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Abstract: Self-healing, stretchable and moldable hydrogels have a great potential application in tissue 
engineering and soft robotics. Despite great success in reported hydrogels, it is still a great challenge to 
construct the moldable hydrogels with an ultrafast self-healing performance. Herein, the dynamic double 
network (DN) composite hydrogels (PBLH) with ultrafast self-healing, stretchable and moldable were 
successfully constructed by poly (vinyl alcohol) (PVA), borate, ε-poly-L-lysine (EPL) and hyaluronic acid (HA) 
based on an efficient one-pot method. Fourier transform infrared spectroscopy, X-Ray diffraction and 
rheological measurements confirmed the formation of dynamic double networks among PVA, B, EPL and HA 
through the cross-linking of dynamic borate bonds, electrostatic interaction and hydrogen bonding. Having 
fabricated the dynamic double network structure, the damage gap of the composite hydrogels can heal within 
1 min, presenting an excellent self-healing ability. Simultaneously, the DN hydrogels can be molded to various 
shapes and the length of the DN hydrogels can be stretched to 15 times than original length. In addition, the 
DN hydrogels exhibited an excellent antibacterial property against Staphylococcus aureus (S. aureus) and 
Escherichia coli (E. coli). Our results illustrated that the DN composite hydrogels not only retain the advantages 
of traditional hydrogels, but also possess ultrafast self-healing, outstanding stretchable and antibacterial 
properties, presenting a prospective candidate for constructing biomedical materials. 

Keywords: double network hydrogels; self-healing; antibacterial activity 
 

1. Introduction 

Hydrogels are unique macromolecular materials with high water content and unique three-
dimensional networks [1], presenting an extensive applications in the fields of wound dressing [2], 
tissue engineering scaffolds [3], wearable electronics [4], drug delivery [5,6] and so forth. Such 
applications are attributed to their multiple properties, such as self-healing, stretchability, 
moldability, compressibility and flexibility. Among these properties, the self-healing ability have 
become a research hotspot [7–9]. Self-healing property is quite common in living creatures. An 
organism can automatically repair damages by activating the self-healing process, especially of 
human skin. In recent years, the more and more self-healing hydrogels have been exploited to avoid 
structural deterioration and loss of components, thus to prolong the life span of material. To date, the 
polymers, such as (PVA) [10–13], hyaluronic acid (HA) [14,15], chitosan [16] and agarose (Agr) [17], 
are common to construct self-healing hydrogels due to their outstanding biocompatibility, 
nontoxicity, accessible and their tunable physical properties. Generally, the chemical cross-linking 
and non-covalent combining are main patterns for fabricating self-healing hydrogels. The specific 
approaches consist of dynamic covalent bonds (e.g., imine, acylhydrazone, borate ester, disulfide, 
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etc.) [18–20], host-guest interaction (e.g., β-cyclodextrin) [21] and physical interactions (e.g., hydrogen 
bonding, ionic bonding) etc [22,23]. However, the mechanical strength and self-healing ability of the 
traditional single network hydrogels is generally poor, which somewhat hinder the development of 
self-healing hydrogels for practical applications. To enhance the mechanical property and self-
healing ability of hydrogels, the double network (DN) have been exploited due to the controllable 
mechanical performance. 

In recent years, double network (DN) hydrogels have attracted considerable attention in self-
healing material fields. DN hydrogels, consisting of two intertwined crosslinked networks [24–28], 
can be prepared via different preparation methods, such as chemically-chemically crosslinked, 
hybrid physically-chemically and physically-physically crosslinked. Among these DN hydrogels, the 
DN hydrogels, constructing by dynamic covalent bonds and physical interactions, demonstrate an 
extraordinary physical and mechanical properties [29,30]. Generally, one of the networks for 
constructing DN hydrogels is by using the cross-linking reaction between of PVA/borate. Note that 
the network is fabricated by the formation of dynamic borate ester bonds between two diol units and 
borate ions [31]. For instance, Jiang et al. fabricated an ultrafast self-healing hydrogel by cross-linking 
agarose/PVA/borax double networks through dynamic boron ester bonds [32]. Dong et al. developed 
a highly stretchable and self-repairing hydrogel based on PVA/borax, coupled with the hydrogen 
bonding of carboxy methyl cellulose sodium (CMC) [2], which significantly accelerated wound 
healing by reducing bacterial infections. Recently, antibacterial agents as another network were 
introduced to the soft PVA/borate network, and then constructing antibacterial DN hydrogels. Wang 
et al. designed the highly stretchable, moldable, rapid self-healing hydrogels with good antioxidant 
and antibacterial properties based on embedding CNF and TA into PVA and borax hydrogel 
networks, which provided a facile approach to fabricate a kind of multifunctional composite 
hydrogels [33]. 

