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Abstract

Self-healing involves an autonomic response that repairs damage to living sys-

tems. In this study, polyethylene glycol (PEG) underwent aldehyde-

functionalization using the Albrigh Goldman oxidation technique. Flexible,

dynamic crosslink points to encourage self-healing are generated by the forma-

tion of acylhydrazone bonds formed between long-chain PEG dialdehyde and

adipic acid dihydrazide. Furthermore, methacrylated PEG was synthesized to

support the polymer matrix through dynamic covalent bonds. The hydrogels

exhibited self-healing within the first 4 hours at room temperature and after

24 h. hydrogels with mechanical performance close to the original were

obtained. They have good tensile and elongation strength and are well-suited

for interaction with living cells.
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1 | INTRODUCTION

Hydrogels are three-dimensional hydrophilic materials
composed of crosslinks formed by both physical and
chemical bonds. They find extensive use in biomedical
applications due to their notable biocompatibility and
water absorption capabilities, allowing them to retain
water content up to 1000% of their dry weight.
However, their weak mechanical properties and irre-
versible bonds make them rigid and limit their usage.
Additionally, finding non-toxic monomers that func-
tion effectively within specific pH and temperature
ranges is crucial.1–3

Self-healing is the process of repairing damage to
extend the lifetime of the material. Nowadays, it is
widely used in biomedical applications as a prominent

feature of hydrogels.4,5 Self-healing exhibits both
extrinsic and intrinsic traits.6 Extrinsic self-healing
entails encapsulating a self-healing agent within the
polymer structure, releasing it upon damage, and cata-
lyzing the healing process.7 Intrinsic self-healing
involves non-covalent interactions like ionic interac-
tions, as well as covalent bonds such as Schiff-base and
acyl hydrazone linkages.8–10

Schiff-base linkages are imine bonds composed of
amine and aldehyde groups. They possess reversible
properties and typically require acid catalysts. In com-
parison to conventional reactions, they operate under
mild reaction conditions and do not form side prod-
ucts. This has contributed to their popularity in self-
healing studies.11,12 Ding et al. synthesized oxidized
alginate as a dialdehyde source and modified chitin
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with acrylamide as an amine source. The pH-sensitive
hydrogel showed self-healing properties within an
hour without outer effect and re-activated self-healing
after freezing.13

Acyl hydrazone linkages are reversible bonds that
form between the acyl hydrazide group and the alde-
hyde group. Adipic acid dihydrazide (ADH) is a bifunc-
tional acyl hydrazide source often used as a bio-
crosslinker in self-healing studies.14 Their capability to
operate under physiological conditions makes them
promising candidates for future biomedical applica-
tions and tissue engineering studies.15,16 Despite the
abundance of amine sources used in self-healing inves-
tigations, there is still room for advancement in the
production of better materials due to the lack of alde-
hyde sources. In acyl hydrazide studies, polysaccha-
rides such as hyaluronic acid, dextran and alginate are
predominantly functionalized with aldehyde groups
through oxidative cleavage.16–18 Su et al. studied oxi-
dized hyaluronic acid and ADH to create a self-healing
hydrogel without the need for a catalyst or initiator.19

Wang et al. synthesized an injectable hydrogel contain-
ing gelatin, oxidized alginate, and ADH, which exhib-
ited self-healing properties within a few minutes.18

Polyethylene glycol (PEG) is a water-soluble, bio-
compatible material that can be easily modified. Dia-
crylates of PEG can be synthesized in various
molecular weights, providing an opportunity to control
the strength of hydrogels.20,21 Zhang et al. synthesized
a pH-sensitive injectable hydrogel by using functiona-
lized agarose with ethylene diamine and dialdehyde
functionalized PEG. This hydrogel demonstrates self-
healing ability within an hour at room temperature
with 80% vitality.22

Gelatin is derived from the denaturation of collagen
and serves as a widely utilized biocompatible amine
source in self-healing studies.23–26 Chen et al. success-
fully synthesized an injectable self-healing hydrogel by
incorporating oxidized dextran, ADH and aminated
gelatin with dynamic imine and acylhydrazone
bonds.17 However, the weak mechanical properties
require either modification or the addition of support-
ive materials.27

In this study, a method was employed to dialdehyde-
functionalize PEG1500 without the use of 4-formyl ben-
zoic acid. This resulted in the formation of long acyl
hydrazone bonds, creating adaptable and dynamic cross-
link sites that encourage self-healing. Furthermore,
PEG1500 was methacrylated to reinforce the polymer
network. The hydrogels composed of dialdehyde functio-
nalized PEG1500 and methacrylated PEG 1500 exhibited
self-healing capabilities within a 24-hour timeframe,
demonstrating commendable elongation and tensile

strength. Additionally, MTT test confirmed their suitabil-
ity for use with living cells.

