 25 ◦C in the dark to avoid
the effect of temperature and light on the samples. All of the tests were replicated 3 times.

2.6. Photo-Induced Gel Splicing

The gel splicing of the chemically crosslinked gel was carried out as follows. Firstly, a chemically
crosslinked gel sample was cut into two pieces, and the cut surfaces of the gel parts were assembled
together. The assembled gel parts were then irradiated with 450 nm light for 30 min and lifted up to
test the photo-induced splicing ability of the gel. Then, to quantitatively evaluate the splicing behavior
of the gel, two Azo-alginate gel samples with a height of 2 mm and a diameter of 2 cm were stacked up
and irradiated with 450 nm light for 15 min. A time-scan rheological test with a fixed frequency and
strain of 50 Hz and 5% was used to record the change of mechanical properties of the gel during the
irradiation to evaluate the mechanical recovery degree of the gel splicing.

2.7. Splicing Gel Parts into Gel Structure

To prepare the chemically crosslinked gel parts for gel splicing, physically crosslinked pre-gel
of Azo-hydrazide was poured into 3D-printed molds (the masses of the roof and bottom parts were
5.62 g and 3.57 g respectively), and was irradiated with 450 nm light for 30 min. The gel was then put
in the dark for 16 h to completely transfer the crosslinking type of the gel, and it was then taken out of
the molds to obtain Azo-alginate gel parts. The gel parts were then assembled together and irradiated
with 450 nm light for 30 min to splice into the final gel structure.
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3. Results and Discussion

3.1. Preparation of the Photo-Responsive Alginate Gel

Carboxyl groups on alginate can react with the primary amine under the catalysis of
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-Hydroxysuccinimide (NHS). This
amidation reaction can be controlled by the photoisomerization of azobenzene moieties [31]. Thus,
to fabricate the Azo-alginate gel, an azobenzene-based linker with primary amine groups should
firstly be synthesized. Azo-hydrazide with two hydrazide groups was chosen as a photo-responsive
linker for the Azo-alginate gel. The Azo-hydrazide linker was synthesized according to a previous
report [38]. Its FTIR results in Figure 2a were perfectly matched with the reported FTIR spectrum
of Azo-hydrazide [38]. Peaks of the Azo-hydrazide at 3317 cm−1 and 3100 cm−1 were attributed to
the stretching vibration of -NH2 and –NH- groups, respectively. The peak located at 1490 cm−1 was
assigned to the –N=N- of Azo-hydrazide. Meanwhile, the 1H NMR spectrum of Azo-hydrazide was
also consistent with that of the molecule reported in the literature, indicating the successful synthesis
of Azo-hydrazide [38].

Figure 2. (a) The FTIR spectra of the Azo-hydrazide, alginate, pre-gel and Azo-alginate gel. (b) The
FTIR spectra of the alginate pre-gel and Azo-alginate gel, showing the spectra at wavenumber ranges
of 4000–3000 cm−1 and 2500–1200 cm−1.

Azobenzene moieties could be turned from an E- into a Z-conformation via irradiation with
365 nm light, and returned from Z- to E-conformation by irradiation with 450 nm light [39]. Thus,
the Azo-hydrazide was firstly irradiated with 365 nm light for 30 min to control the molecular
conformation of the linker, avoiding the uncontrollable amidation reaction between the linker and
alginate. The pre-irradiated linker was then mixed with SA, EDC and NHS in the dark to form the
pre-gel of the Azo-alginate gel. Finally, the pre-gel was irradiated with 450 nm light for 30 min and
reacted for 16 h in the dark at 25 ◦C to form covalent bonds between the Azo-hydrazide and alginate
(Figure 1). As shown in Figure 2a, the FTIR spectra of SA, pre-gel and Azo-alginate gel showed that
a new amide bond was formed in the gel after the irradiation. In the pre-gel, the peak located at
1655 cm−1 was attributed to the C=O stretching, while the peak at 1545 cm−1 was assigned to the C-N
stretching or N-H bending of the amide bond of Azo-hydrazide. Moreover, the peak at 1624 cm−1