Recently, cationic polypeptides ε-poly-L-lysine (EPL), containing 25-30 lysines, have been 
applied to develop for antibacterial materials, wearable material, drug/gene carriers and so on, owing 
to their controllable antibacterial properties and high biocompatibility [34,35]. For example, Kim et 
al. reported a method for generating multinucleated colonies by chemically modifying single-walled 
carbon nanotubes via poly-L-lysine [36]. In addition, a photocurable hydrogel based on ε-poly-L-
lysine (EPL) composite was fabricated in situ by photocuring crosslinking reaction using glycidyl 
methacrylate, and then complexed with tannic acid (TA) to improve the mechanical stability and 
antibacterial performance of the EPL hydrogels [37]. However, the chemical modifications of EPL 
derivatives generally involves multiple and complex chemical synthesis steps, which issue limit their 
application in constructing the antibacterial materials. 

In this work, we successfully fabricated the double networks (DN) composite hydrogels based 
on PVA, borate, EPL and HA, which the introduction of EPL into the network just via simply mixing. 
As shown in Scheme1, one of the two networks was formed by PVA, borate and HA through multiple 
dynamic borate eater cross-linking. Another network was fabricated by forming strong hydrogen 
bonding and electrostatic interactions, which the EPL acted as a cross-linker. The intertwined of the 
two networks not only enhanced the mechanical strength of composite hydrogels, but also endowed 
the excellent self-healing, stretchable and moldable properties. Moreover, these properties and the 
rheological behaviors, morphology of composite hydrogels were evaluated. Simultaneously, the 
antibacterial performance of the formed hydrogels were assessed by monitor the viability of S. aureus 
and E. coli under scrutiny. All the findings indicate that the DN composite hydrogels with multiple 
properties paves a promising prospect for biomedical materials. 
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Scheme 1. Schematic diagram of the mechanism of dynamic double network (DN) composite 
hydrogel through dynamic borate eater reaction and physical cross-linking. 

2. Results 

2.1. Fabrication of the Dynamic Double Network (DN) Hydrogels 

Recently, the DN hydrogels have drawn more and more attentions due to their outstanding 
mechanical property and self-healing ability. In this study, DN composite hydrogels were 
successfully fabricated by employing the PVA, HA, borate and EPL through one-pot method. The 
borate, EPL and HA were introduced into the colorless and transparent PVA solutions with a certain 
concentration under agitation and heating, then the pearl white DN hydrogels formed. The resulting 
DN hydrogels were confirmed via inverted-tube method [38], as shown in Figure 1a. The primary 
network was formed by cross-linking between PVA and borate. Borate, acting as a cross-linking 
agent, could react with the diol structure of PVA and further form dynamic covalent borate bonds. 
We systematically investigated the states of the formed hydrogels with different composition, 
founding PB and PBH hydrogels show flow property after inversion for 1 h, as depicted in Figure S1. 
This phenomenon illustrate these hydrogels system with weak mechanical properties, which restrict 
their applications in the fields of biological medicine. Thus, incorporating another network may be a 
promising strategy to resolve these limitations. In this system, EPL was employed as a candidate to 
fabricate the second network. The introduced EPL cross-linked with the original polymer network 
via hydrogen bonds and electrostatic interaction (Figure 1b), resulting in the networks intertwined 
and then the DN hydrogels (PBLH) formed. Notably, the formed PBLH hydrogels not flow under 
inverted-tube even for 12 h. It is demonstrated that the addition of the second network endows the 
composite hydrogels with strong mechanical property and structures [33]. 

