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A B S T R A C T   

Self-healing materials recover mechanical damages to expand the lifetime of the material provided. In this study, 
self-healing hydrogels have been successfully prepared using a novel and simple technique. Vanillin is a natural 
monomer, used as a bio-based cross-linker for UV-induced bonding and Schiff-base bonding. Methacrylate- 
functionalized vanillin (M-VAN) is covalently integrated with the polymer matrix. While M-VAN supports 
polymer matrix with its vinyl group, its aldehyde functionality helps the formation of dynamic covalent imine 
bonds via Schiff-base formation. The hydrogel showed excellent self-healing ability overnight under physio
logical conditions without external addition. In addition, the hydrogel surface was modified by collagen and its 
cell viability was investigated. The prepared scaffolds showed good cell viability of 124% and 163% compared to 
the control sample. The developed self-healing material reveals that it has possible uses for future biomedical 
applications and tissue engineering studies due to the self-healing mechanism taking place under ambient 
conditions.   

1. Introduction 

Hydrogels occurred by three-dimensional (3D) arrangement of 
polymer chains through physical or chemical interactions. Hydrogels are 
the ideal support for biomedical applications because of their biocom
patibility and biodegradability [1]. In addition, their water retention 
capability and porosity cause high swelling in aqueous solutions. 
However, poor mechanical properties of the hydrogel restrict its usage, 
and efforts to improve the mechanical stability by increasing the irre
versible covalent crosslinking make the hydrogel too rigid [2]. 

Recently, a remarkable number of articles demonstrate that dynamic 
covalent bonds allow the repair of the material after a break [3–5]. 
Hydrogels are considered dynamic adaptable materials under physio
logical conditions. The use of adaptable hydrogels with reversible 
linkages in wound treatments is advantageous because it reduces the 
risk of infection by covering deep or irregular wounds [6]. Moreover, its 
dynamic covalent bonds repair damage in the hydrogel after being 
destroyed by external mechanical forces [7]. Therefore, it is desirable to 
use hydrogel with self-healing capabilities. 

However, adaptable hydrogels often have poor mechanical 

properties and a fast erosion rate. Therefore, the integration of a stable 
covalent network such as an interpenetrating network, nanocomposite 
network, or double network into an adaptable network is required [8]. 
Especially, interpenetrating networks provide excellent toughness and 
fracture strength [9]. Recent developments include the creation of 
double-network hydrogels, which feature two interpenetrating net
works, to enhance the mechanical properties of smart hydrogels 
[10,11]. 

Self-healing is an autonomous reaction to heal injury caused by 
external effects in living systems [12]. Self-repairing of the mechanical 
damage in polymeric systems is very important, just like the living 
systems, to increase their lifespan [13]. Initially, this fascinating feature 
was only used in the automotive sector and industrial fields [14–18]. 
Nowadays, there has been a long-standing interest in self-healing 
hydrogels in biomedical applications such as drug delivery, tissue en
gineering, and strain sensors [19–21]. 

Self-healing occurs from two different pathways as extrinsic and 
intrinsic characteristics. In the extrinsic one, self-healing agents are 
constrained in the polymer matrix. The healing agent is released when 
the crack ruptured and catalyzes the reaction to activate healing [22]. In 
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intrinsic self-healing, non-covalent bonds such as ionic interactions, 
hydrophobic interactions, metal–ligand interactions and covalent bonds 
such as Diel-Alder reactions, disulfides, acyl hydrazones, and Schiff-base 
take place to bring about self-healing [23–30]. Schiff-base linkages be
tween the amine group and aldehyde group have the advantages of fast 
reaction speed and mild reaction conditions, which are appropriate for 
tissue engineering [31,32]. Oxidized hyaluronate and dialdehyde- 
modified hyaluronic acid-based polymers have been used in previous 
studies for Schiff-based dynamic bonds. However, the previously re
ported studies based on Schiff-based dynamic bonds demonstrated that 
the rigidity of polymer backbone, insufficient imine bond, and multistep 
reactions fail the self-healing and limit the usage of material [33,34]. To 
overcome this problem, multiple networks composed of the borate ester 
bond, Schiff-base, and host–guest interaction were reported. By incor
porating these dynamic interactions into polymer hydrogels with good 
self-healing ability, mechanical strength and stretchability were 
attained [35–37]. 