was ascribed to the C=O groups of the alginate carboxyl groups [39] (Figure 2a). The spectrum of the
Azo-alginate gel was similar to that of the pre-gel. However, it can be observed from Figure 2b that,
compared with the spectrum of the pre-gel, the band at 1545 cm−1 was slightly strengthened, indicating
the formation of a new amide bond in the Azo-alginate gel. Furthermore, the peak at 3317 cm−1 of
the Azo-alginate gel was less intense than that of the pre-gel, suggesting the decreased number of
primary amine groups in the gel. These results indicate that the irradiation with 450 nm light was able
to induce the formation of amide bonds in the gel.
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The formation of amide bonds between Azo-hydrazide and alginate would crosslink the gel
chemically, and greatly enhance its structural stability, which would be reflected in the change of the
rheological properties of the gel. Interestingly, after the addition of Azo-hydrazide into the alginate
solution, the rheological properties of the mixture were changed. The alginate solution (3% w/v)
showed a macromolecule solution-like rheological behavior. The loss modulus (G”) of the solution
was higher than its storage modulus (G’). In addition, with the increase of the shearing frequency, the
solution initially presented a shearing thinning behavior, then the G’ rapidly increased to above the G”
due to a strong interaction between alginate molecules induced by the high shearing frequency [40,41]
(Figure S2a,b). However, after adding the Azo-hydrazide into the alginate solution (3% w/v) to form
the pre-gel of Azo-alginate gel, the G’ and G” of the mixture increased, and the G’ (693 ± 52 Pa) was
initially slightly higher than the G” (535 ± 73 Pa). Then, with the further increase of the shearing
frequency, the G’ of the Azo-alginate gel decreased to lower than its G”, indicating that the alginate
solution had been transformed to a physically crosslinked gel after adding Azo-hydrazide (Figure 3a,b).
At the same time, the linker pre-irradiation was also important. Owing to the affection of visible light,
both E- and Z-Azo-hydrazide would exist in the linker. The pre-irradiation of the linker could turn the
E-Azo-hydrazide in the linker into Z conformation and avoid the uncontrollable amidation reaction
between alginate and Azo-hydrazide, which might make it difficult to shape the gel (Figure S2c).
Furthermore, when the pre-gel was irradiated with 450 nm light to turn the Azo-hydrazide into
E-conformation, the G’ of the gel increased obviously, while the shearing thinning behavior of the
mixture could not be observed, indicating that the gel was crosslinked by covalent bonds (Figure 3c,d).
This light-induced change of gel rheological properties could be utilized in the construction of the gel
structure. For example, the mechanical strength and shearing thinning behavior of the pre-gel would
make it flow under shearing during shaping, and provide mechanical support in the structure design.
Meanwhile, the 450 nm light irradiation would improve the structural stability of the gel and thus help
the structure to resist gravity.

Figure 3. The change in rheological properties of (a) the pre-gel of Azo-alginate to the shearing
frequency, and (b) its image. (c) The change in rheological properties of Azo-alginate gel to the shearing
frequency, and (d) its image.
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EDC and NHS were also essential as catalysts for the light-induced mechanical property change
of the gel. The mechanical property change of the mixture with or without EDC and NHS after
being irradiated with 450 nm light is concluded in Table 1 and Figure S3. It could be found that
the G’ and G” of the mixture did not change after the irradiation without EDC and NHS in the
mixture of Z-Azo-hydrazide and SA. However, when EDC and NHS were added to the mixture,
the G’ and G” of the pre-gel increased and slightly decreased, respectively, following the irradiation
with 450 nm light, indicating the enhanced structural stability of the gel. Furthermore, when the
Z-Azo-hydrazide/SA/EDC/NHS mixture was subjected to the 365 nm or 450 nm light field for the
same duration (30 min) to control the Azo-hydrazide conformation, only the 450 nm light was able
to improve the G’ of the mixture, indicating that the formation of the amide bond in the gel could
be controlled by the Azo-hydrazide conformation change. On the other hand, after the pre-gel and
gel were respectively immersed in ddH2O for 30 min, the structure of the pre-gel was completely
collapsed, while the structure of the gel still remained, despite the increased volume, which proved
that the covalent bond-crosslinked gel had a high structural stability (Figure S4).

Table 1. The mechanical properties of the pre-gel with and without EDC, NHS and 450 nm
light irradiation.

