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ARTICLE INFO ABSTRACT

Keywords: Self-healing hydrogels have become attractive biomaterials due to their ability to repair their initial structure and
Hydrogel' properties in response to damage. When designing ideal self-healing hydrogels the understanding of their
Self-healing properties but also the actual healing process is required. Even though there currently are different character-
Characterization

ization methods used, the lack of standardization makes comparison of different hydrogels difficult. The chal-
lenges in standardization arise, for example, from the use of different healing methods (i.e. healing
environments) or different testing equipments used. In order to help the comparison of hydrogels, a group of
characterization methods should be chosen and the measuring parameters and results in the literature should be
presented more consistently. The characterization should include methods suitable to determine the presence of
reversible interactions and their reversibility study, to investigate the self-healability of hydrogels and to
determine the healing efficiencies of hydrogels, not forgetting time dependence and dynamics of self-healing.
More quantitative, as well as theoretical studies are recommended. In this review different general character-
ization methods, including different measuring parameters and environments, used for self-healing hydrogels are
charted, but also additional methods suitable for injectable/3D-bioprintable and conductive self-healing
hydrogels are discussed. Some challenges of each method and future aspects for self-healing hydrogels and

Reversible interaction

their characterization are also given.

1. Introduction

Hydrogels have already shown great potential in different biomed-
ical applications, for example, in drug delivery, cell therapy and tissue
engineering. Regardless of their favorable properties, such as biode-
gradability and biocompatability, conventional hydrogels, however,
may lose their original mechanical properties and the network structure
may be affected when damaged, which may further limit their lifetime.
[1] This is because they cannot self-heal and reform the broken bonds
[2]. This kind of damage caused by an external mechanical force taken
place in vivo would cause a risk of inflammation, if, for example, a burst
release of drug from hydrogel would suddenly happen [3]. Due to these
reasons, hydrogels with self-healing ability have been developed by
mimicking the self-healing ability of the human body (e.g. wound
healing) [4,5]. Self-healing hydrogels have a build-in ability to auton-
omously repair their initial properties and structure in response to
damage. They can therefore have extended lifetimes, and the reliability
and safety will be improved as they function in predetermined way.[6,7]

The self-healing in hydrogels can be initiated by an external stim-
ulus, like temperature, light or pH, or the interactions of hydrogels can
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autonomously reform. In some cases, stimulus-based hydrogels may not
be able to self-heal unlimited times due to the consumption of self-
healing agent during the healing process. [8] Autonomously self-
healed hydrogels can heal multiple times because the interactions can
reform spontaneously [4]. Reversible bonds can be either chemical co-
valent (e.g. acylhydrazone bonds, imine bonds, Diels—Alder reactions,
disulfide bonds, and boronate ester bonds) or physical non-covalent (e.g.
hydrogen bonds, hydrophopic interactions, ionic interactions, host—
guest interactions, metal-ligand coordination complexes and peptide
self-assembling) interactions [4]. The network of chemical self-healing
hydrogels is reformed through dynamic covalent bonds (higher bond
energy compared with physical hydrogels), whereas, the network of
physically self-healing hydrogels is dynamically reformed through non-
covalent interactions between polymer chains, oligomers or molecules.
In both systems, the functional groups must exist in such form that the
reformation of bonds in the damage site is possible. [1] The degree of
self-healing ability, as well as the mechanical properties and stability of
hydrogel, are determined by the number of bonds and how strong the
moieties used in the bonds are [9].

There are two steps in the mechanism of healing process in
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hydrogels, which are independent of the interaction type between the
polymer chains. In the first step, long polymer chains are interdiffused
through the damaged surface. The rate of this interdiffusion is deter-
mined by the molecules’ free chain length and the temperature. The
longer the free chain length, the stronger the interaction and deeper the
interpenetration. Further, at higher temperature, the diffusion is facili-
tated. Due to the polymer chains’ large mobility facilitated by the high
water content of hydrogels, interdiffusion is a rapid process. This “mo-
bile phase” formed around the cracks in damage site is needed for the
initiation of the healing process. In the second mechanism step, the
bonds between the polymer chains reform. [4,1]