 

Figure 1. The photographs of the states of the hydrogels (a); schematic illustration of the interactions 
of double network (DN) hydrogels between all of components, including dynamic borate eater 
reaction and physical cross-linking (b). 

2.2. Structure and Micromorphology of DN Hydrogels 

Fourier Transform Infrared spectroscopy (FTIR) was employed to investigate the functional 
groups and the interactions among the formed hydrogels. As shown in Figure 2, the characteristic 
peaks and changes of PVA, borate, HA, EPL and the resulting hydrogels in the spectra were involves 
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illustrated. For neat PVA, the prominent absorption bands at around 1089, 2926 and 3287 cm−1 
correspond to the stretching vibrations of C−O, C-H and O−H, respectively [33]. In the spectrum of 
EPL sample, the stretching vibrations of typical amide I, II absorption bands around appear at 1670 
and 1512 cm−1 [39]. Besides, the band at 1590 cm−1 represent the C=O stretching in the spectrum of 
HA. After formed PB hydrogels, it was observed that the red-shift of the stretching vibrations of C−O 
and O−H to 1095 and 3295 cm−1. Furthermore, two new characteristic peaks at 1321 and 1416 cm−1 
appeared, which attributed to the asymmetric stretching relaxation of B−O−C [32]. These results are 
strong evidence for confirming the formation of the dynamic borate ester bonds between borate and 
PVA chains. Clearly, after introduction of EPL and HA into PB system, the typical amide I, II 
absorption bands shifted to lower wavenumbers. As we all know, the intra- or intermolecular 
hydrogen bonding can reduce the force constants of the chemical bonds, and result in their 
vibrational frequencies shifting to lower wavenumbers [39]. Hence, these blue-shifts of the absorption 
bands prove the formation of H-bonding between EPL and HA. 

 
Figure 2. The FTIR spectra of pure PVA, B, EPL, HA and the formed hydrogels of PB, PBL, PBH, 
PBLH (a, b); XRD patterns of PVA, PB, PBL, PBH, PBLH (c); SEM images of PB, PBL, PBH, PBLH, 
respectively (d-g). Scale bar = 4 μm. 

X-ray diffraction (XRD) is a powerful tool for analyzing and identifying the crystalline and 
amorphous phase of materials. The sharp diffraction peaks represent a high degree of crystallinity, 
while broad diffraction peaks indicate a low degree of crystallinity. To explore the crystal structure 
changes before and after gelation, XRD diffraction patterns of hydrogels were employed. Obviously, 
as illustrated in Figure 2c, the XRD patterns of PVA have three diffraction peaks at 2θ = 19.6°, 2θ = 
22.9°, and 2θ = 40.8°, which corresponding to the (101), (200), and (103) planes of PVA crystallites 
[33]. The stable crystal structures of PVA attribute to the PVA molecule containing a large number of 
hydroxyls as hydrogen bond sites. After crosslinking with borate (PB), the sharp diffraction peak at 
2θ = 19.6° turned into a blunt peak and the diffraction peaks at 2θ = 19.6°, 2θ = 22.9° disappeared. The 
changes of the specific peaks of PVA crystallites probably attribute to the strong interactions between 
the -OH group of PVA and borate, which leading to the destruction of PVA crystallites structures 
[33,39]. Compare with PB hydrogels, the typical diffraction peaks of PBL, PBH and PBLH hydrogels 
changed slightly with addition of EPL and HA, further confirming the formation of the strong 
interactions between PVA, B, EPL and HA during the cross-linking and intertwinement process. 

The cross-sectional microstructures of PB, PBL, PBH and PBLH hydrogels were characterized 
by using SEM, as shown in Figure 2d-g. Apparently, the different of cross-linking networks and pore 
sizes of the dried hydrogels can be observed. The PB hydrogel shows a well-defined denser porous 
network. Compared with PB hydrogel, a lot of larger pores emerge in the appearance of PBL or PBH 
hydrogels, while PBLH hydrogels with both EPL and HA exhibit a tighter network with thicker walls 
and smaller pores, which may attribute to the increased degree of cross-linking in DN hydrogel. Thus, 
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the incorporation of the EPL and HA could form an additional network and further intertwine with 
the before networks, which is beneficial to enhance the mechanical and performance of the composite 
hydrogels. 