Entry nAzo-hydrazide/nCOOH nEDC/nCOOH nNHS/nCOOH 450 nm light 365 nm light G’ (Pa) G” (Pa) Tan δ

12 0.3 0 0 - - 625.42 ± 23.53 487.46 ± 21.33 0.76 ± 0.05
22 0.3 0 0 30 min - 688.34 ± 40.29 557.38 ± 36.25 0.82 ± 0.05
32 0.3 1 1 - 30 min 653.24 ± 53.33 540.20 ± 43.46 0.82 ± 0.07
42 0.3 1 1 30 min - 1542.43 ± 172.15 348.60 ± 50.44 0.23 ± 0.04

1 The nAzo-hydrazide, nCOOH, nEDC, nNHS are the molar quantity of Azo-hydrazide, total carboxyl groups, EDC and
NHS in the pre-gel. 2 All the samples were analyzed by a time-scan rheological test with a fixed frequency and
strain of 10 Hz and 5% respectively.

3.2. Affection of Linker Amount to the Gel Mechanical Strength

The amount of Azo-hydrazide in the Azo-alginate gel might affect the final mechanical properties
of the gel, and influence the performance of the gel structure. Therefore, the effect of the molar ratio of
Azo-hydrazide and total SA carboxyl groups (nAzo-hydrazide/nCOOH) in the mixture on gel mechanical
properties was investigated (Figure 4 and Figure S5). In Figure 4, when there was no Azo-hydrazide
in the mixture, tan δ of the SA/EDC/NHS mixture was 1.38 ± 0.05, behaving as a macromolecular
solution [42,43]. However, when Azo-hydrazide linkers were added to the mixture and the pre-gel
was irradiated with 450 nm light, both G’ and G” of the pre-gel increased, revealing that the SA was
crosslinked by linkers. The further increased ratio of nAzo-hydrazide/nCOOH would increase the G’ and
G” of the Azo-alginate gel. With the increase of nAzo-hydrazide/nCOOH of the gel from 0.1 to 0.5, the
G’ of the gel increased from 362.91 ± 37.44 Pa to 1408.39 ± 140.36 Pa, and the G” of was changed
from 134.07 ± 22.64 Pa to 288.75 ± 37.22 Pa. This was primarily related to the increased number of
gels. However, the tan δ of the gels decreased significantly from 0.38 to 0.21 with the increase of
nAzo-hydrazide/nCOOH ratio, which was attributed to the restriction of gel network freedom by the
increased number of crosslinking points. Meanwhile, it should also be noted that, compared to the
reported alginate gel crosslinked by Ca2+, the G’ of Azo-alginate gel was higher, and was similar to
that of the chemically crosslinked alginate gels [44,45].
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Figure 4. The effect of the molar ratio of linker and alginate carboxyl groups on gel mechanical
properties, where nAzo-hydrozide is the molar quantity of the added Azo-hydroazide, and nCOOH is the
total carboxyl group molar quantity in the gel. All samples were analyzed by a time-scan rheological
test with a fixed frequency and strain of 50 Hz and 5% respectively.

3.3. Mechanical Strength Tuning of Chemically Crosslinked Gel

In most photo-responsive gels, photo stimulation can only be used to control either gelation or
mechanical properties of the gel [33,44,45]. However, as the photoisomerization of azobenzene moieties
in the chemically crosslinked gel network could affect the gel network density [33], Azo-hydrazide
could not only control the amide bond formation in the Azo-alginate gel, but also tune the gel
mechanical strength under light irradiation (Figure 5 and Figure S6). As shown in Figure 5, after a
freshly made Azo-alginate gel was subjected to the 365 nm light field, the gel mechanical strength
increased. When increasing the exposure duration of the gel from 10 min to 30 min, its G’ and G”
improved from 1144 ± 100 Pa to 10185 ± 1120 Pa and 316 ± 23 Pa to 2017 ± 167 Pa, respectively, due to
the transformation of the E-Azo-hydrazide linker into the Z conformation.

Figure 5. The effect of 365 nm light irradiation time on Azo-alginate gel mechanical properties.

On the other hand, after the mechanical strength of the gel had been increased with 365 nm
light irradiation, 450 nm light irradiation was able to relax the gel network and return its mechanical
properties to their original level, owing to the transformation of the Z-azobenzene moieties into the
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E conformation (Figures S7 and S8). Figure 6 shows the reversible adjustment of the gel mechanical
properties induced by light irradiation for 10 min and 20 min, respectively. It should be noted that
even after 5 cycles of adjustment, the mechanical properties of the gel were still stable. This reversible
tuning of the mechanical properties of the gel could be utilized to adjust the mechanical strength of
Azo-alginate gel after shaping.

Figure 6. The reversible gel mechanical adjustment induced by (a) 10 min and (b) 20 min of 365 nm
light and 450 nm light irradiation.