Ideal self-healing hydrogel would autonomously, rapidly, efficiently
and repeatably respond to damage in micro- and macroscales, but would
also retain the original mechanical and rheological properties, as well as
the morphology after the healing process [7,9]. In general, the design of
self-healing hydrogels should always be done according to the applica-
tion and in addition to the properties listed above, they should also meet
other requirements, such as biocompatibility or tissue-mimicking me-
chanical properties if required by the application [7]. In order to be able
to design these ideal self-healing hydrogels, their self-healing properties
along with the general ones need to be known. When planning the
characterizations, there are at least three aspects that should be
considered. First is the timescale of healing. The healing can take sec-
onds or even days and depends on the interdiffusion’s dynamics
described earlier, as well as on the time that is needed for the sufficient
recovery of bonds. Second is the time dependence of self-healing. It has
been shown that after a long separation, most hydrogels cannot heal.
Third is the efficiency of healing. Ideally the mechanical properties
would be completely restored, but unfortunately this is not the case in
reality. [4]

1.
PRESENCE OF
REVERSIBLE

INTERACTIONS

e Spectroscopic methods:
NMR, FTIR, Raman etc.
e X-ray techniques

2.
REVERSIBILITY
OF INTERACTIONS
e Strain dependent oscillatory shear
measurements:
repeated step strain test

CHARACTERIZATION
OF SELF-HEALING
HYDROGELS
Cut / damaged Self-healed
3.
SELF-HEALABILITY
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e Gel block fusion test
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INJECTABILITY &
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There are currently multiple characterization methods that are based
either on qualitative or quantitative evaluation, and examine the self-
healing ability either in macro- or microscale (morphology and topol-
ogy). Starting from the analysis of reversible interactions using, for
example, spectroscopic and X-ray-based methods, and continuing with
the testing of reversibility of interactions with rheology-based method.
The macroscopic self-healability of hydrogels has been studied using gel
block fusion test, while smaller scale healing can be followed using
microscopic methods. The healing efficiency calculated based on the
mechanical properties of hydrogels together with time related studies
also gives information, for example, for the time dependence of the
healing process. [6,4,1,7]

Even though we already have some more or less generally used
methods, there are some limitations and points that should be consid-
ered. For example, the requirements for the sample preparation or the
data quality, as well as the high water and low solid contents, bond
strength and dynamic properties of hydrogels can add challenges to the
characterization [10]. Further, the different measuring parameters used
in same method can make the comparison of results impossible [4]. Also,
since many method is still based on qualitative evaluation, more quan-
titative methods would be needed as well as those performed in situ and
non-destructively [1]. The kinetic study should not either be forgotten
[11]. The measuring conditions can also affect to healability of the
material [9]. Overall, the comparison of different studies is difficult at
the moment, since there does not exist fully standardized methods for
the characterization of self-healing hydrogels [4].

In this review, the characterization methods of self-healing hydrogels
are divided in four main sections and two additional sections for specific
cases that are also presented in Fig. 1. Chapters 2, 3, 4 and 5 present
different methods suitable for the determination of the presence of

Fig. 1. Characterization steps (1-4) of self-healing
hydrogels. Additional steps (*) are needed for applica-
tions requiring injectability of the self-healing hydrogel
(e.g. 3D-bioprinting), or for conductive self-healing
hydrogels. Reprinted with permission from Phadke
et al. (2012) [12] Copyright ©2012 PNAS, Xiao et al.
(2019) [13] Copyright ©2019 Elsevier, Li et al. (2015)
[14] Copyright ©2015 ACS Publications, Khamrai et al.
(2019) [15] Copyright ©2019 Elsevier, Wei et al. (2015)
[16] Copyright ©2015 Wiley, Wei et al. (2016) [17]
Copyright ©2016 Scientific Reports, Zhang et al. (2017)
[18] Copyright ©2017 Royal Society of Chemistry, Yuan
et al. (2018) [19] Copyright ©2018 Elsevier, Shao et al.
(2018) [20] Copyright ©2018 ACS Publications.
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Visual inspection: gel adhered
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reversible interactions, to study the reversibility of these interactions, to
investigate the self-healability of hydrogels and to determine the healing
efficiencies of hydrogels, respectively. Last chapter also discuss about
the characterization of time dependence and dynamics of self-healing.
The example cases from the literature presented in the previous chap-
ters are also collected in Supplementary tables (Table S1-S5) with more
detailed information. In conclusion, we chart the different character-
ization methods, including different measuring parameters and envi-
ronments, used for self-healing hydrogels. We focus on the general
methods suitable for all self-healing hydrogels, but we also shortly
discuss about the additional methods suitable for injectable/3D-
bioprintable and conductive self-healing hydrogels (chapters 6 and 7,
respectively). In addition, we show some challenges of each method and
give some future aspects for self-healing hydrogels and their charac-
terization. The purpose of this article is to search a group of suitable
characterization methods (to be standardized) in order to be able to
compare the self-healability of different hydrogels more easily.