2.3. Rheology and Self-Healing Properties of the DN Composite Hydrogels 

The mechanical properties of hydrogels play an important role in effect decision their suitability 
for specific applications. Rheology measurements usually used to characterize that performance of 
hydrogels. In the rheological diagram, the storage modulus (G′) reflect the energy storage, which 
represent the elastic properties (solid-like behavior) of samples, while loss modulus (G″) reflect and 
the energy loss, which represent the elastic properties (liquid-like behavior) of samples [40]. As can 
be seen from Figure 3a-b, the G′ of all hydrogels are higher than G″ over the entire region of strain 
tests, exhibiting the typical solid-like character of the composite hydrogels. When increasing of strain 
to about 100 Pa, the G′ and G″ of PB hydrogels began to decrease, and then transformed into a liquid-
like appearance, which indicated the degree of the crosslinking networks of PB lower than other 
hydrogels. By incorporation of EPL and HA, both the maximum stress of G′ and G″ of the hydrogels 
increased, suggesting the formation of the new network and further enhancement of the mechanical 
property of the hydrogels [41]. In addition, in the frequency sweep test (Figure 3c-d), both G′ and G″ 
for all of hydrogels gradually improved with frequency increasing, exhibiting frequency-dependent 
behavior. As was reported, the dynamically crosslinked hydrogels generally demonstrate frequency 
dependent modulus, while the permanently crosslinked hydrogels show frequency-independent 
modulus [42,43]. Furthermore, the value of G′ is always bigger than that of G″ over the frequency 
tests range, and the gelation state can be maintained within range of 0.1-100 rad/s. Therefore, through 
analysis of the rheological studies, the intertwined networks of the composite hydrogels are 
dynamically. 

 
Figure 3. Dynamic oscillatory strain sweep tests (from 0.1 Pa to 1000 Pa) (a, b) and Frequency sweep 
tests (from 0.1 rad/s to 100 rad/s) (c, d) of the hydrogels. G’ and G’’ of the PBLH hydrogels under 
alternate low (2%) and high (100%) strain at a fixed frequency of 1 Hz (e). Images of the in situ 
(unstained hydrogels) and (f) non-in situ (stained hydrogels) methods were used to observe self-
healing properties (g). The hydrogels were stained by methylene blue and eosin, respectively. 
Photographs of the self-healing process of PBLH hydrogels by microscope (h). Schematic diagram of 
the self-healing mechanism of PBLH hydrogels (i). 

Generally, the dynamic nature of networks usually endow the materials with dynamic 
performance. We systematically investigated the self-healing behaviors of the PBLH hydrogels by 
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macroscopic and rheological recovery test. Initially, the self-repairing ability was measured by using 
the rheological test in different strains (2%-100%-2%-100%-2%-100%). As illustrated in Figure 3e, 
when the strain at 2% low strain, there is no apparent change in the values of G′ and G″, and the 
typical solid-like properties of hydrogels could be maintained (G′ > G″), while the networks of 
hydrogels are collapsed at the 100% high strain (G′ > G″). As the strain is restored to 2%, the G′ and 
G″ of the PBLH hydrogel instantly recover to the initial values immediately, revealing the hydrogel 
network structures were reconstructed [44]. Noticeably, the values of G′ and G″ nearly back to the 
original values even after three-interval oscillatory strain switching back and forth test, 
demonstrating the excellent self-healing ability of PBLH hydrogels. Subsequently, we further 
researched the self-healing behaviors of PBLH hydrogels by in situ and non in situ self-healing tests. 
As shown in Figure 3f, two pieces of unstained PBLH hydrogel contacted to each other, and the 
fractured hydrogels immediately healed into a whole after 1min without any external force. In 
addition, the two stained hydrogels and unstained hydrogel were gently put together, and then the 
three different hydrogels integrated into a new hybrid hydrogel rapidly. This hybrid hydrogel could 
maintain its integrity, even under stretching and picking up with tweezers, suggesting the PBLH 
composite hydrogels with good self-healing property. Furthermore, the self-healing processes of the 
healing surface between two stained hydrogels were further recorded by optical microscopy (Figure 
3g). Apparently, with the passage of time, the gap between the two stained hydrogels decreased and 
even completely disappeared after10 min. Simultaneously, the dye molecules continuously spread 
across the fusion interfaces during the healing process, and eventually interacted with each other at 
the boundary, which testifying the dynamic networks of hydrogels [45]. Based on the overall results, 
we suspected that the extremely fast self-healing property of PBLH hydrogels may attribute to the 
synergistic effect of the dual dynamically reversible borate-diol bonds, electronic interaction and 
hydrogen bonds (Figure. 3i). 

