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Abstract: This review summarizes work done on triply, or higher, interpenetrating polymer network
materials prepared in order to widen the properties of double polymer network hydrogels (DN),
doubly interpenetrating polymer networks with enhanced mechanical properties. The review will
show that introduction of a third, or fourth, polymeric component in the DNs would further enhance
the mechanical properties of the resulting materials, but may also introduce other useful functionalities,
including electrical conductivity, low-friction coefficients, and (bio)degradability.
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1. Introduction

Polymer network hydrogels comprise cross-linked hydrophilic polymers which can swell to
a very large extent in aqueous media, and, therefore, contain a high percentage of water. Thus,
hydrogels possess both solid-like and liquid-like characteristics [1], and, consequently, are very similar
to biological tissues. Their high water percentage renders hydrogels biocompatible and appropriate for
use in the biomedical and technology fields, in applications including drug delivery, tissue engineering,
soft contact lenses, water and blood retention, sensors, and actuators [2-5]. However, the high water
content also downgrades the mechanical performance of hydrogels, conferring upon them a low
Young’s modulus and brittle behavior [6], with a negative impact on their applications.

In the last two decades, several new hydrogel structures possessing improved mechanical
properties have been reported. These include the topological/slide ring (SR) gels [7], the nanocomposite
(NC) gels [8], and the double-network (DN) hydrogels [9]. The DN hydrogels consist of two
interpenetrating polymer networks, the first one being brittle, comprising densely cross-linked
polyelectrolyte chains, and the second being ductile, comprising loosely cross-linked nonionic polymer
chains [9]. These DN hydrogels exhibit outstanding mechanical properties, much better than the sum
of the mechanical properties of their two network components [10,11]. Furthermore, the preparation of
DN hydrogels is very easy, much easier than that of the SR and the NC gels. Recently, the DN concept
has been extended, leading to the preparation of triple-network (TN) hydrogels with extraordinary
mechanical performance. Moreover, due the universality of this procedure, a great variety of monomers
and cross-linkers can be employed, resulting in the preparation of TN hydrogels [12-26] with unique
physical or chemical properties. Very recently, the DN concept has been further extended by preparing
quadruple-network (QN) hydrogels [27,28] and quintuple-network (5xN) hydrogels [29,30], which
also possess enhanced mechanical properties.

The mechanical behavior and the physical and chemical properties of these multiply
interpenetrating polymer network hydrogels can be controlled by several parameters. These parameters
include the number of polymer networks, the monomer type (influencing mechanical properties mainly
through its effect on the degree of swelling) and concentration, and the cross-linking density in the
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first and in the higher networks. This review summarizes the literature work in this niche, but rapidly
growing, area, including the design, preparation, characterization, and applications of the TN, QN and
5xN hydrogels developed until today.

2. Network Structures with Improved Mechanical Properties

2.1. Double-Network (DN) Hydrogels

The preparation of double-network (DN) hydrogels was reported in 2003 by Gong, Osada and
co-workers [9]. DN hydrogels are based on two interpenetrating polymeric hydrogels with large
differences in their mechanical properties, cross-linking density, and electric charge. In particular,
the first network is brittle, consisting of a relatively highly cross-linked polyelectrolyte network
of poly(2-acrylamido-2-methylpropane sulfonic acid) (PAMPS), containing 4 mol%, relative to the
AMPS monomer, of N,N’-methylenebisacrylamide (MBA Am) cross-linker, while the second network is
ductile, based on a relatively loosely cross-linked polyacrylamide (PAAm) nonionic network, containing
0.1 mol% MBAAm cross-linker relative to the monomer. These DN hydrogels are prepared in two
steps. In the first step, the PAMPS single-network (SN) hydrogel is prepared. In the second step, this
SN hydrogel is allowed to reach swelling equilibrium in an aqueous solution of 2 M acrylamide (AAm)
monomer, also containing MBAAm cross-linker and 2-oxoglutaric acid (OXG) photoinitiator, followed
by the subsequent photopolymerization of the AAm-MBAAm solution absorbed within the PAMPS
first network, resulting in the formation of the second network and the final DN composite network.
After their preparation, the mechanical properties of the SN and the DN hydrogels are evaluated
using compression experiments. The PAMPS/PAAm DN hydrogels exhibit extraordinary mechanical
performance in comparison with the PAAm and PAMPS SN hydrogels, in particular, achieving values
of compressive fracture stress, omax, of 17.2 MPa, compressive fracture strain, emax, of 92%, and
compressive fracture energy of up to ~300 J-m2, despite their high water content (~90 wt%) [9]. Figure 1
illustrates the structure of the two different polymer networks in the DN hydrogel (Figure 1A), and
a photograph of a tough DN hydrogel containing 90 wt% water (Figure 1B).