2. Determining the presence of reversible interactions in
hydrogels

The presence of reversible interactions in self-healing hydrogels can
be monitored using different analysis methods, such as spectroscopic
and X-ray-based techniques, as well as some less frequently used
methods, like thermal analysis methods, which are not presented in this
article. These methods basically show that the experimental production
of hydrogel has lead to a correct outcome and intended reversible in-
teractions have been created. However, especially in the case of more
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complex structures, one method alone may not give enough information
about the structure, and a combination of different techniques are
needed [21].

2.1. Spectroscopic methods: FTIR, NMR and Raman

The reversible chemical bonds can be analyzed using spectroscopic
methods, such as Fourier transformation infrared spectroscopy (FTIR)
[21], Nuclear magnetic resonance spectroscopy (NMR) [22] and Raman
spectroscopy [23]. The electrons and nuclei response to irradiation, so
the bonding situations and chemical structures can be obtained.
Morphological information is also possible to get, because spectroscopic
methods are non-destructive and therefore the measured sample can be
recovered after the online analysis. Spectroscopic methods can display
how chemical bonds response to environmental changes. In case of
dynamic covalent bonds, spectroscopic measurements can show the
dynamic nature of the bond by showing the transition between the
bonded states (the bonding-debonding process). The signal-
concentration correlation is also possible to generate to get informa-
tion about the extent of the reaction. Redeeming feature of these
methods is that they are quantitative. [11]

FTIR is a nondestructive, fast and sensitive method, with a simple
sample preparation [10,24]. FTIR in transmission mode can be used for
solid or thin enough samples, whereas the attenuated transmission
reflectance (ATR-FTIR) mode is better for powder, liquid and coated film
samples [10]. The specific chemical functionalities involved in chemical
bonds can be identified and followed using FTIR spectroscopy [10]. FTIR
can be used to study the presence of reversible interactions (specific

Fig. 2. Spectroscopic and X-ray-based methods used
to study self-healing hydrogels and their precursors.
(a) FTIR, XRD and !3C NMR analyses of cellulose
(CE), quaternized cellulose (QCE), and polyacrylic
acid-grafted quaternized cellulose (PAA-g-QCE)
1.5%/PVA8% samples [25], (b) FTIR and Raman
analyses of A6ACA hydrogels [12], and (c) in situ
SAXS and coherent X-ray scattering (CXS) combined
with a rheometer analyses of N-carboxyethyl
chitosan-based (CEC) hydrogels [32]. Reprinted with
permission from Wang et al. (2017) [25] Copyright
©2017 Elsevier, Phadke et al. (2012) [12] Copyright
©2012 PNAS, and Lin et al. (2019) [32] Copyright
©2019 ACS Publications.
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chemical groups) and formation of the bonds (Fig. 2 (a))
[25-28,5,29,30], but also the actual bonding-debonding process. For
example, to quantitatively study the kinetics of reversible covalent
bonds, the changing vibrational bands can be compared to those staying
constant during the process [11]. In case of supramolecular self-healing
hydrogels, FTIR can be used to study the formation of hydrogel since it
can show how the molecular scale building blocks assemble and it allows
to detect the non-covalent interactions responsible for gelation [31].
Fig. 2 (b) shows an example of FTIR-ATR (and Raman) study, where
Phadke et al. [12] studied the role of hydrogen bonding in self-healing of
acryloyl-6-aminocaproic acid (A6ACA) hydrogel by measuring the
spectra for both unhealed (high pH) and healed (low pH) samples. The
results showed an IR band typical for hydrogen-bonded terminal
carboxylic-acid group (1704 cm !). The analyses given by both spec-
troscopic measurements also indicated two types of hydrogen bonding
across the interface: carboxyl groups directly interact with the amide
groups of the opposing pendant side chain in an interleaved configura-
tion (1627 cm 1), and a smaller fraction of carboxyl groups interact with
the opposing carboxyl groups in a face-on configuration. Basically, this
analysis showed the reversibility of the healing, meaning that by
changing the pH the healing can be switched off and on. [12]