Vanillin (4-hydroxy-3-methoxy benzaldehyde) which is extracted 
from natural resources can be used as a monomer for sustainable pur
poses. The aldehyde and hydroxyl reactive groups of vanillin can be used 
in chemical modifications to produce various polymeric materials [38]. 
Vanillin-based dynamic covalent bond studies are limited and me
chanical properties and self-healing ability still need improvement 
[39,40]. Lin et al. reported that the concentration of vanillin was critical 
to the self-healing capability for the vanillin-chitosan hydrogels [24]. 
Hunger et al. shows that a two-time increase of vanillin improves the 
compression strength of the samples and led to slower biodegradability 
[41]. The multiple aldehyde groups containing crosslinkers make the 
Schiff base interactions stronger [42]. 

Recent studies in Schiff-base self-healing materials mainly focused 
on oxidative cleavage of vicinal diols of polysaccharides with sodium 
periodate, and conjugation of aldehyde-functionalized molecules such 
as 4-formylbenzoic acid to polymers [43]. In each of these methods, it is 
inevitable that the structural properties of the polymer are compromised 
or that impurities from multi-step synthesis cannot be ignored. More
over, the mechanical properties are unsatisfactory since imine-based 
hydrogels have weaker cross-links. However, the most useful and 
easiest way to add self-healing properties to a mechanically strong 
conventional hydrogel without sacrificing these properties is to use 
vanillin methacrylate monomer, which can be synthesized in one step. 
Therefore, in this work, the methacrylate-functionalized vanillin 
(M− VAN) was synthesized by using a simple and efficient technique. 
The solubility of M− VAN in ethanol provides an advantage in terms of 
easy reaction. In addition, M− VAN not only contributes to the formation 
of Schiff-base for a dynamic reversible bond like other aldehyde sources; 
but also takes part in the formation of a strong polymer chain by radical 
polymerization. It has been reported previously that, the gels prepared 
by in situ radical polymerization following imine formation are tougher 
and have better self-healing properties than their counterparts 

containing only imine bonds [44]. Here, the novel hydrogels were pre
pared by Schiff-base reaction and in situ UV-initiated polymerization 
techniques. PEI not only formed dynamic imine bonds with M− VAN 
with its amine functional groups but also contributed to the mechanical 
strength of the hydrogel. Simultaneously, the stable covalent network 
was created through chain polymerization by photocuring. While the 
strong covalent connections enhanced the mechanical properties of the 
hydrogels, the functional side groups of the monomers (or oligomers) 
give an extra H-bonding to help self-healing. The self-healing ability of 
the adaptable hydrogels under physiological conditions makes them a 
good candidate for several potential uses. 

2. Experimental 

2.1. Materials 

Vanillin (99%) was kindly gifted from AROMSA, TÜRKİYE. Dibu
tyltin dilaurate (DBTL) (95%) and fumaric acid (FA) (99%) were pur
chased from Merck. Isocyanato ethyl methacrylate (IEMA) (98%), Poly 
(ethylene glycol) diacrylate (PEGDA, Mn:700), 2-hydroxy-2methylpro
piophenone, 2-hydroxy-2-methylpropiophenone (Darocur1173) (97%) 
were purchased from Sigma Aldrich. Polyethylenimine branched (PEI) 
(30 % w/v aqueous solution, MW average: 50.000–100.000 g/mol) was 
obtained from Polysciences, Inc. Collagen Type I (95%) from bovine 
tendon was kindly gifted from BUGAMED Biotechnology, TÜRKİYE. 

2.2. Characterizations 

M-VAN and the hydrogels were characterized by Fourier-Transform 
Infrared Spectroscopy (FT-IR) using Perkin Elmer ATR-FT-IR Spec
trometer. The samples were recorded directly in the range from 4000 to 
600 cm− 1. The structure of M-VAN was verified by Varian Gemini 400 
MHz Proton Nuclear Magnetic Resonance Spectroscopy (1H NMR) using 
deuterated chloroform. 

Differential scanning calorimetry (DSC) was performed using Perkin 
Elmer Diamond DSC. The hydrogels were soaked in distilled water 
overnight to remove impurities and dried in an oven for two days until a 
constant weight was obtained. The first run was performed from − 50 to 
70 ◦C and the second run was carried out from − 50 to 200 ◦C with a 
heating rate of 10 ◦C/min. 

The tensile tests were proceeded using Zwick Z010 Universal Tensile 
Test Machine at a fixed crosshead speed of 10 mm/min− 1 at room 
temperature. The samples were prepared in rectangular shape with 
dimension of 50x5x1 mm. The test was repeated for at least 3 times. 