3.4. Photo-Induced Splicing of Chemically Crosslinked Gel

Gel structures with hollow cavities are usually hard to construct. The production of hollow
cavities in the gel is constantly hindered by the flow of the gel precursor, while the removal of excessive
precursors in the cavity is also important to the quality of the resulting product. These problems could
be solved by separately producing gel parts of the gel structure, followed by assembling the parts to
prepare the resulting product. Due to the limitations of the gel network with respect to macromolecule
movement, and the steric allowance effect given to the Azo-hydrazide linkers by the steric structure
of the SA molecule, there are still some unreacted hydrazide groups in the Azo-alginate gel after the
gelation. Thus, after the structural damage of the gel, these unreacted functional groups might have
the ability to splice the gel parts together. To investigate the splicing ability of the Azo-alginate gel, gels
with nAzo-hydrazide/nCOOH ratio of 0.3 were applied to avoid excessive hydrazide groups. In Figure 7a,
a gel sample was cut into two gel parts; the cut surfaces were placed together, followed by irradiation
with 450 nm light for 15 min. After that, the Azo-hydrazide gel could be spliced together and lifted
up for more than 30 min. Furthermore, a method based on the literature was applied to evaluate the
mechanical recoverage of the splicing [46]. Specifically, two gel samples were stacked up and irradiated
with 450 nm light (Figure 7b,c and Figure S9). The G’ of the gel stack before the irradiation was lower
than its original level (1019 Pa). However, when the sample was irradiated with 450 nm light, the G’
of the gel was gradually increased in 15 min, and finally maintained at 772 Pa, demonstrating the
successful splicing after the light irradiation. The gel splicing would also increase its tan δ from 0.29 to
0.46, suggesting that the freedom of the gel network was higher than that of the gel before damage.
This is because fewer covalent bonds were formed at the adjacent surface compared to the original
level during the photo-induced gel splicing. This result indicates that complex gel structures could be
built up through splicing different gel parts for their versatile splicing ability.
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Figure 7. (a) The 450 nm light induced gel splicing. In addition, the mechanical properties of the gel
stack (b) without and (c) with 450 nm irradiation.

Based on the splicing ability of the Azo-alginate gel, a house (2.5 cm × 1.5 cm) with a hollow
cavity (about 1.7 cm × 0.7 cm) was built (Figure 8). The roof (5.62 g gel) and bottom (3.57 g gel) of the
house were initially built separately, and then assembled and irradiated with 450 nm light for 15 min
(Figure 8a,b). After splicing, the gel house (9.19 g) could be lifted for 5 min. From the cross-sectional
view of the gel house (Figure 8c), the hollow cavity of the gel structure could be supported by the gel
wall. In general, gel-based structures are hard to construct due to the flow of the gel precursor solution
during the gel shaping. In terms of the Azo-alginate gel, the low fluidity of the pre-gel could be of
benefit to the construction of gel parts (e.g., conical roofs), avoiding the solution flow effect to the gel
shape. In addition, gel splicing could also make it easier to remove excessive gel in the cavity, which
favors the formation of products with high cavity qualities.

Figure 8. (a) Chemically crosslinked gel parts. (b) The gel structure spliced from gel parts by the
450 nm light irradiation. (c) Longitudinal cut surface of the gel structure, with hollow cavity. (Scale
bar = 1 cm).
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4. Conclusions

In this work, a new strategy for fabricating an alginate-based gel with photo-responsive splicing
and mechanical adjusting ability was reported. The gel was constructed by Azo-hydrazide linkers
and SA molecules. The Azo-hydrazide linkers and SA solution could quickly form a pre-gel after
being mixed. Benefiting from the photoisomerization of azobenzene moieties in the linker, 450 nm
and 365 nm light irradiation could be applied to prepare the covalent bond-crosslinked gel from
pre-gel and reversibly adjust the gel mechanical properties. Furthermore, the remaining functional
groups in the gel network could be further used to splice gel parts together under 450 nm light
irradiation. The photo-induced gel splicing was then applied to construct gel structures with hollow
cavities, which could avoid the gel precursor solution flowing during the synthesis process. Hence,
considering the excellent tolerance of this strategy to functional groups used in gelation, it is believed
that the strategy reported in this work could be used to prepare photo-responsive gels with reversibly
tunable mechanical properties, which could be potentially combined with 3D printing to construct
complex hollow structures with the mechanical adjustment ability. More interestingly, because the
photoisomerization effect on the gel could change its mechanical properties, this Azo-alginate gel
could also be applied in the adjustment of the fabrication of photo-responsive conducting materials.
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6. Lewandowska-Łańcucka, J.; Mystek, K.; Mignon, A.; Van Vlierberghe, S.; Łatkiewicz, A.; Nowakowska, M.
Alginate-and gelatin-based bioactive photocross-linkable hybrid materials for bone tissue engineering.
Carbohydr. Polym. 2017, 157, 1714–1722. [CrossRef] [PubMed]