In NMR, the peak shift and intensity in the resulting spectra gives
information about the polymer composition, but also about interactions,
molecular organization, morphology sequence distributions and mo-
lecular weight. The internal mobility of the chemical component or
group can be indicated by the width of the peaks, for example, gel like
samples have broader peaks. [10] NMR requires only a small amount of
sample, the sample preparation is easy and they can be measured as
prepared [10]. The NMR samples are usually measured in liquid or so-
lution state, but investigation of solid samples like hydrogels is also
possible using solid-state NMR [11,33]. In the case of self-healing
hydrogels with reversible covalent bonds, NMR can show the revers-
ibility of the network by showing the chemical structures of debonded
and bonded states, but also can give the concentration ratios between
these states [11]. In terms of stability of these networks, the structural
properties of the components and areas that participate in the in-
teractions affecting to it, can also be provided by the NMR spectra [31].
NMR is also suitable for the characterization of the supramolecular
hydrogels formed through non-covalent bonds, for example, because the
observed nuclei’s relaxation times are relatively long [31]. If the reac-
tion kinetics is slow or a trigger is needed for the bonding-debonding
process, ex-situ NMR analysis can be used. Even though the character-
ization is done in temporal isolation from the debonding event, quencing
or trapping the reaction in debonded state can give false resonance ra-
tios due to the bonding-debonding during the cooling. Also, the
remained solvent has to be removed before redissolving in suitable
deuterated NMR solvent. For more rapid reaction, in situ NMR analysis
with no trapping needed is the only possibility. There the possible
trigger is applied to the sample in the device. [11] Specific tests, for
example, temperature- and concentration-depended studies can also be
done with NMR [31]. Additionally, self-assembly processes can be
studied using Diffusion ordered NMR spectroscopy (DOSY) that gives
not only the aggregates’ hydrodynamic dimensions (size and shape), but
also some thermodynamic parameters of the process. Two-dimensional
nuclear magnetic resonance spectroscopy (2D NMR), on the other
hand, gives more information about the molecule compared with
traditional 1D NMR. For example, 2D NOESY can be used to study
host-guest complexes, i.e. the relative positions of their building com-
ponents. [31]

Raman is a fast method, with simple sample preparation and the
samples can be measured as prepared [10,24]. Raman can used to study
the molecular interactions, giving also information about the structure
of water in hydrogels or the strength of the molecular bonds [34,10].
Fig. 2 (b) shows an example how Raman can be used together with FTIR-
ATR to study the role of hydrogen bonding in self-healing of AGACA
hydrogel. In addition to previously shown results, Raman bands at 1714
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and 1624 cm ! (weak) related to hydrogen-bonded terminal carboxylic-
acid and strongly hydrogen-bonded amide groups, respectively, sup-
ported the findings given by FTIR and suggested the pH-mediated self-
healing mechanism. [12]

2.2. Other spectroscopic methods

Ultraviolet-visible spectroscopy (UV-vis) and fluorescence spec-
troscopy are types of electromagnetic spectroscopy, because both
method work in the region of electromagnetic spectrum where the
molecules undergo electronic transitions, in absorption from ground
state to exited state, and in fluorescence vice versa. [31] UV-vis is easier
than NMR, a rapid method with broad temperature range and sensitive
to electronic transitions that are common for different functional groups,
only depending on suitable solvent. However, in case of self-healing
hydrogels, the functional group’s absorption characteristics that asso-
ciates with the bonding-debonding event have to be suitable without the
interference of other molecular electronic transitions, for example, no
aromatic “or -bond transitions occur at transitions above 320 nm.
Further, UV-vis can be used, for example, to study the in situ kinetics of
different stages of the self-healing reactions. [11] Supramolecular self-
healing hydrogels can also be characterized with UV-vis, i.e. hydro-
phobicity changes of the surroundings of a group can be seen and the
non-covalent interactions identified [31].