SEM imaging of hydrogels were performed by using Philips XL30 
ESEM-FEG/EDAX North Billerica, MA. 

Scheme 1. Synthesis of M-VAN.  
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2.3. Synthesis of methacrylated-vanillin (M-VAN) 

M-VAN was prepared by the reaction of vanillin and IEMA. Firstly, 
vanillin (1 g; 6.5 mmol) was dissolved in 10 mL of toluene at 60 

◦

C. Then, 
excess amount of IEMA was incorporated dropwise into the vanillin 
mixture. DBTL was used as a catalyst. The reaction was stirred for 3 h 
under N2 atmosphere. Finally, the mixture was participated in cold 
hexane to remove un-reacted IEMA. The product was vacuum dried 
30 ◦C for 2 days. The yield was 85%. The reaction scheme is shown in 
Scheme 1. 

2.4. Synthesis of hydrogels 

Hydrogel samples were prepared by photopolymerization of M-VAN, 
fumaric acid, PEGDA-700, and PEI (Scheme 2). Firstly, M-VAN was 
dissolved in 4.5 mL of ethanol. Then, fumaric acid, PEGDA-700, and PEI 
(for Schiff-base formation) were added to the solution. Photoinitiator 
(Darocur 1173) was added and the mixture was vortex for 1 min. Af
terwards, the solution was transferred to the plastic tube. Reactions 
occurred in the UV reactor for 15 min under room temperature. The 
composition of hydrogels were shown in Table 1. 

2.5. Gel content, porosity test and swelling behaviors 

Hydrogel samples of about 0.05 g were dried in freeze-drier over
night and weighted (Wd) to determine the gel content. The dried 
hydrogels were then soaked into deionized water at room temperature 
overnight to remove uncrosslinked parts. The samples were dried in 
freeze-drier and weighted (Wg). The gel content was calculated from 

Equation (1): 

Gel Content% =
Wg

Wd
X100% (1) 

Hydrogel samples were cut evenly and weighted as W1 then soaked 
into ethanol overnight to determine the porosity of hydrogels. [45]. 
After excess ethanol was removed by filter paper, hydrogels were 
weighted as W2. The porosity was calculated by following Equation (2): 

Porosity(%) =
W2 − W1

Vρ X100% (2)  

where V was volume of hydrogels and ρ was the density of ethanol. 
Hydrogel samples were soaked in deionized water overnight to 

remove unreacted monomers. Then lyophilized overnight and weighted 
dry hydrogel as Wd. Hydrogel samples were plunged in distilled water 
(5 mL) at room temperature for desired time intervals (5–2880 min) and 
weighted as Ws. During measurement, excess water was taken away with 
filter paper. Swelling tests were repeated three times. The swelling ratio 
was calculated from Equation (3): 

SR =
Ws − Wd

Wd
X100% (3)  

where SR: Swelling ratio 
Hydrogel samples were lyophilized overnight and weighted as Wd. 

Dried hydrogels were plunged in a buffer solution of pH 2, 4.5, 7, 8, and 
10 at room temperature and weighted as Ws in equilibrium to determine 
swelling behavior in different ph ranges. The swelling ratio was calcu
lated from Equation (3). 

2.6. Self-healing efficiency 

Self-healing performance was investigated by comparing the tensile 
strength of hydrogel sample before and after healing. The hydrogel 
sample was cut into two pieces and re-contact from cutting areas by 
applying slight handling pressure. Then samples were kept in an oven at 
37 ◦C overnight. The test was repeated at least 3 times. The healing 
efficiency (SHeff) was defined as the ratio of the tensile strength of 
healed sample to the original sample. 

Scheme 2. Hydrogel preparation.  

Table 1 
Composition and gel contents of hydrogels.  

Samples M-VAN 
(g) 

PEI 
(g) 

PEGDA 
(g) 

Fumaric acid 
(g) 

Gel Content 
(%) 

A0  0.3  0.013  0.2  0.1  88.5 
A2  0.3  0.013  0.2  0.3  91.8 
A4  0.3  0.03  0.2  0.1  93.7 
A6  0.4  0.013  0.2  0.1  94.6 
A8  0.3  0.013  0.25  0.1  92.6  
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2.7. Cell growth and viability studies 