2 | EXPERIMENTAL

2.1 | Materials

PEG1500, DMSO, chloroform, acetic anhydride, diethyl
ether, dichloromethane (DCM), triethylamine (TEA), gel-
atin ADH, N-hydroxyethyl acrylamide, methylene bisa-
crylamide (MBA) and 2-hydroxy-2-methylpropiophenone
(Darocur1173) (97%) were sourced from Sigma Aldrich.
BUGAMED Biotechnology, TÜRKYE kindly provided
collagen Type I (95%) from bovine tendon.

2.2 | Characterizations

The PEG1500-dialdehyde, PEGDA1500, as well as the
hydrogels underwent characterization through Fourier-
transform infrared spectroscopy (FT-IR) employing a Per-
kin Elmer ATR-FTIR Spectrometer. The samples were
recorded directly within the range of 4000 to 600 cm�1.
The structure of PEG1500-dialdehyde and PEGDA1500
were confirmed through Varian Gemini 400 MHz proton
nuclear magnetic resonance spectroscopy (1HNMR) using
deuterated chloroform.

Differential scanning calorimetry (DSC) analysis was
carried out using a Perkin Elmer Diamond DSC. To elim-
inate impurities, the hydrogels were immersed in distilled
water for an extended period, followed by a two-day dry-
ing process in an oven until a stable weight was reached.
The first run was conducted from �30 to 150�C followed
by a second run from �30 to 200�C, both at a heating rate
of 10�C/min.

Tensile tests were performed using the Zwick Z010
Universal Tensile Test Machine at a fixed crosshead
speed of 40 mm/min�1 at room temperature. Rectangular
samples with dimensions of 50�5�1 mm3 were prepared
for the tests, which were repeated at least three times.

For SEM imaging of hydrogels, a ZEISS EVO MA10
was employed.

2.3 | Synthesis of PEG1500-dialdehyde

PEG1500-dialdehyde was prepared by the relevant article
from the literature 28. PEG1500 was first dissolved in
DMSO, followed by the addition of chloroform and acetic
anhydride. The mixture was stirred for 12 h at 500 rpm.
The resulting product was precipitated in cold diethyl
ether and subsequently dried under a vacuum overnight.

2 YASAR ET AL.
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The yield is 70%. The reaction scheme is displayed in
Figure S1.

2.4 | Synthesis of PEGDMA-1500

PEGDMA-1500 was prepared by the relevant article from
the literature 29. PEG1500 was dissolved in DCM.
Methacrylic anhydride was added dropwise under inert
conditions at 250 rpm. Afterwards, TEA was added drop-
wise into the solution and mixed for 4 days. The resulting
product was participated in cold diethyl ether. The yield
is 80%. The reaction scheme is displayed in Figure S2.

2.5 | Synthesis of acylhydrazone-based
hydrogel

Gelatin was dissolved in water at 40�C. Then,
PEG1500-dialdehdye, PEGDMA-1500, ADH, and
N-hydroxyethyl acrylamide were introduced into the
solution. Following this, MBA and Darocur 1173 were
added as photoinitiators. The reaction proceeded under
UV light for 15 minutes to synthesize the hydrogel. In
Table 1, the compositions of the hydrogels are listed.
Figure 1 shows the monomer structures and molecular
interaction creating the hydrogel.