2.3. X-ray techniques

X-ray scattering methods are indirect and non-destructive methods
that provide information about the hydrogel sample’s chemical
composition, crystal structure and physical properties from as-prepared
samples [10,31]. X-ray and neutron scattering methods (e.g. Small-angle
X-ray scattering (SAXS), Wide-angle X-ray scattering (or powder
diffraction), Small-angle neutron scattering (SANS)) give the data in the
form of 2D scattering curves. Atomic scale wavelength of x-rays give
high resolution information from nanometer to atomic scale range. [10]
Further, scattering methods together with microscopy can give more
complete information of hydrogel structure and morphology [10]. The
sample preparation is easy and they can be measured as prepared (in situ
and ex situ) [10,24]. Another X-ray-based method, X-ray diffraction
(XRD), is also a nondestructive method that is used to characterize
crystalline materials giving information about the structure and struc-
tural parameters, like crystallinity, at the atomic or molecular level [35].
In case of self-healing hydrogels, for example, the weak intermolecular
forces, responsible for crystal stability of self-healing supramolecular
materials, can be understood better by studying the molecular crystal’s
structural motifs using X-ray techniques [31]. Additionally, Fig. 2 pre-
sents two examples of how SAXS and XRD have been used to study self-
healing hydrogels. Lin et al. [32] (Fig. 2 (c)) have used in situ SAXS and
coherent X-ray scattering (CXS) combined with a rheometer to study the
structural dynamics and gelation mechanism of self-healing N-carbox-
yethyl chitosan-based (CEC) hydrogels. They managed to show the
nucleation and growth mechanism for the gelling process for self-
healing hydrogel system for the first time. They also showed that self-
healing ability and gelation rate are influenced by the critical nucle-
ation radius (CNR) with different interactions. Also, based on the
continuous time-resolved CXS profile and rheology, the dynamic
behavior of hydrogels in mesoscale could be seen. [32] XRD (Fig. 2 (a))
on the other hand, has been used to show how the macromolecule
network structure is transforming from crystalline state to a amorphous
state when comparing diffraction peaks of gel components to diffraction
peaks of formed hydrogel [25,29,2].

3. Studying the reversibility of interactions in hydrogels

Strain dependent oscillatory shear measurements are used to study
whether the interactions verified with previous methods are truly
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reversible. This means that, we study if, after breaking at large strains,
the self-healing hydrogel can reform at small strains relatively fast. [4]
Since hydrogels are soft viscoelastic materials, their static and dynamic
viscoelastic response can be characterized using oscillatory shear tests i.
e. rheology [10]. Specific theoretical background for rheology is given
by, for example, Chen et al. [36] and Mezger et al. [37].

Basic amplitude sweep (variable amplitudes, constant frequency)
and frequency sweep (constant amplitude, variable frequencies) mea-
surements can be conducted for the hydrogel in order to determine so
called linear viscoelastic region (LVR) and hydrogels’s breaking
behavior, or to study behavior of moduli in the LVR, respectively. Time
related measurements can also be conducted and therefore rheology
permits, for example, the study of gelation behavior and kinetics. In
addition, degree of crosslinking, structural property (homogeneity/
heterogeneity) and shear-thinning can also be studied. [10,38]

Rheology can be used to study the reversibility of the interactions of
self-healing hydrogels, using so called alternate step strain (or stress)
measurements [9], also called strain-relaxation experiments [9],
repeated step strain measurements [4], continuous step-strain mea-
surements [7], or dynamic strain amplitude cyclic test [39]. Also, other
kind of rheological measurements have been used to study the revers-
ibility of the interactions, for example, modified reversible amplitude
sweep measurement [40] or modified time sweep measurement with
altered strain value [41].

Alternate step strain measurements can show how material responds
to a damage in terms of viscoelasticity. In order to monitor the revers-
ibility of the process, the sample is, in a stepwise manner, exposed to a
constant deformation at a constant angular frequency. In the linear
viscoelastic range, a small strain is applied (gel state, G’ > G”). Then, at
high strain, the G’ will be decreased indicating the structure breakdown,
i.e. the interactions will be cleaved (sol state, G’ < G”). [9,4,7] Shear-
thinning and self-healing materials are able to recover the interactions
(and G’) if the strain is returned back to the original value [4]. The time-
periods of the steps can be kept constant and same for both high and low
strain steps. Typically the time-periods are from 60 s [42] to 300 s [39],
or something in between. Alternatively, the time-periods can be
different in high and low strain step. For example, Qian et al. [28] used
longer time-period (250 s) for low strain (0.1%) and shorter time-period