0 1st network 2nd network 0

Figure 1. (A) Schematic representation of a double-network (DN) hydrogel prepared from the

combination of two different polymer networks. (B) Photograph of a tough DN hydrogel containing
90 wt% water. Adapted and reprinted with permission from [11]. Copyright 2014 American Association
for the Advancement of Science.

2.2. Toughening Mechanism in DN Hydrogels

2.2.1. Role of Each Network in DN Toughening

The main network component in classical DN hydrogels is the second network, as the polymer
volume fraction from that network is about 10 times that originating from the first. Inhomogeneities in
the first network are responsible for large energy dissipation in the DN via the early and irreversible
fragmentation (crack formation) of this first network into smaller network pieces (microgels), whereas
the presence of the second network, in particular, at a relatively high polymer volume fraction, prevents



Gels 2019, 5, 36 30f21

crack propagation in the overall DN, and holds together the broken pieces of the first network,
consequently ensuring DN continuity on the macroscopic level.

2.2.2. Interaction between the Two Network Components

Although it was originally proposed [9] that, unlike in typical interpenetrating polymer networks,
the two network components in DNs do not interact with each other either attractively or repulsively,
experimental evidence, subsequently compiled, indicated the contrary, and revealed attractions, both
physical and chemical [10]. Regarding the former, small-angle neutron scattering data suggested that
the two networks are (enthalpically) attracted to each other, at least more so than each network is
attracted to water. Regarding the latter, chemical bonding was identified between the two networks.
This network covalent interconnectivity was proven as crucial for securing force transmission between
the two network components, and attaining optimal mechanical properties. Interconnectivity usually
takes place automatically via unsaturations within the first network arising from singly-reacted divinyl
cross-linker molecules [31], and onto which chains of the second network are grafted. Elimination of
this interconnectivity leads to a deterioration of the mechanical properties of the DN, unless the chains
in the second network are highly entangled with those of the first network (as well as with themselves,
i.e., the other chains in the second network), afforded with the use of a very small cross-linker loading
during the preparation of the second network.

2.2.3. Toughening Mechanism in DN Hydrogels

Their complex polymeric structure and resultingly enhanced mechanical properties are the
reason why DN hydrogels do not follow the Lake-Thomas fracture model, which well describes the
fracture of common (single) polymeric hydrogels. Furthermore, the enhancement of the mechanical
properties of DN hydrogels is not described well by mechanisms relevant to the strengthening of
other polymeric materials, including viscous dissipation and bulk viscoelastic losses. Instead, a local
yielding mechanism seems to be in action, sharing common features with the fracture mechanisms
of other tough materials, including rubbers, glassy polymers, bones and metals. According to this
mechanism, a thin damaged zone is formed as a result of the cracking (breaking) of the first (brittle)
polymer network which is now converted to smaller, discontinuous fragments [10]. These fragments
are held together by the second (ductile) polymer network, thereby securing the continuity of the
complex material.

2.3. Triple-Network (TN) Hydrogels

This is the main section of the review, and it will present the developed triple-network (TN)
hydrogels. Many of these TN hydrogels comprise classical DN hydrogels plus a third polymer
network. In several cases, the aforementioned DN hydrogel is the classical PAMPS/PAAm DN hydrogel
developed by Gong, Osada and co-workers. In some other cases, the third component is not a polymer
network, but rather a linear (not cross-linked) polymer, or some other polymer architecture, such as
a polymeric microgel. This non-cross-linked polymer entity may be the first, the second, or the third
component of the TN hydrogels. Thus, the presented TN hydrogels may not necessarily comprise
three polymer networks, but just two, with the third component being physically entrapped within the
overall network structure.