7. Li, X.; Wang, H.; Li, D.; Long, S.; Zhang, G.; Wu, Z.L. Dual Ionically Cross-linked Double-Network Hydrogels
with High Strength, Toughness, Swelling Resistance, and Improved 3D Printing Processability. ACS Appl.
Mater. Interfaces 2018, 10, 31198–31207. [CrossRef] [PubMed]

http://www.mdpi.com/1996-1944/12/18/2919/s1
http://dx.doi.org/10.1016/j.actbio.2019.01.056
http://www.ncbi.nlm.nih.gov/pubmed/30710714
http://dx.doi.org/10.3390/polym11010001
http://www.ncbi.nlm.nih.gov/pubmed/30959985
http://dx.doi.org/10.1016/j.carbpol.2018.11.077
http://www.ncbi.nlm.nih.gov/pubmed/30600012
http://dx.doi.org/10.1002/adhm.201800226
http://www.ncbi.nlm.nih.gov/pubmed/30175520
http://dx.doi.org/10.1016/j.biomaterials.2017.06.005
http://www.ncbi.nlm.nih.gov/pubmed/28651145
http://dx.doi.org/10.1016/j.carbpol.2016.11.051
http://www.ncbi.nlm.nih.gov/pubmed/27987887
http://dx.doi.org/10.1021/acsami.8b13038
http://www.ncbi.nlm.nih.gov/pubmed/30148345


Materials 2019, 12, 2919 12 of 13

8. Chen, T.; Chen, Y.; Rehman, H.U.; Chen, Z.; Yang, Z.; Wang, M.; Li, H.; Liu, H. Ultratough, Self-Healing,
and Tissue-Adhesive Hydrogel for Wound Dressing. ACS Appl. Mater. Interfaces 2018, 10, 33523–33531.
[CrossRef] [PubMed]

9. Elsayed, N.H.; Monier, M.; Alatawi, R.A. Synthesis and characterization of photo-crosslinkable
4-styryl-pyridine modified alginate. Carbohydr. Polym. 2016, 145, 121–131. [CrossRef] [PubMed]

10. Hörner, M.; Raute, K.; Hummel, B.; Madl, J.; Creusen, G.; Thomas, O.S.; Christen, E.H.; Hotz, N.; Gübeli, R.J.;
Engesser, R.; et al. Phytochrome-Based Extracellular Matrix with Reversibly Tunable Mechanical Properties.
Adv. Mater. 2019, 31, 1806727. [CrossRef] [PubMed]

11. Ma, Y.; Lin, M.; Huang, G.; Li, Y.; Wang, S.; Bai, G.; Lu, T.J.; Xu, F. 3D Spatiotemporal Mechanical
Microenvironment: A Hydrogel-Based Platform for Guiding Stem Cell Fate. Adv. Mater. 2018, 30, 1705911.
[CrossRef] [PubMed]

12. Yu, F.; Han, X.; Zhang, K.; Dai, B.; Shen, S.; Gao, X.; Teng, H.; Wang, X.; Li, L.; Ju, H.; et al. Evaluation of a
polyvinyl alcohol-alginate based hydrogel for precise 3D bioprinting. J. Biomed. Mater. Res. Part A 2018, 106,
2944–2954. [CrossRef] [PubMed]

13. Yuan, L.; Wu, Y.; Gu, Q.-S.; El-Hamshary, H.; El-Newehy, M.; Mo, X. Injectable photo crosslinked enhanced
double-network hydrogels from modified sodium alginate and gelatin. Int. J. Boil. Macromol. 2017, 96,
569–577. [CrossRef] [PubMed]

14. Chiang, C.-Y.; Chu, C.-C. Synthesis of photoresponsive hybrid alginate hydrogel with photo-controlled
release behavior. Carbohydr. Polym. 2015, 119, 18–25. [CrossRef] [PubMed]