d
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(50 s) for higher strain (1000 %), but it can also be other way. The step-
times can also be altered during the test while keeping the strain value
constant, for example, in the study of Xiao et al. [13] the moduli
remained constant despite prolonging the step-time from 80 s to 240 s
(at 300%), and returned to original level without any loss [13]. Different
initial and increased strain values have been used between different
studies, usually based on the breaking strain given by the amplitude
sweep measurement done prior testing [13]. Most often the initial strain
values are from 0.1% [43] to 10% [39], and increased strain values from
100% [43] to 1000% [28], or something in between. Other possibility is
to alter the high strain or stress values after each step, usually by
increasing the value. For example, Sun et al. [5] used stress values of 10
Pa (initial), 700 Pa, 1060 Pa and 2000 Pa, respectively, by keeping them
for 2 min. After each cycle the G’ returned back to the original level
indicating rapid recovery. The used stress values were chosen based on
the stress amplitude sweep measurement done earlier so that 1060 Pa
was the sample’s breaking stress. [5] In addition, the number of loading/
unloading cycles varies between different studies. For example, typically
the number of cycles is between 3 and 5 [28,5,2], but it can even be over
20 [39]. The limitation for the number of cycles is the possible drying of
the sample during the test if the cycle steps are long. One example of the
alternate step strain measurement is shown in Fig. 3 (a). In case of a
typical self-healing hydrogel, at low strain the G’ is higher than G”,
whereas near the breaking strain the G* and G” are approximately the
same, and at larger strains the G’ goes under the G”, but they return back
to the original levels again when low strain is applied. More examples
and detailed information about the measurements (e.g. parameters) can
be found from Supplementary information (Table S2).

In different studies, different measuring parameters and equipments
are used. The geometry used are either plate-plate [43] or cone-plate
[40] geometries. The size of the plates can be, for example, 50 mm
[27], 40 mm [43], 20 mm [42], or even small as 12 mm [40] or 15 mm
[17] even though the smaller plate sizes are known to be less suitable for
hydrogel type samples. Also, the gap size varies from tens of microme-
ters to around 1 mm [39,28], giving more reliable results with gap sizes
larger than 0.5 mm. The different measuring temperatures (room tem-
perature [43] or 37 C [28]) used also affect to the results.

Alternate step strain test gives quantitative information about the

Fig. 3. Studying the reversibility of interactions
using (a) amplitude sweep and alternative step strain
test for dialdehyde cellulose nanocrystals/
acylhydrazine-terminated  polyethylene  glycol
hydrogels [13], (b) modified reversible amplitude
sweep measurement for poly(ethylene glycol)-based
hydrogels crosslinked with His-metal coordination
sites-containing heterodimeric coiled coil (CC) pep-
tides [40], and (c¢) modified time sweep measure-
ment for chitosan/modified amino acid (acryloyl-
phenylalanine)/ammonium persulfate hydrogels
[41]. Reprinted with permission from Xiao et al.
(2019) [13] Copyright ©2019 Elsevier, Tunn et al.
(2019) [40] Copyright ©2019 MDPI, and Sharma
et al. (2018) [41] Copyright ©2018 Elsevier.
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self-healing properties of hydrogel, i.e the time scale of healing, recov-
ered G’ compared with original G’ and how many cycles the hydrogel
can bear [7,9]. If the moduli do not recover, material’s interactions are
not reversible. This is true (at least) in the time scale of the test, i.e.
hydrogels with reversible gel-sol response at high strain may have
reversible bonds that are needed for self-healing, but the test might not
prove that there happens interpenetration of the polymer chains through
the interface. [4]

The reversibility of the interactions can be studied also by con-
ducting a modified reversible amplitude sweep measurement. Tunn
et al. [40] measured first amplitude sweep from 0.1 to 1000 % showing
typical linear viscoelastic region and failure of the sample’s crosslinks
around 100 %. When gradually lowering the strain back to 0.1 %, the
original viscoelastic properties recovered. The cycles could be repeated
few times to show the same self-healing behavior. [40] Another alter-
native test could be a modified time sweep measurement shown by
Sharma et al. [41], where first the hydrogel deformation point was
determined based on the amplitude sweep measurement and then this
strain value (1100%) was momentarily applied to hydrogel showing first
a decrease in moduli values, but within 30 min the moduli returned back
to their original levels. [41] Examples of these both methods are shown
in Fig. 3 (b) and (c), respectively. Additionally, a simple frequency
sweep measurement can be used to measure the samples prior and after
the healing process in order to verify the self-healing property as done,
for example, by Qian et al. [28].