2.6 | Hydrogel characterization

The hydrogel samples underwent overnight freeze-drying
and were then weighted (Wd) to establish the gel content.
Afterwards, the dried samples were immersed in deio-
nized water for a night to eliminate uncrosslinked com-
ponents. The samples were freeze-dried in freeze-dried
once more and weighted (Wg). The gel content was calcu-
lated from Equation (1):

GelContent%¼Wg

Wd
� 100%: ð1Þ

The hydrogel samples were uniformly cut and their
weight noted as W1. They were then soaked in ethanol
overnight to assess the porosity. Afterward, any excess
ethanol was removed by filter paper, and the hydrogels
were reweighted as W2. The porosity was calculated
using Equation (2):

Porosity %ð Þ¼W 2�W 1

Vρ
� 100%, ð2Þ

where V was the volume of hydrogels and ρ was the den-
sity of ethanol.

The hydrogel samples were soaked in deionized water
for an entire night to eliminate any unreacted monomers.

TABLE 1 Compositions and gel contents of hydrogels.

No Gelatin (g) ADH (g) PEG1500-dialdehyde (g) PEGDMA-1500 (g) NHEA (g) MBA (g)

GA-0 0.2 0.02 0.2 0.11 0.3 0.005

GA-1 0.2 0.04 0.2 0.11 0.3 0.005

GA-2 0.2 0.06 0.2 0.11 0.3 0.005

GA-2-1 0.2 0.06 0.4 0.11 0.3 0.005

GA-2-2 0.2 0.06 0.6 0.11 0.3 0.005

Abbreviations: ADH, adipic acid dihydrazide; MBA, methylene bisacrylamide; PEG, polyethylene glycol.

FIGURE 1 Hydrogel preparation

pathway.
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Following this, the samples underwent an overnight
freeze-drying process and the weight of the dry hydrogel
was recorded as Wd to calculate the swelling ratio. The
hydrogel samples were then immersed in distilled water
at room temperature for varying time intervals ranging
from 5 to 2880 minutes, and weight was noted as Ws.
Throughout the measurements, any excess water was
removed with filter paper. These swelling tests were
repeated in triplicate. The swelling ratio was calculated
from Equation (3):

SR¼Ws�Wd

Wd
� 100%, ð3Þ

where SR: Swelling ratio.
In order to determine the pH dependent swelling

behavior of hydrogels, the hydrogel specimens were
freze-dried overnight and their dry weight recorded as
Wd. Following drying, they were placed in buffer solution
with pH values of 2, 4.5, 7, 8, and 10 at room temperature
and their swollen weigh at equilibrium state was
recorded as Ws. The pH dependent swelling ratio
was determined using Equation (3).

2.7 | Self-healing ability

Self-healing capability of the hydrogel was done by
examining the tensile strength of the hydrogel sample
before and after the healing process. The hydrogel sam-
ple was split into two pieces and then carefully
rejoined with slight handling pressure, allowing it to
mend overnight at room temperature. The test was
repeated at least three times for accuracy. The healing
efficiency (SHeff) was determined by comparing the
tensile strength of healed sample to that of the
original one.

2.8 | Cell growth and viability studies

Human embryonic kidney 293 cells (HEK293;
ATCC: CRL-1573) were employed in the study.
3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bro-
mide (MTT) reagent from NeoFroxx (1334), was used
to assess cell viability. Collagen-coated hydrogel scaf-
folds were fabricated by applying 4 μg of Type I colla-
gen, dispersed in a 0.1 M acetic acid solution, onto
the hydrogel surface. These treated scaffolds were
then allowed to incubate at room temperature over-
night. Afterwards, the hydrogels were cut into uni-
form pieces, each measuring 1�1 cm2 for each well,
and they were sterilized under UV for at least 1 h.

The cells were then seeded into 24 well plates and
exposed to the hydrogels for 24 h. Next, the samples
were removed and MTT reagent was introduced into
each well at a final concentration of 0.1 mg/mL. The
cells were further incubated for 4 h at 37�C in a 5%
CO2 incubator until formazan crystals were visible
under microscopy. Subsequently, the media were dis-
carded and 200 μL DMSO was added to each well.
Absorbance values were read at 570 nm using Agilent
BioTek Cytation-C-10. Cell viability was calculated
according to Equation (4):

Cell Viability%¼Mean absorbance of the treatment
Mean absorbance of the control

�10:

ð4Þ

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

2.9 | Cell fixation

HEK293 cells were placed in 24 well plates and exposed
to hydrogels for 24 hours. The hydrogels were then taken
out and rinsed with 1x PBS. Next, they were fixed using
1 mL of 2.5% glutaraldehyde (GA) for 2 h. at room tem-
perature. Subsequently, the hydrogels were washed with
1� PBS to remove excess GA. The fixated hydrogels were
gradually immersed in increasing concentrations of etha-
nol, with a 10% increase at each step, over a span of
10 minutes (ranging from 50% to 100%). The hydrogels
were stored at –20�C until they underwent SEM analysis.