15. Vedadghavami, A.; Minooei, F.; Mohammadi, M.H.; Khetani, S.; Kolahchi, A.R.; Mashayekhan, S.;
Sanati-Nezhad, A. Manufacturing of hydrogel biomaterials with controlled mechanical properties for
tissue engineering applications. Acta Biomater. 2017, 62, 42–63. [CrossRef] [PubMed]

16. Zhang, X.; Ma, X.; Wang, K.; Lin, S.; Zhu, S.; Dai, Y.; Xia, F. Recent Advances in Cyclodextrin-Based
Light-Responsive Supramolecular Systems. Macromol. Rapid Commun. 2018, 39, 1800142. [CrossRef]
[PubMed]

17. Zhao, H.; Xu, K.; Zhu, P.; Wang, C.; Chi, Q. Smart hydrogels with high tunability of stiffness as a biomimetic
cell carrier. Cell Boil. Int. 2019, 43, 84–97. [CrossRef] [PubMed]

18. Liu, X.; Zhang, J.; Fadeev, M.; Li, Z.; Wulf, V.; Tian, H.; Willner, I. Chemical and photochemical DNA “gears”
reversibly control stiffness, shape-memory, self-healing and controlled release properties of polyacrylamide
hydrogels. Chem. Sci. 2019, 10, 1008–1016. [CrossRef] [PubMed]

19. He, H.; Cao, X.; Dong, H.; Ma, T.; Payne, G.F. Reversible Programing of Soft Matter with Reconfigurable
Mechanical Properties. Adv. Funct. Mater. 2017, 27, 1605665. [CrossRef]

20. Fan, X.; Zhu, L.; Wang, K.; Wang, B.; Wu, Y.; Xie, W.; Huang, C.; Chan, B.P.; Du, Y. Stiffness-Controlled
Thermoresponsive Hydrogels for Cell Harvesting with Sustained Mechanical Memory. Adv. Heal. Mater.
2017, 6, 1601152. [CrossRef]

21. Yesilyurt, V.; Webber, M.J.; Appel, E.A.; Godwin, C.; Langer, R.; Anderson, D.G. Injectable self-healing
glucose-responsive hydrogels with pH-regulated mechanical properties. Adv. Mater. 2016, 28, 86–91.
[CrossRef] [PubMed]

22. Li, L.; Lu, B.; Zhang, Y.; Xing, X.; Wu, X.; Liu, Z. Multi-sensitive copolymer hydrogels of N-isopropylacrylamide
with several polymerizable azobenzene-containing monomers. J. Polym. Res. 2015, 22, 176. [CrossRef]

23. Guo, H.; Goncalves, M.D.M.; Ducouret, G.; Hourdet, D. Cold and Hot Gelling of Alginate-graft-PNIPAM: A
Schizophrenic Behavior Induced by Potassium Salts. Biomacromolecules 2018, 19, 576–587. [CrossRef]

24. Xie, C.-X.; Tian, T.-C.; Yu, S.-T.; Li, L. pH-sensitive hydrogel based on carboxymethyl chitosan/sodium
alginate and its application for drug delivery. J. Appl. Polym. Sci. 2019, 136, 46911. [CrossRef]

25. Lu, J.; Zhu, W.; Dai, L.; Si, C.; Ni, Y. Fabrication of thermo-and pH-sensitive cellulose nanofibrils-reinforced
hydrogel with biomass nanoparticles. Carbohydr. Polym. 2019, 215, 289–295. [CrossRef] [PubMed]

26. Tabet, A.; Forster, R.A.; Parkins, C.C.; Wu, G.; Scherman, O.A. Modulating stiffness with photo-switchable
supramolecular hydrogels. Polym. Chem. 2019, 10, 467–472. [CrossRef]

27. Le, X.; Lu, W.; Zhang, J.; Chen, T. Recent Progress in Biomimetic Anisotropic Hydrogel Actuators. Adv. Sci.
2019, 6, 1801584. [CrossRef]