As Taylor et al. [9] have nicely shown, the variation between the
mechanical properties provided and the use of different measurement
parameters by different studies can make the comparison of materials
difficult. They, however, found a correlation between the self-healing
mechanism and storage modulus (G’): covalent bonding > ionic
bonding > hydrogen bonding hydrophobic bonding > supramolecular
interactions. [9]

4. Investigation of self-healability of hydrogels

Easiest way to determine if the hydrogel is self-healable, is to cut the
hydrogel in half, rejoin it and observe the possible healing process by eye
or by using microscopic methods. This kind of method, also called a gel
block fusion test, verifies the healing in a macroscopic level. How
perfectly the fusion takes place can indicate the amount of interactions
between the cut pieces, but also about the mobility of the crosslinking
network. However, gel block fusion test is only a qualitative method that
does not really give details, such as the restoration of the crosslinks,
extent of healing, or the horizontal and longitudinal width or depth of
the healing interfaces. [7]

4.1. Gel block fusion test

In a simple gel block fusion test the examined hydrogel sample is cut
in half using a razor blade or similar, followed by rejoining the pieces
back together, and observing the healing process visually. [11,9] Most
often the number of pieces is two [2], but rejoining more pieces is also
possible, for example, multiple small pieces can be joined together in a
mold [44,42], but also rejoining of lower number of pieces, such as 11
[14], 8 [16], or 4 [45,27] have been tested. The pieces can be different
shapes and joined in different ways, for example, by putting cylindrical
pieces together [27,14] or making a ring from cylindrical pieces [14].
Third option is to make hydrogel discs (same or different colors) that are
grounded into particles and mixed to self-heal and form integral
hydrogel [46,47]. Fourth option is to test the self-healing by making a
small hole in the center of the sample and follow its possible disap-
pearance over time that indicates self-healing [48,18]. In order to help
the visualization, usually the pieces are dyed in different colors, such as
rhodamine B [48,5,47], methylene blue [39,47,46], congo red [30],
methyl orange [48,46], trypan blue [49], or by using food colorants [2].
This way also the possible diffusion through the rejoined interfaces can
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be seen [5,48,47].

The environment during the healing process is also important. In
most cases, there is no intervention used during the testing and the tests
have been done at room temperature [39,48]. However, there are also
tests done under humidity (in a desiccator or similar) at certain tem-
perature (also different from room temperature) depending on the
healing method [43,47,50]. For example, Maity et al. [43] have used
moisture saturated air (at room temperature) because it is helping to
initiate the healing process, but humidity environment also helps to
minimize the water evaporation [20].

The time of the healing process is also important to know. Depending
on the healing process, the rejoining time of the pieces before visuali-
zation can be from seconds to hours or even days [14,39,42,44,19]. On
the other hand, it should be also noted that in most cases only the freshly
cut surfaces can heal and the healing ability deteriorates as the sepa-
ration time of the pieces increases. The time-dependence of the healing
process is caused by the hydrophobic rearrangement of the hydrogel
surfaces. After cutting, in order to minimise the surface energy, the
hydrophobic groups move to the surface forming a hydrophobic barrier
even though the hydrophilic groups have been initially exposed to the
air. When the surfaces are brought into contact, this barrier prevents the
interdiffusion of the polymer chains. The ratio of hydrophobic and hy-
drophilic groups as well as polymers’ segmental mobility determine the
extent and rate of this surface reorganization. Self-healing can also be
affected by the rearrangement of the reversible interactions. Therefore,
the self-healing ability will be reduced after a longer separation time
since there are only few active groups left to reform the linkages. [4]

The observation of the healing process can be done by eye and taking
digital photos (like in most of the studies) and/or by using microscopic
methods that are presented more closely in the next chapter. This way
the results are, however, only qualitative. The self-healed sample can
also be subjected to stretching [47,2,39,51] or bending tests [14] using
tweezers or by hands [45] in order to show that the cracks stay closed
and to evaluate roughly their mechanical stability [11,7]. For stronger
hydrogels, additional winding while stretching [29,42], or knotting [42]
can be made. The ability of hydrogel to support its own weight (gravity
test) is also a common test to be done after the healing process [27,39].
Some previously presented examples of gel block fusion test ar