3 | RESULTS AND DISCUSSIONS

3.1 | Characterization of PEG1500-
dialdehyde

The synthesis reaction of PEG1500-dialdehyde was pro-
ceeded by the Albrigh Goldman oxidation method, result-
ing in a high yield with excess acetic anhydride as shown
in Figure S3. DMSO served dual roles as both the solvent
and reactant. Initially, DMSO reacted with acetic anhy-
dride, forming sulphonium ions. Then, a secondary reac-
tion ensued involving primary alcohol. As a byproduct,
acetic anhydride split into two components. Finally, an
elimination reaction led to the formation of the desired
product.30,31 The product was characterized by FTIR and
1HNMR spectroscopy techniques.

Figure 2 displays the FTIR spectra of PEG and
PEG1500-dialdehyde. In Figure 2A, it is evident that the

4 YASAR ET AL.
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C H aliphatic chain stretching occurs at 2856 cm�1, with
C H bending stretching at 1466 cm�1 and 1340 cm�1. The
O H and C O H stretching peaks are observed at
1278 cm�1 and 1096 cm�1 respectively, indicative of PEG.32

Figure 2B presents the FTIR Spectrum of PEG1500-
dialdeyde. The C-H aliphatic stretching and bending
vibrations belongs to PEG are detected at 2871 cm�1,
1466 cm�1, and 1340 cm�1 respectively. Additionally,
C O C stretching vibrations are evident at 1018 cm�1. Nota-
bly, a prominent aldehyde peak is observed at 1716 cm�1,
providing evidence of successful completion of the reaction.

The 1HNMR Spectrum of PEG1500-dialdehyde is
depicted in Figure 3. The triplet at 2.9 ppm corresponds
to the methylene protons (CH2) located between the
ether chains (C). A small triplet at 9.1 ppm (A) indicates
the presence of an aldehyde moiety due to long chain
structure of PEG1500. The singlet at 3.9 ppm (B) is attrib-
uted to adjacent group of the aldehyde. The solvent peak
is evident at 7 ppm.

3.2 | Characterization of PEGDMA-1500

PEGDMA-1500 was synthesized through a reaction
between acid anhydride and the hydroxyl group of PEG,
similar to the process used for acyl chloride to ester syn-
thesis. The reaction mechanism is illustrated in Figure S4.
Initially, the hydroxyl group of PEG, act as a nucleophile
and attacks the carbonyl group of methacrylic anhydride.
This interaction was followed by protonation via TEA, a
weak base. The negatively charged oxygen then under-
went closure, causing methacrylic acid to leave, resulting

in the formation of the ester. Consequently, a carboxylic
acid was produced as a side product rather than HCl.29

PEGDMA-1500 was characterized via FTIR and 1H-NMR.
The FTIR Spectrum of PEGMA1500 is presented in

Figure 4. The ester peak at 1713 cm�1 (C O) and (C C)
stretching at 1636 cm�1 demonstrate that the reaction
was completed.

The 1HNMR Spectrum of PEGDMA-1500 is shown in
Figure 5. The singlet at 1.9 ppm (C) corresponds to the
methyl groups of methacrylate functionality. The triplet at
3.6 ppm belongs to the methylene protons of the polyether.

FIGURE 2 Fourier-

transform infrared spectroscopy

(FTIR) spectra of

PEG1500-dialdeyde.

(A) Polyethylene glycol (PEG),

(B) PEG1500-dialdeyde.

FIGURE 3 Proton nuclear magnetic resonance spectroscopy

(1HNMR) spectrum of PEG1500-dialdehyde.

YASAR ET AL. 5
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Additionally, the peaks at 3.7 ppm (E) and at 4.2 ppm
(D) belong to methylene protons adjacent to PEG and meth-
acrylate, respectively. The doublets at 5.5 ppm and 6.1 ppm
(A, B) serve as evidence of the attachment of the vinyl group.