Human fibroblast cells (CCD-1072Sk) were purchased from Amer
ican Type Culture Collection (ATCC) and maintained in Dulbecco’s 
modified Eagle medium containing 10% fetal bovine serum and 100UI/ 
ml penicillin/streptomycin at 37 ◦C in a 5% CO2 incubator. Cell viability 
was determined using Thiazolyl Blue tetrazolium bromide (MTT) re
agent (Alfa Aesar, Thermo Scientific). Collagen-modified scaffolds were 
prepared by coating the hydrogel surface with 4 μg and 8 μg of Type I 
collagen dispersed in 0.1 M acetic acid solution, respectively. These 
scaffolds were then incubated at room temperature for an entire night in 
a desiccator before being used for cell culture. Afterwards, hydrogels 
were cut into equal pieces (1 cm × 1 cm) for each well and sterilized 
under UV for at least 1 h. Cells were seeded into 24 well plates at a 
density of 5 × 104 cells/well and were incubated with hydrogels for 24 
h. At the end of the incubation, hydrogels were removed and MTT re
agent was added to each well with a final concentration of 0.1 mg/ml 
and cells were further incubated for 2 h at 37 ◦C in a 5% CO2 incubator 
until formazan crystals were observed under microscopy. All the media 
inside the wells were discarded and 300 μl DMSO was added to each 

well. Absorbance values were read at 570 nm by a Thermo Multiskan GO 
microplate spectrophotometer (Fisher Scientific). Cell viability was 
calculated according to Equation (4): 

CellViability% =
Meanabsorbanceofthetreatment
Meanabsorbanceofthecontrol

x100 (4) 

Bright field images of the cells were taken by Zeis Axio ZI Invert 
Microscope. 

2.8. Cell fixation 

Briefly CCD-1072 Sk cells were seeded into 24 well plates and treated 
with hydrogels for 24 h. After the incubation, hydrogels were removed 
from the wells and washed with 1x PBS. The cells attached to the 
hydrogels were fixed with 1 mL of 2.5 % glutaraldehyde (GA) for 2 h at 
room temperature. Afterward, hydrogels were washed with 1x PBS for 
GA removal. Fixated hydrogels were dehydrated by immersing in 
increasing concentrations of ethanol every ten minutes (50 to 100%, 
10% increase at each step). Hydrogels were stored at − 20 ◦C before SEM 
analysis. 

Fig. 1. FT-IR spectra of (a) vanillin, (b) IEMA and (c) M-VAN.  

Fig. 2. 1H NMR spectra of M-VAN.  
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3. Results and discussions 

3.1. Characterization of M-VAN 

The aldehyde and hydroxyl functional groups of vanillin make it a 
suitable compound to undergo several modifications [46,47]. In this 
study the synthesis of M-VAN was achieved by the reaction between the 
isocyanate group of IEMA and the hydroxyl group of vanillin to form 
urethane linkage under inert conditions at 60 ◦C. It is important to work 
in a dry atmosphere to prevent the conversion of isocyanate groups to 
amines. DBTDL catalyzes the reactivity of hydroxyl groups of M-VAN to 
increase the reaction rate. The product was obtained in a high yield 
(85%). Unlike methacrylic anhydride counterpart, reaction occur faster 
without side reaction, giving opportunity to easy extraction in small 
amounts [48]. Additionally, IEMA exhibits H-bond sources to enhance 
self-healing capability of material. Above 40 ◦C in oven M-VAN changes 
color white to yellowish, hence it should be dried at below 40 ◦C. 

FTIR spectrum of M-VAN was shown in Fig. 1. For comparison the 
corresponding spectra for vanillin and IEMA was incorporated in the 

same Fig. As can be seen in Fig. 1a, vanillin has broad hydroxyl (–OH) 
stretching and bending peaks shown at 3157 cm− 1 and 1263 cm− 1 

respectively [49]. The aldehyde (C = O) stretching peak is represented 
at 1662 cm− 1 [50]. The IR spectrum (Fig. 1b) of IEMA showed the 
characteristic isocyanate peak (–NCO) at 2261 cm− 1. 

As can be seen from the IR spectrum (Fig. 1c) of functionalized 
vanillin, hydroxyl stretching and bending peaks disappeared. The N–H 
stretching and C-N stretching peaks occurred at 3319 cm− 1 and 1536 
cm− 1, 1499 cm− 1, respectively [51]. C-NH stretching occurred around 
1426 cm− 1 due to urethane bond formation. The ester (C = O) stretching 
and bending peaks occurred at 1710 cm− 1 and 949 cm− 1, respectively. 
The acrylate double bonds assigned at 1633 cm− 1 and 813 cm− 1. Also, 
the disappearance of the isocyanate peak indicated that the reaction has 
completed successfully [52]. 