2.4. Stretchable, Shapeable and Adhesive Properties of PBLH Composite Hydrogels 

The suitable stretchable, shapeable and adhesive properties of materials are necessary to meet 
the requirements of different wounds. Herein, the stretchable, shapeable and adhesive performance 
of the PBLH hydrogels were evaluated by macroscopic tests. Interestingly, the PBLH composite 
hydrogels exhibit a high stretchable ability, which could be stretched to more than 15 times of that 
original length, and without any visible crack appeared even under twisting (Figure 4a and S2). 
Moreover, as can be seen from Figure 4b, the obtained composite hydrogels could be easily molded 
and remolded into a variety of shapes, including sphere, mangosteen, bloom, semicircle, sector and 
cylinder, suggesting that hydrogels with outstanding ductility and shapeable ability. In addition, the 
hydrogels exhibited good adhesion to the various different characters of objects, such as steel, glass, 
plastic, wood and paper cup. Overall, the excellent adjustable properties of PBLH composite 
hydrogels exhibit potential applications for biomedical engineering, such as wound dressings. 

 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 September 2024 doi:10.20944/preprints202409.0156.v1

https://doi.org/10.20944/preprints202409.0156.v1


 7 

 

Figure 4. Photographs of the stretchable (a) shapeable (b) and adhesive properties of PBLH composite 
hydrogels. 

2.5. Antibacterial Activity of the Hydrogels 

To evaluate the antibacterial performance of the fabricated hydrogels, S. aureus and E. coli were 
selected as the test bacteria. As shown in Figure 5a, in comparison with the control group, only a few 
or even none of bacteria survived from the agar plate tests treated by the composite hydrogels, 
suggesting the formed hydrogels with outstanding antibacterial property. Obviously, from the 
column chart of bacteriostasis rate (Figure 5b-c), the hydrogels show lower antibacterial activity 
against Gram-positive S. aureus than Gram-negative E. coli. In addition, the antibacterial performance 
of composite hydrogels was enhanced by the incorporation of the EPL. These results may attribute 
to the –NH and –NH2 groups of EPL, which can attach to the surface of bacteria and then destroy 
their cell membrane. 

 
Figure 5. Digital photos of the growth of S. aureus and E. coli cultured in vitro on agar plates under 
different conditions (a). Bacteriostasis rate against S. aureus (b) and E. coli (c). 

3. Materials and Methods 

3.1. Materials 

Poly(vinyl alcohol) (PVA, alcoholysis: 85.0-90.0 mol%, viscosity: 20.0-30.0 mPa), Hyaluronic acid 
(HA, molecular weight 80-100 KDa) and ε-poly-L-lysine (EPL, 98%, n=25-35) were supplied by 
Tianjin Xiensi Biochemical Technology Co., LTD. Borate (B, sodium tetraborate decahydrate, 99.5%) 
was purchased from Sinopharm Group Chemical reagent Co., LTD. All the materials were used as 
received without any purification. Deionized water was used throughout all the experiments. 

3.2. Hydrogels Preparation 

The hydrogels were prepared by using one-pot method, the detail of preparing process as 
follows: a certain amount of PVA was dissolved in hot deionized water and agitated 95 °C for a 
duration of 2 h, resulting in the formation of PVA solutions with a concentration of 10 wt%. Then, 
some amount of borate, HA and EPL were mixed in aqueous solution with agitating until the solid 
dissolved thoroughly. Finally, the white hydrogels were obtained (PBLH: 10.0 wt% PVA, 0.5 wt% 
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borax, 4.0 wt% HA and 0.5 wt% EPL). With the same preparation steps, the hydrogels of PB (10.0 
wt% PVA and 0.5 wt% borax), PBL (10.0 wt% PVA, 0.5 wt% borax and 0.5 wt% EPL), PBH (10.0 wt% 
PVA, 0.5 wt% borax and 4.0 wt% HA) were obtained. 