28. Harada, A.; Takashima, Y.; Nakahata, M. Supramolecular Polymeric Materials via Cyclodextrin–Guest
Interactions. Acc. Chem. Res. 2014, 47, 2128–2140. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/acsami.8b10064
http://www.ncbi.nlm.nih.gov/pubmed/30204399
http://dx.doi.org/10.1016/j.carbpol.2016.03.006
http://www.ncbi.nlm.nih.gov/pubmed/27106159
http://dx.doi.org/10.1002/adma.201806727
http://www.ncbi.nlm.nih.gov/pubmed/30687975
http://dx.doi.org/10.1002/adma.201705911
http://www.ncbi.nlm.nih.gov/pubmed/30063260
http://dx.doi.org/10.1002/jbm.a.36483
http://www.ncbi.nlm.nih.gov/pubmed/30329209
http://dx.doi.org/10.1016/j.ijbiomac.2016.12.058
http://www.ncbi.nlm.nih.gov/pubmed/28017764
http://dx.doi.org/10.1016/j.carbpol.2014.11.043
http://www.ncbi.nlm.nih.gov/pubmed/25563940
http://dx.doi.org/10.1016/j.actbio.2017.07.028
http://www.ncbi.nlm.nih.gov/pubmed/28736220
http://dx.doi.org/10.1002/marc.201800142
http://www.ncbi.nlm.nih.gov/pubmed/29682842
http://dx.doi.org/10.1002/cbin.11091
http://www.ncbi.nlm.nih.gov/pubmed/30597680
http://dx.doi.org/10.1039/C8SC04292F
http://www.ncbi.nlm.nih.gov/pubmed/30774895
http://dx.doi.org/10.1002/adfm.201605665
http://dx.doi.org/10.1002/adhm.201601152
http://dx.doi.org/10.1002/adma.201502902
http://www.ncbi.nlm.nih.gov/pubmed/26540021
http://dx.doi.org/10.1007/s10965-015-0787-2
http://dx.doi.org/10.1021/acs.biomac.7b01667
http://dx.doi.org/10.1002/app.46911
http://dx.doi.org/10.1016/j.carbpol.2019.03.100
http://www.ncbi.nlm.nih.gov/pubmed/30981356
http://dx.doi.org/10.1039/C8PY01554F
http://dx.doi.org/10.1002/advs.201801584
http://dx.doi.org/10.1021/ar500109h
http://www.ncbi.nlm.nih.gov/pubmed/24911321


Materials 2019, 12, 2919 13 of 13

29. Jochum, F.D.; Theato, P. Temperature-and light-responsive smart polymer materials. Chem. Soc. Rev. 2013,
42, 7468–7483. [CrossRef]

30. Xiong, C.; Zhang, L.; Xie, M.; Sun, R. Photoregulating of Stretchability and Toughness of a Self-Healable
Polymer Hydrogel. Macromol. Rapid Commun. 2018, 39, 1800018. [CrossRef] [PubMed]

31. Mandl, G.A.; Rojas-Gutierrez, P.A.; Capobianco, J.A. A NIR-responsive azobenzene-based supramolecular
hydrogel using upconverting nanoparticles. Chem. Commun. 2018, 54, 5847–5850. [CrossRef] [PubMed]

32. Su, X.; Xiao, C.; Hu, C. Facile preparation and dual responsive behaviors of starch-based hydrogel containing
azo and carboxylic groups. Int. J. Boil. Macromol. 2018, 115, 1189–1193. [CrossRef] [PubMed]

33. Rosales, A.M.; Mabry, K.M.; Nehls, E.M.; Anseth, K.S. Photoresponsive Elastic Properties of
Azobenzene-Containing Poly(ethylene-glycol)-Based Hydrogels. Biomacromolecules 2015, 16, 798–806.
[CrossRef] [PubMed]

34. Lynch, J.G.; Jaycox, G.D. Stimuli-responsive polymers. 10. Photo-regulation of optical rotations in azobenzene
modified poly (ester-amide) s containing highly structured, atropisomeric backbone geometries. Polymer
2014, 55, 3564–3572.

35. Accardo, J.V.; Kalow, J.A. Reversibly tuning hydrogel stiffness through photocontrolled dynamic covalent
crosslinks. Chem. Sci. 2018, 9, 5987–5993. [CrossRef] [PubMed]

36. Nie, H.; Li, S.; Qian, S.; Han, Z.; Zhang, W. Switchable Reversible Addition–Fragmentation Chain Transfer
(RAFT) Polymerization with the Assistance of Azobenzenes. Angew. Chem. Int. Ed. 2019. [CrossRef]

37. Kusano, D.; Ohshima, R.; Hosono, N.; Totani, K.; Watanabe, T. Photochemical reaction in
azobenzene-containing rigid poly (amide acid) networks. Polymer 2014, 55, 5648–5655. [CrossRef]