3.3 | Synthesis of acylhydrazone-based
hydrogel

In the study, the synthesis of network structures was
successfully accomplished by two distinct mechanisms.
The first one, radical copolymerization, played a crucial

role in establishing enduring covalent bonds, thereby
supporting the mechanic stability of the matrix. This
process involved the decomposition of the initiator
under UV light, which then proceeded to attack the
vinyl groups of NHEA, PEGDMA-1500 and MBA to ini-
tiate the formation of a polymer chain. The second one
involved in dynamic bonds, facilitating self-healing fol-
lowing damage. This was accomplished through the
formation of a dynamic imine bond, resulting from a
condensation reaction between the amine group of gel-
atin and the aldehyde group of PEG1500-dialdehyde.
Additionally, an acyl hydrazone dynamic bond formed
between PEG1500-dialdehyde and ADH.

The FTIR spectra of GA-0, GA-1, GA-2, and GA-2-2
are shown in Figure S5. In the spectra of all three hydro-
gel samples compare to Figure S5C, the N H stretching
peak at 3278 cm�1 was weakened due to the occurrence
of an imine bond. A new C O C peak emerged at
1056 cm�1, attributed to the presence of PEG chains. The
disappearance of C C double bond stretching peak at
1636 cm�1 and 815 cm�1 indicates the completion of the
UV curing reaction. Moreover, the C O stretching at
1626 cm�1 and the N H bending peak at 1560 cm�1,
characteristics of acylhyrazone, are depicted in
Figure S5B. The aldehyde peak of PEG1500-dialdehyde at
1716 cm�1, disappeared in GA-0, GA-1, and GA-2. For all
hydrogels, the amide II band (N H) belongs to gelatin
around 1530 cm�1 shifted and increased in intensity
which can be attributed to the formation of the C N
hydrazone bond. In the spectrum of GA-2-2 (Figure S5G)
the intensity of peaks at 1343 cm�1 (C H) and
1108 cm�1 (C O C) increased with the higher PEG-
dialdehyde ratio in the hydrogel.

FIGURE 4 Fourier-

transform infrared spectroscopy

(FTIR) spectra of PEGMA-1500.

(A) PEG, (B) methacrylic

anhydride, (C) PEGDMA-1500.

FIGURE 5 Proton nuclear magnetic resonance spectroscopy

(1HNMR) spectrum of PEGDMA-1500.
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3.4 | Swelling behaviors of hydrogels

The swelling profiles of GA-0, GA-1, and GA-2 are
given in Figure 6A. The hydrogel exhibits swelling as a
result of the presence of hydrophilic monomers and
oligomers within the cross-linked polymer matrix. The
presence of functional groups like amine, carbonyl,
amide, and hydroxyl in both monomers and resins,
along with the ether repeats of the PEG chain, contrib-
ute to the swelling behavior. Therefore, polar interac-
tions, hydrogen bonds, and the diffusion of water
molecules through cross-linkers, driven by osmotic
pressure, lead to the swelling of the gel. As shown in
Figure 6A, the hydrogels exhibit a swelling capacity of
up to 1000 times their dry weight. The hydrogels dem-
onstrated similar swelling trends in the first 4 hours,
with the primary influencing factor being the ADH
content. Increasing the ADH content from GA-0 to
GA-2 was expected to enhance acyl hydrazone bonds.
Increasing dynamic crosslinks increases the number of
crosslinking points and consequently reduces the
swelling ratio. In a study conducted by Liu and
coworkers, ADH was modified in hyaluronic acid
through EDC. They similarly reported that an increase
in ADH led to a decrease in the swelling ratio, attribut-
ing this effect to the cross-linker.33 Li et al. investigated
the impact of the ADH ratio on swelling and crosslink
density. The swelling ratio showed a decreasing trend
with increasing ADH content.34 Notably, GA-2 reaches
equilibrium faster than others within 4 hours. This is
attributed to its more porous structure, which enables

faster water absorption and facilitates a faster interac-
tion between water molecules and ADH.