3.3. Characterization 

Fourier Transform Infrared spectroscopy (FTIR). FTIR spectra of hydrogels were obtained by 
using a Thermo Fisher Spectrum over a range of 4000-400 cm-1 with a resolution of 4 cm−1 d and total 
of 32 scans for each sample. 

Rheological measurements. The rheological properties of the DN composite hydrogels were 
assessed using an Anton-Paar Rheometer. A core-plate system of C35/1° Ti L07116 with a plate 
diameter of 35 mm and core angle of 1°. All rheological tests were carried out at 25.0 °C. In dynamic 
oscillatory strain sweeping tests, fixing frequency at 1Hz, the shear rate over a range rates from 0.01 
s-1 to 1000 s-1. In frequency sweeping tests, fixing the shear rate at 1 Hz, the frequency sweeping from 
0.01 Hz to 100 Hz. In self-healing property tests, fixing frequency at 1Hz, time sweeps were employed 
to evaluate the self-healing capability of the hydrogels. The strain was initially set at 2% for 2.5 min, 
increased to 100% for 2.5 min, and then restored to 2% for an additional 2.5 min. The changes of 
storage modulus (G′) and loss modulus (G″) were assessed the self-healing capacity of the samples. 

Scanning Electron Microscopy (SEM). To investigate the microstructures of the DN composite 
hydrogels, SEM was employed. Hydrogel sample was freeze-drying in a vacuum extractor for 24 h 
by freeze dryer. A small volume of xerogel was paste into silica wafers. Subsequently, the samples 
were subjected to gold plating and observation by using microscope. 

Self-Healing Experiments. The two hydrogels were stained by methylene blue and eosin 
respectively. The unstained hydrogel and two stained hydrogels are contacted in air with no other 
stress or outside stimulus during the healing process. Subsequently, the gap between the two stained 
hydrogels at different times were observed by using microscope. All of the situations of the DN 
composite hydrogels were photographed. 

Antibacterial Activity Evaluation. In vitro antibacterial activities of the hydrogels were 
evaluated against pathogenic representatives of Gram-positive bacteria Staphylococcus aureus (S. 
aureus) and Gram-negative bacteria Escherichia coli (E. coli). The hydrogels were put into bacteria 
culture tubes with liquid nutrient medium, which the bacteria with a certain concentration. The 
bacteria culture tubes were shocked at 37 °C for 12 h in shaker. Then, the liquid nutrient medium was 
transferred onto the surface of the Luria-Bertani (LB) plates. The LB plates were incubated at 37 °C 
for 12 h in an incubator. The colony formation unit of LB plates were measured, which reflected the 
antibacterial activity of hydrogels. 

4. Conclusions 

In summary, rapid self-healing, stretchable, moldable and antibacterial double network 
composite hydrogels were successfully prepared by Poly (vinyl alcohol) (PVA), Borate (B), ε-poly-L-
lysine (EPL) and hyaluronic acid (HA) based on one-pot method. SEM images of the fabricated 
hydrogels exhibited networks with porous structures. FTIR confirmed the existence of the hydrogen 
bonding in the system. In addition, rheology measurements proved the dynamic property of the 
networks of hydrogels. Interestingly, the fabricated hydrogels shown outstanding rapid self-healing, 
stretchable and moldable performances, which could completely heal within 1 min and could be 
mold and remold to various shape. Meanwhile, the composite hydrogels displayed excellent 
antibacterial activity for Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli). Overall, the 
dynamic double network hydrogels would lay the foundation of composite hydrogels in biomedical 
fields, especially for wound dressing and antibacterial materials. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org, Figure S1: The photographs of the states of the PB, PBH, PBL, PBLH hydrogels 
at initial and after certain hours; Figure S2: The photographs of the stretchable states of the PBLH composite 
hydrogels. 
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