Fig. 2 shows the H-NMR spectrum of M-VAN. The singlet peak at 1.8 
ppm (A) represents of methyl group of methacrylate. The methoxy group 
attach to benzyl group observed at 3.87 ppm (B). The peaks at 4.3 ppm 
(C) and 3.6 ppm (D) correspond to ethylene protons. The peak at 4.45 
ppm represents triplet of next to ester group. As an evidence of vinyl 

Fig. 3. The left one is initial formulation, the right one is a hydrogel after polymerization.  

Fig. 4. FTIR spectra of hydrogel samples. a) A0, b) A2, c) A4, d) A6, e) A8.  
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group, the peaks at 6.2 ppm (E) and 5.6 ppm (F) appeared. Around 7.5 
ppm (I, H, G) peaks belongs to the protons of aromatic ring. Around 7 
ppm peaks belong to solvent. At 9.9 ppm (J) belongs to singlet of 
aldehyde [53]. 

3.2. Characterization of vanillin based-hydrogels 

As can be seen in Fig. 3, the hydrogels successfully prepared in plastic 
clear straws with co-polymerization technique under UV irradiation. It 
took 15 min to complete the reaction. It was observed that during 
polymerization the hydrogel turns opaque. In Fig. 3, invert tube test 
method has shown that hydrogel successfully synthesized. The gel 
contents of hydrogels were found as between 89 and 95%. 

Fig. 4 shows the comparative FT-IR spectra of hydrogel samples 
within the 1800–600 cm− 1 spectral window. As can be seen, the dried 
hydrogel showed C=O stretching peak at 1719 cm− 1. The disappearance 
of characteristic acrylate C=C double bond peaks at 1636 cm− 1 and 813 
cm− 1 showed that the photopolymerization was successfully achieved. 
In addition, the C=O aldehyde peak of M-VAN at 1662 cm− 1 dis
appeared. C-N stretching vibrations at 1450 cm− 1 and –NH2 scissoring 
vibration at 1560 cm− 1 belongs to PEI are disappeared [54–56]. A new 
C=N stretching peak at 1602 cm− 1 was observed as an evidence of 
Schiff-base imine bond between M-VAN and PEI [54–57]. 

3.3. Swelling behaviors of hydrogels 

The equilibrium swelling ratios of the hydrogels were shown in 
Fig. 5-a. As can be seen, for all hydrogel samples swelling rate increased 
rapidly up to 80 min. The hydrogel samples reached equilibrium 
swelling after 24 h. A8 hydrogel sample showed highest swelling ratio 
amongst all samples. The result indicated that the swelling ratio in
creases with the amount of PEGDA. The equilibrium swelling ratios 
seem to decrease with increasing content of M-VAN (A6), PEI (A4). It is 
probably due to the Schiff-base formation at higher M-VAN and PEI 

contents, which increases the number of junctions between polymer 
chains. It is well known that the crosslinking density has an inverse 
relation with the swelling capacity [58]. In addition, the decrease in 
swelling ratios of A2 compare to A0 with increasing fumaric acid content 
may be attributed to possible interpolymer complexes between PEI and 
FA. The amine groups of PEI can make interaction with the carboxylic 
groups of fumaric acid. Overall the obtained water swelling ratios are 
appropriate for tissue engineering applications and wound-repair usage 
[39]. 

The porosity of hydrogels were shown in Fig. 5-b. Porosity can be 
controlled via monomer ratio and preparation conditions. Hydrogel 
samples showed 22–40% porosity. It might be due to the high polymer 
density and the crosslinking ratio of the hydrogel. In addition to the 
covalent crosslink structure of all hydrogels, A4 and A6 samples contain 
higher Schiff-base linkages as an additional crosslinking point, therefore 
it decreases the porosity of the structure. In addition, the PEI chain also 
entangles within the pores of the gel. The porosity of A8 is highest since 
longer polyether segments of PEGDA decrease crosslinking density of 
the hydrogel. The porosity results were consistent with the swelling 
ratios. 