The gel content of the hydrogels is presented in
Table 2. With an increase in ADH ratio from GA-0 to
GA-2, the gel content decreased from 72% to 68%. The
network structure of the hydrogel comprises both
covalent cross-links, which are highly resistant to water-
induced swelling, and dynamic covalent bonds that con-
tribute to cross-linking but can be broken down over pro-
longed water exposure. As a result, during the
equilibrium swelling experiment, dynamic bonds might
break, leading to the removal of hydrophilic components.
This provides a plausible explanation for the observed
reduction in gel content. Conversely, the porosity
increased from 50% to 60% from G-0 to G-2.

Figure 6B provides a visual representation of the
porosity data. That may be related to the diffusion of
the ethanol-soluble parts and increasing the gaps
between crosslinkers. These results show that dynamic
crosslinks are weaker than their covalent counterparts,
making them susceptible to decomposition and

FIGURE 6 Hydrogel swelling behavior of GA-0, GA-1, GA-2. (A) Swelling kinetics at pH = 7, (B) porosity (C) equilibrium swelling

within different buffer solutions, (C) equilibrium swelling within different buffer solutions.

TABLE 2 Gel content of acylhydrazone-based hydrogels.

No Gel content (%)

GA-0 72

GA-1 70

GA-2 66

GA-2-1 57

GA-2-2 55

YASAR ET AL. 7
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subsequent departure from the polymer matrix after pro-
longed exposure to solvents. When comparing swelling
ratios over 24 hours, it was observed that the hydrogel
with a lower ADH content container (GA-0) exhibited
greater swelling than expected.

Figure 6C displays the swelling behaviors of hydro-
gels in various buffer solutions. The hydrogels possess an
amphoteric nature as they contain amine, amide, and
carboxylic groups. At pH = 4, free amine groups proton-
ate, and positive charges repel each other, leading to
swelling. It was previously reported that despite acyl
hydrazone and Schiff-base linkages being pH sensitive,
no sol–gel transition in the polymer matrix was
observed.35 The gel integrity was maintained through
covalent bonds formed via radical polymerization, so the
hydrogels show pH resistance. Compared to pH = 4,
decreasing swelling trends at pH = 4, show that acyl
hydrazone decomposes at pH <4, and protonated amine
groups create ion pairs with mobile anions and shrink
the gels.

Hydrogels reached equilibrium at pH 7. At higher
pH, amine groups neutralize, while carboxylic acids
deprotonate resulting in repulsion between negative
charges. Hence, water intake increases. Since the amine
group is the dominant, the highest swelling ratio
occurred at lower pH. The swelling ratio in both acidic
and basic mediums was higher than in a neutral environ-
ment. Similar to what Yu Su and colleagues previously
reported, we observed that GA-2, which contains a higher
ADH content, exhibits a lower swelling rate. This can be
attributed to the slower hydrolysis rate of the acyl hydra-
zone bond compared to GA-0 and GA-1. As a result, the

dynamic crosslinker intensity is higher in GA-2 which
causes a lower swelling ratio.19,36

Figure 7A displays the results of swelling behavior.
As previously reported, low crosslink density, the
molecular weight of PEG chains, and hydrophilic ether
structure cause a high swelling degree.36 Compared to
GA-2 to GA-2-2, the only variable is PEG dialdehyde.
It is expected that increasing PEG-dialdehyde leads to
an increase in dynamic crosslinks and a decrease in
swelling degree. However, the effect of hydrophilic
PEG chains is more dominant than that of crosslink
points. Thus, from GA-2 to GA-2-2, swelling ratios
increased.

Hydrogel porosities are shown in Figure 7B. The
porosity decreases from 60% to 45% in hydrogels from
GA-2 to GA-2-2. GA-2-1 and GA-2-2 have lower porosity
because aldehyde groups create dynamic crosslinks, and
PEG chain entanglements. Increasing PEG-dialdehyde
decreases gel content from 66% to 55%. It can be
explained that prolonged exposure to water decomposes

FIGURE 7 Hydrogels swelling behavior GA-2, GA-2-1, GA-2-2. (A) Swelling kinetics at pH = 7, (B) porosity, (C) equilibrium swelling

within different buffer solutions.

TABLE 3 Glass transition temperature of acylhydrazone-based

hydrogels.

No Tg1 Tg2

GA-0 8 58

GA-1 25 69

GA-2 28 73

GA-2-1 �12 13

GA-2-2 – 34

8 YASAR ET AL.
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the dynamic bonds and the soluble parts pass into the
water phase.