38. Palanisamy, A.; Radhakrishnan, G. Photochromic polvacylsemicarbazides based on azobenzene containing
dihydrazide. Polym. Int. 2004, 53, 1831–1837. [CrossRef]

39. Zhu, Y.; Zhang, Q.; Shi, X.; Han, D. Hierarchical Hydrogel Composite Interfaces with Robust Mechanical
Properties for Biomedical Applications. Adv. Mater. 2019, 1804950. [CrossRef]

40. Xiao, Q.; Tong, Q.; Zhou, Y.; Deng, F. Rheological properties of pullulan-sodium alginate based solutions
during film formation. Carbohydr. Polym. 2015, 130, 49–56. [CrossRef]

41. Belalia, F.; Djelali, N.-E. Rheological properties of sodium alginate solutions. Rev. Roum. De Chim. 2014, 59,
135–145.

42. Li, C.; Faulkner-Jones, A.; Dun, A.R.; Jin, J.; Chen, P.; Xing, Y.; Yang, Z.; Li, Z.; Shu, W.; Liu, D.; et al.
Rapid Formation of a Supramolecular Polypeptide-DNA Hydrogel for In Situ Three-Dimensional Multilayer
Bioprinting. Angew. Chem. 2015, 127, 4029–4033. [CrossRef]

43. Shao, Y.; Li, C.; Zhou, X.; Wu, F.; Jia, H.; Wang, Y.; Liu, D. Supramolecular DNA hydrogel. Polym. Bull. 2015,
9, 100–108.

44. Higham, A.K.; Bonino, C.A.; Raghavan, S.R.; Khan, S.A. Photo-activated ionic gelation of alginate hydrogel:
Real-time rheological monitoring of the two-step crosslinking mechanism. Soft Matter. 2014, 10, 4990–5002.
[CrossRef] [PubMed]

45. Lueckgen, A.; Garske, D.S.; Ellinghaus, A.; Mooney, D.J.; Duda, G.N.; Cipitria, A. Enzymatically-degradable
alginate hydrogels promote cell spreading and in vivo tissue infiltration. Biomaterials 2019, 217, 119294.
[CrossRef] [PubMed]

46. Chuang, L.; Ping, C.; Yu, S.; Xu, Z.; Yuzhou, W.; Zhongqiang, Y.; Zhibo, L.; Tanja, W.; Dongsheng, L. A
writable polypeptide-DNA hydrogel with rationally designed multi-modification sites. Small 2015, 11,
1138–1143.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1039/C2CS35191A
http://dx.doi.org/10.1002/marc.201800018
http://www.ncbi.nlm.nih.gov/pubmed/29675886
http://dx.doi.org/10.1039/C8CC03101K
http://www.ncbi.nlm.nih.gov/pubmed/29726556
http://dx.doi.org/10.1016/j.ijbiomac.2018.04.060
http://www.ncbi.nlm.nih.gov/pubmed/29654859
http://dx.doi.org/10.1021/bm501710e
http://www.ncbi.nlm.nih.gov/pubmed/25629423
http://dx.doi.org/10.1039/C8SC02093K
http://www.ncbi.nlm.nih.gov/pubmed/30079213
http://dx.doi.org/10.1002/anie.201904991
http://dx.doi.org/10.1016/j.polymer.2014.09.026
http://dx.doi.org/10.1002/pi.1590
http://dx.doi.org/10.1002/adma.201804950
http://dx.doi.org/10.1016/j.carbpol.2015.04.069
http://dx.doi.org/10.1002/ange.201411383
http://dx.doi.org/10.1039/C4SM00411F
http://www.ncbi.nlm.nih.gov/pubmed/24894636
http://dx.doi.org/10.1016/j.biomaterials.2019.119294
http://www.ncbi.nlm.nih.gov/pubmed/31276949
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of 4,4’-azobis(benzoylhydrazide) 
	Preparation of Pre-Gel 
	Photo-Induced Covalent Bond Crosslinking of the Pre-Gel 
	Adjustment of the Chemically Crosslinked Gel Mechanical Properties 
	Photo-Induced Gel Splicing 
	Splicing Gel Parts into Gel Structure 

	Results and Discussion 
	Preparation of the Photo-Responsive Alginate Gel 
	Affection of Linker Amount to the Gel Mechanical Strength 
	Mechanical Strength Tuning of Chemically Crosslinked Gel 
	Photo-Induced Splicing of Chemically Crosslinked Gel 

	Conclusions 
	References