Fig. 5-c shows the pH dependence equilibrium swelling ratios of 
hydrogels. Hydrogel samples showed amphoteric properties due to the 
presence of acidic groups of fumaric acid as well as amine groups of PEI 
and M-VAN respectively. At low and high pH levels, the competition 
between acidic and basic groups is intense due to the amphoteric 
characteristic of gel. Under acidic conditions, anionic carboxylate and 
amine groups are protonated. The ionic repulsion of positive charges of 
ammonium ions create more space for water intake, as we see more 
obviously in A4. Meanwhile, carboxylic acid groups form hydrogen 
bonds with one another and with water molecules, limiting the elec
trostatic repulsion of the carboxylate ion. Dissociation of carboxylic acid 
groups is negligible until the pKa = 3 is exceeded. Hydrogels showed 
balance in neutral conditions due to the balance between ionic groups. 
Higher pH causes carboxylic groups to deprotonate and ionic repulsion 

Fig. 5. Swelling behavior and porosity of hydrogel samples a) Swelling ratio, b) Porosity of hydrogels, c) Swelling ability of hydrogels at different pH ranges.  
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creates more space for water intake as we see more obviously in A2. 
Hydrogels showed slightly higher swelling degrees at alkaline pH than 
acidic due to the dominant effect of anionic carboxylate ions. Similarly, 
reported hydrogels were shown higher swelling ability in acidic and 
basic conditions than in neutral [59–61]. As Schiff-base linkages de
composes in lower and higher pH, reducing crosslink points also 
enhance swelling capability. Since Schiff base linkages are effective at 
neutral pH, they cause an increase in crosslink density at pH 7 and 
decrease the swelling percentage of gels. The pH-dependent swelling test 
proves the effectiveness of the Schiff base. 

3.4. Thermal behaviors of polymers 

The DSC thermograms and the glass transition temperatures of 
hydrogels are shown in Fig S1 and Table 2, respectively. Mainly two Tg 

was determined for hydrogels. The first Tg (Tg1) was observed between 
− 39 ◦C and − 25 ◦C that could be assigned to the thermal transitions of 
PEI and PEG chains. Since the lowest Tg1 belongs to A4 sample with 
higher PEI content, it can be assumed that PEI is the dominant factor 
with its highly branched structure. It is well known that branching en
ables polymer chain flow easily due to the increased end groups number 
and free volume, respectively which leads to reduced Tg [56]. Second Tg 
(Tg2) was observed between 79 ◦C and 109 ◦C because of the chain 
polymerization of olefinic monomers. Strong intermolecular forces, 
steric hindrance and low free volume are responsible for high Tg. The 
aromatic structure of M-VAN reduces the rotational motion and the 
carboxylic functionality of fumaric acid increases polar-polar in
teractions and increases Tg value. In A2 and A6 formulations, higher 
amount of fumaric acid and M-VAN respectively, may not allowed us to 
observe Tg1. Because, styrene-like aromatic group for M-VAN prevents 
free space and ortho position methoxy group attached to aromatic group 
increases steric repulsion [62]. For A8 sample, the slight increase in 
diacrylate content increased Tg2 because of increasing crosslinked 
points [63]. 

3.5. Mechanical behavior of hydrogels 

The detailed data for tensile tests are presented in Table 3. The 
stress–strain curves are also shown in Fig. 6. As can be seen, the 
hydrogels showed good mechanical strength. Compared to A0, A2 with 

Table 2 
Glass transition temperature (Tg) of hydrogels.  

Samples Tg1 Tg2 

A0 − 26 92 
A2 – 79 
A4 − 39 87 
A6 – 93 
A8 − 25 109  

Table 3 
The mechanical test results for hydrogels.   

Before healing After healing  

Samples E-modul (N/ 
mm2) 

Tensile Strength 
(MPa) 

Elongation at break 
(%) 

E-modul (N/ 
mm2) 

Tensile Strength 
(MPa) 

Elongation at break 
(%) 

(SHeff) * 
(%) 

A0 23 ± 1.5 66 ± 2.6 49 ± 1.2 28 ± 1.9 42 ± 2.4 51 ± 1.5 64 
A2 33 ± 2.9 47 ± 2 62 ± 3.6 21 ± 3.1 30 ± 4.2 51 ± 2.4 64 
A4 24 ± 2.3 62 ± 3.5 54 ± 3.2 13 ± 1.2 39 ± 2.7 51 ± 3.9 63 
A6 55 ± 3.6 21 ± 1.5 48 ± 3.1 32 ± 3.5 12 ± 1.3 34 ± 3.4 57 
A8 88 ± 4.1 67 ± 3.8 68 ± 4.2 80 ± 3.9 58 + 3.2 46 ± 4.4 87 

* Self-healing efficiency SHeff: The ratio of tensile strength of healed sample to the original sample. 