In Figure 7C, pH-dependent swelling tests were pre-
sented. At pH above and below neutrality, different swell-
ing behaviors were observed. Under neutral conditions,
the swelling ratio follows the trend GA-2 < GA-
2-1 < GA-2-2 due to the increased concentration of PEG-
dialdehyde and the dominant effect of the hydrophilic
PEG chain. The increase in PEG-dialdehyde concentra-
tion from GA-2 to GA-2-2 enhanced imine and acyl
hydrazone linkages resulting in a lower swelling ratio at
both low and high pH values compared to neutral condi-
tions. At lower pH, protonated groups paired with free
ions, contributing to hydrogel shrinkage. Conversely, at
higher pH, ether bonds become polarized and form ion
pairs with free cationic ions, causing a decrease in the
degree of swelling. Due to their polar nature, hydrolyzed
acyl hydrazone and aldehyde groups interacted with free
protons, causing the hydrogel to shrink.

3.5 | Thermal behaviors of
acylhydrazone-based hydrogels

The glass transition temperature (Tg) of acyl hydrazone-
based hydrogels was given in Table 3. Two different Tg
values were observed. The first Tg belongs to PEGDMA-
1500 and PEG1500-dialdehyde polyether chains. Gelatin has
Tg around at 50 to 60�C. From GA-0 to GA-2, increasing
dynamic bonds prevent motion and increase Tg. Coherently
with tensile strengths, from GA-2 to GA-2-2, increasing the
PEG chain creates space and decreases both Tg values.

3.6 | Mechanical behavior of acyl
hydrazone based hydrogels

The mechanical test results of acyl hydrazone-based
hydrogels are shown in Table 4. Mechanical test results
of GA-0, GA-1, and GA-2 are shown in Figure 8. Pure

gelatin displays low-mechanical properties.37 ADH forms
an acyl hydrazone dynamic bond with an aldehyde, creat-
ing crosslinking sites. Therefore, the mechanical proper-
ties of the prepared hydrogels are seen to be more
advanced than pure gelatin. As the ADH content
increases, so do the crosslinking sites, resulting in higher
tensile strength. As seen in Table 4 the tensile strength
increased from 16 MPa to 36 MPa. On the other hand, the
increasing crosslink points increase molecular interaction,
while reducing elongation. In the GA-2 sample, the elon-
gation decreased to 145% due to the efficient increase in
dynamic crosslink density, despite the increasing PEG
content.

A similar effect can be observed in the self-healing ver-
sion. The tensile strength of self-healed hydrogels increased
from GA-0 to GA-1 while decreased in GA-2. Intense molec-
ular interactions prevent the re-bound of broken bonds due

TABLE 4 Acyl hydrazone-based hydrogels mechanic test results.

Samples

Original Self-healed

E-modul (N/mm2)
Tensile
strength (MPa)

Elongation
at break (%) E-modul (N/mm2)

Tensile
strength (MPa)

Elongation
at break (%)

(SHeff)*
(%)

GA-0 22 16 194 14 14 135 90

GA-1 9 27 310 6 15 200 54

GA-2 9 36 145 14 7 115 20

GA-2-1 15 15 226 23 11 227 74

GA-2-2 14 10 285 21 11 232 103

FIGURE 8 Acylhydrazone-based hydrogels stress–strain curves.

I: GA0, II: GA-1, III: GA-2. (A) Original, (B) self-healed GA-1.
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to the intensity of the polymer matrix. GA-2 has 20% self-
healing efficiency. The mechanical properties of PEG/gela-
tin-based hydrogels after the self-healing process have
shown similarities with the results reported in the literature.
Hydrogels typically exhibit nearly identical mechanical prop-
erties both before and after the healing process.38