Fig. 6. a) Tensile stress plot; I:A0, II:A2, III:A4, IV:A6, V:A8, *Self-healed. Photographs before and after tensile tests of b) A4 c) Self-healed A4.  
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increasing fumaric acid content improved the elongation at break but 
decreased tensile strength. The hydrogen bonding between chains im
proves the elongation but not effective enough for tensile strength 
improvement. The test result showed that the increasing PEI content did 
not make very noticeable difference. Massive polymer chain with highly 
branched structure of PEI enhanced toughness slightly. As reported in 
literature, vanillin amount is critical for both self-healing and mechan
ical strength [64,65]. In this study, M-VAN used from 40 wt% (A0) to 
wt.55 % (A6) in hydrogels. A6 has high modulus but low tensile 
strength, due to the higher amount of aromatic side chain in polymer 
matrix caused aromatic –aromatic interaction and increased rigidity. It 
was also demonstrated that high aldehyde content in A6 compared to A0 
were not sufficiently effective for higher self-healing capability. For A8, 
higher PEGDA content enhanced E-module, tensile strength and elon
gation at break [66]. 

3.6. Self-healing properties 

As shown in Fig. 7, hydrogels cut in half with a razor to create 
damage for self-healing experiment. After cutting, two pieces reunite 
and put in oven at 37 ◦C overnight. It’s worth noticing that healing 
occurred at physiological conditions. Schiff-base reaction occurred 
successfully and hydrogel parts combined well. Schiff-base is a revers
ible imine reaction occurred by nucleophilic attack of primary amine to 
carbonyl carbon of aldehyde [32]. The aldehyde group of M-VAN reacts 
with PEI to create reversible Schiff-base for self-healing ability. In 
addition, fumaric acid and PEI can contribute to self-healing by gener
ating H-bonds. pH is an important factor for imine formation. The re
action pH is 5.5 which is perfect for reversible imine formation at 
physiological conditions [67,68]. It’s also attempting that there is no 
need for acid catalyzed [69]. 

Self-healing performance of hydrogels confirmed by tensile test 

study and morphological analysis. In Table 3, E-module, tensile strength 
and elongation at break data for self-healed hydrogels are presented. As 
can be seen that the modulus are very close to initial state and reversible 
bonds dissipated energy better and improved elongation at break. It 
shows that self-healing hydrogel is just efficient as the original. In 
addition, self-healing efficiency (ηH%) with respect to tensile strength 
recovery is also given. As can be seen, except A8 all samples have similar 
self-healing efficiency of approximately 60%. The higher self-healing 
efficiency of A8 (87%) is not surprising because of its other 
outstanding features like swelling and mechanical performance. In the 
A8 sample, the increasing PEG diacrylate content increases the longer 
polyether segments between the crosslinking sites and improves the 
mobility to fulfill the self-healing behavior of the hydrogel. It is previ
ously reported that the increasing ratio of vanillin aldehyde or amine 
functional cross-linkers in hydrogel composition makes the hydrogel 
more stiff and tight [39]. The higher imine bonding displays a negative 
effect on self-healing properties. On the contrary, it should be empha
sized that the hydrogel that was soft and very tacky was not suitable for 
practical applications. It seems that A8 hydrogel has the optimum 
monomer and oligomer composition, with both mechanically stable and 
the best self-healing feature. The formation of the vinyl polymer by UV 
curing of PEG acrylate with M-VAN gives the hydrogel high thermal 
stability and high mechanical strength properties [70]. Moreover, Fig. 8 
shows the SEM micrographs of the A8 hydrogel after self-healing. As can 
be seen, the hydrogel is well-united and successfully healed. 

3.7. In-vitro cell compatibility test 

The cytotoxicity of hydrogel with and without collagen was tested by 
MTT assay and shown in Fig. 9. The tests revealed that hydrogels were 
non-cytotoxic for 24 h. The cell viability was increased drastically when 
increasing the quantity of collagen coating on the hydrogel surface. The 
cell viability percentage of the hydrogel scaffold was 71%. After 
collagen coating, the cell viability percentages gradually changed to 
124% and 163% respectively. The collagen-coated scaffolds provide 
good support for cell adhesion [71]. 

Fig. 7. Image of stretching self-healed hydrogel A0.  

Fig. 8. SEM images of self-healed hydrogel A8. a) 63X b) 150X c) 500X.  

Fig. 9. Cell viability of hydrogel in 24 h. 1: A8, 2: A8 + 4 μg collagen added, 3: 
A8 + 8μ g collagen added. 
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The bright field microscope images are shown in Fig. 10. There are 
no significant effects between 0 h and 24 h. Both images are shown 
outspread and viable cells compatible with MTT assay results. 