Mechanical test results of GA-2, GA-2-1, and GA-2-2 are
shown in Figure 9. It has been reported that the long chains
of PEGDMA-1500 increased the distance between crosslink
points and decreased crosslink density in the polymer

matrix.36 Increasing the amount of PEG1500-dialdehyde
increased dynamic acyl hydrazone bonds and improved
tensile strength. When the PEG1500-dialdehyde amount
exceeded that of ADH, excess PEG1500-dialdehyde could
potentially bond with amine groups in gelatin, leading to
molecular interactions via polar interactions and H-bonds.
However, increasing PEG1500-dialdehyde did not improve
tensile stress due to long chains in the matrix, even if it
increased acyl hydrazone bonds. As expected, the elongation
increased from GA-2 to GA-2-2. In self-healed hydrogels,
broken bonds have the space to move and are easy to re-
bond due to long chains in the polymer matrix. Thus, they
exhibit higher tensile stress compared to GA-2. The elonga-
tions of both hydrogels and self-healed hydrogels improved
with increased PEG-aldehyde content. PEG can reorganize
the polymer matrix, imparting flexibility to the hydrogels.39

Hwang et al. similarly reported about poly(ethylene glycol)
(PEG)-based bioadhesives.39 In comparison to the original
and self-healed hydrogels, the tensile stress of self-healed
hydrogels slightly decreased. The notable result for GA-2-2 is
a 103% self-healed efficiency, which may be attributed to the
excess PEG1500-dialdehyde providing more opportunities
for bonding.

3.7 | Self-healing behavior of
acylhydrazone-based hydrogel

The mechanical test results of self-healed hydrogels are
given in Table 4. Both the original and self-healed sam-
ples exhibited comparable performance, demonstrating
reversible bonds improved elongation. The self-healed
hydrogel proved to be equally as effective as its original
counterpart. In Figure S6, optic microscope images illus-
trate the self-healing phases. The hydrogel was cut in half

FIGURE 9 Acylhydrazone-based hydrogels stress–strain
curves. I:GA-2, II:GA-2-1, III: GA-2-2. (A) GA-2-2 original, (B) GA-

2-2 self-healed.

FIGURE 10 Digital images of the

GA-2 hydrogels during tensile

fracture test.
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and re-connected at room temperature. The hydrogel
started to heal the crack in 4 h. Figure 10 shows photo-
graphs from the mechanical tests conducted on GA-2
after 24 h. self-healing period. As can be seen, the hydro-
gel was successfully extended to the fracture point by
self-healing.

3.8 | In-vitro studies of acylhydrazone-
based hydrogels

In Figure S7, MTT tests were conducted on hydrogels with
and without collagen. Test results for 24 h indicated that
the hydrogels were not toxic for cells. Viability increased
from 117% to 169% after collagen was applied to the sur-
face of the hydrogel. Collagen promoted cells adhesion to
the hydrogel. Additionally, optic microscope images at
10� magnification were presented in Figure S8. Compared
to the control, HEK293 cells maintained vitality on the
hydrogel surface after 24 h.

Figure S9 shows SEM images of HEK293 cells fixated
hydrogels. As can be seen, the cells are adhered and
well-spread on the hydrogel surface. They adhered effec-
tively on the collagen coated hydrogel, despite its irregu-
lar surface. Hence, it can be concluded that the hydrogel
provides a suitable support for cells attachment.

4 | CONCLUSION

In this study, a self-healing hydrogel with acyl hydrazone
bond was synthesized. PEG1500-dialdehyde served as a
distinctive source of aldehyde, ensuring both flexibility
and a dynamic reversible bond to the polymer matrix.
Additionally, PEG1500-diacrylate was synthesized to
reinforce the polymer matrix. The introduction of long
PEG chains cause the swelling ratio reached up to 1000%.
Conversely, an increase in acyl hydrazone bonds resulted
in a decrease in the swelling ratio due to the increased
crosslink points. The hydrogel exhibited pH-dependent
features according to aldehyde and acyl hydrazone
amounts. Notably, the hydrogel showed self-healing
within 4 hours at room temperature. Subsequently, after
24 hours of healing, tensile tests demonstrated that the
hydrogels repaired themselves to a degree close to
the original state. Furthermore, the viability results
obtained from MTT tests, spread, and proliferated cell
images observed under optical and SEM microscope, col-
lectively indicate that the hydrogel structure holds prom-
ise as a potential scaffold for HEK293 cells. The prepared
hydrogels can be used as wound dressing and drug deliv-
ery systems in medicine and biomedical engineering.

They can also be preferred in the field of cosmetics, food
packaging, agriculture, and water purification systems.
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