Fig. 11 shows SEM images of hydrogels after a 24 h of incubation. 
SEM images showed the cells adhered and spread on the hydrogel sur
face. The surface completely covered with CCD-1072Sk. The material 
surface plays an important role for the cell attachment. In the case of 
collagen-coated hydrogels, the morphology of cells was changed and 
they were more flattened and create connections with each other. The 
collagen-coated hydrogels exhibit excellent support for cell attachment 
[71]. 

4. Conclusion 

In this study, a novel methacrylate-functionalized vanillin monomer 
was synthesized as a bio-based cross-linker agent. The methacrylate- 
functionalized vanillin with its aldehyde and acrylate moiety has dual 
action for Schiff-base and UV-curing reaction. The simultaneous vinyl 
polymerization and imination created hydrogels showing good self- 
healing ability at room temperature by dynamic bonds. It was deter
mined that the mechanical properties of the hydrogels depend on the 
monomer composition and ratio. The A8 hydrogel seemed to have an 
optimal composition to form hydrogel with good self-healing ability 
with its high mechanical stability and soft but not tacky appearance. 
After healing, the mechanical properties of the self-healed hydrogels had 
very close to its original sample. The cell seeding experiments showed 

that cell growth supporting characteristics of the collagen-coated 
hydrogels was slightly higher than the plain hydrogel. The results 
showed that the developed hydrogels can be used potential applications 
for tissue engineering. 
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collagen immobilized electrospun poly (vinyl alcohol) scaffolds, Polym. Adv. 
Technol 26 (8) (2015) 978–987, https://doi.org/10.1002/pat.3512. 

M. Yasar et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.cej.2017.11.103
https://doi.org/10.3390/jfb13030140
https://doi.org/10.1016/j.foodhyd.2015.02.008
https://doi.org/10.1039/D0PY01222J
https://doi.org/10.1039/D0PY01222J
https://doi.org/10.1002/macp.201500194
http://doi.org/10.22146/ijc.25866
http://doi.org/10.22146/ijc.25866
https://doi.org/10.4028/www.scientific.net/AMR.335-336.474
https://doi.org/10.1021/acsomega.9b04421
https://doi.org/10.1021/acsomega.9b04421
https://doi.org/10.1002/pat.2059
https://doi.org/10.1039/C2GC35672D
https://doi.org/10.1016/j.msec.2021.112264
https://doi.org/10.1016/j.compositesb.2022.109921
https://doi.org/10.1016/j.compositesb.2022.109921
https://doi.org/10.1021/acsami.9b03725
https://doi.org/10.2298/CICEQ0904279K
https://doi.org/10.2298/CICEQ0904279K
https://doi.org/10.1155/2021/4877344
https://doi.org/10.1155/2021/4877344
https://doi.org/10.1016/j.eurpolymj.2010.11.001
https://doi.org/10.1007/s00289-020-03417-8
https://doi.org/10.1002/macp.201600305
https://doi.org/10.3390/polym6030820
https://doi.org/10.1016/j.carbpol.2020.116846
https://doi.org/10.1016/j.carbpol.2020.116846
https://doi.org/10.1021/acs.macromol.5b02613
https://doi.org/10.1007/s13233-014-2023-z
https://doi.org/10.1007/s13233-014-2023-z
https://doi.org/10.1007/s13233-019-7162-9
http://refhub.elsevier.com/S0014-3057(23)00116-7/h0340
http://refhub.elsevier.com/S0014-3057(23)00116-7/h0340
https://doi.org/10.1002/macp.201800484
https://doi.org/10.1002/macp.201800484
https://doi.org/10.1016/j.eurpolymj.2022.111489
https://doi.org/10.1002/pat.3512

	Development of self-healing vanillin/PEI hydrogels for tissue engineering
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Characterizations
	2.3 Synthesis of methacrylated-vanillin (M-VAN)
	2.4 Synthesis of hydrogels
	2.5 Gel content, porosity test and swelling behaviors
	2.6 Self-healing efficiency
	2.7 Cell growth and viability studies
	2.8 Cell fixation

	3 Results and discussions
	3.1 Characterization of M-VAN
	3.2 Characterization of vanillin based-hydrogels
	3.3 Swelling behaviors of hydrogels
	3.4 Thermal behaviors of polymers
	3.5 Mechanical behavior of hydrogels
	3.6 Self-healing properties
	3.7 In-vitro cell compatibility test

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix A Supplementary material
	References