In cases where TN hydrogels are not partially composed of classical DN hydrogels, and do not
bear a polyelectrolyte component, they lack Coulombic repulsions among the polymer network chains,
and lack counterions whose translational entropy would add to the osmotic pressure of the system.
This lack of repulsions and extra osmotic pressure lead to reduced equilibrium network swelling,
which would allow the introduction of only a small volume of solution of monomer necessary for
the preparation of the next polymer network or polymeric component, resulting only in a limited
enhancement of the mechanical properties. This undesired situation of low swelling can be faced
in TN hydrogels, if the second and third networks are prepared using a solution containing the
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monomer at a high concentration and the cross-linker at a very low, or even zero, concentration. In this
case, monomer polymerization during the preparation of the second and third polymer network (or
polymeric component) would result in a large loss of translational entropy, without the introduction
of many (or any at all) new cross-links, imparting upon the newly-formed polymer component and
the overall complex polymer network a relatively large swelling capacity, important for subsequent
mechanical reinforcement. This crucial concept of exploiting the polymerization-induced loss of
translational entropy to make up for absence of charge was first shown by Okay and co-workers [16]
and Creton and co-workers [17] in TN hydrogels and TN elastomers, respectively.

The mechanism of the enhancement of the mechanical properties of the TN hydrogels, and, in
general, of the multiple network hydrogels, is expected to be similar to that of the DN hydrogels.
In particular, the earlier networks, which are more strained, should fracture first and dissipate
mechanical energy, especially when they contain large heterogeneities [16], while the later networks
should hold together the fragments of the damaged networks, and delay crack propagation.
Furthermore, these later networks should increase the thickness of the damaged zone to enhance the
dissipated energy upon crack formation. This may imply a possible optimal design for multiple network
hydrogels, in which each subsequent network comprises a gradually higher monomer concentration
and a gradually lower cross-linker concentration.

Table 1 summarizes the composition and mechanical properties of the TN hydrogels reported
in the literature. The three first columns in the table contain the polymeric components of the TN
hydrogels, and, in particular, the names of the monomers (or polymers) used and their concentration,
as well as the name and the concentration of the cross-linker. The chemical structures and names of the
monomers employed in the preparation of the TN hydrogels are presented in Table 2. In some cases, the
TN hydrogels were cross-linked through physical interactions, hence these examples will be referred
to as “physically cross-linked” (PC). The following columns contain the type of mechanical testing,
whether compressive or tensile, and the mechanical properties of the SN, DN and TN hydrogels,
and, in particular, the fracture stress (0max, in MPa), the fracture strain (emax, in %), and the Young’s
modulus (E, also in MPa).
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Table 1. Summary of all prepared triple-network (TN) hydrogels and their mechanical properties, fracture stress (omax), fracture strain (¢max), and Young’s modulus
(E), in comparison with the mechanical properties of their single-network (SN) and double-network (DN) precursors.

Gel Components Mechanical Properties of SN Mechanical Properties of DN Mechanical Properties of TN Ref.

Method

Emax E Omax Emax E Omax Emax E
1st Network 2nd Network 3rd Network Omax (MPa) (%) (MPa) (MPa) (%) (MPa) (MPa) (%) (MPa)
(a) Simple Triple Networks
AMPS-1 4.80 57 2.00
AMPS-1 MBAAmM-0.1 . )
AAmM-2-MBAAmM-0.1 Compression - - - 4.60 65 0.84 [12]
MBAAmM-8 AMPS-1 9.20 70 2.10
MBAAmM-0 ) .
SAMPS-co-DMAAm (F = 0.5)-1
MBAAM-0 - - - 3.00 71 0.32
SAMPS-1 DMAAM-3 SAMPS-co-DMAAm (F = 0.5)-1 . B B ~ .
MBAAmA MBAAmM-0.1 MBAAM-2 Compression 0.26 57 0.19 2.31 65 0.65 [13]
SAMPS-co-DMAAm (F = 0.5)-1
MBAAm-4 - - - 1.36 47 0.88
Odex Teleostean CEC - - - - - - - - - - [14,15]
AAm-1.40 AAm-0.7-7.0 AAm-0.7-7.0 .
PEGDMA-4 MBAAM-0 MBAAmM 0 Compression 0.15 70 - 9.20 95 - 25.00 9 0.10 [16]
DMAAm-1 DMAAm-0.5-5.0 DMAAmM-0.5-5.0 .
PEGDMA-4-10 MBAAM-0 MBAAmM-0 Compression 0.17 47 - - - - 26.10 95 2.00
EA-5 EA-94 EA-94
BDA-1.45 BDA-0.01 BDA-0.01 1.20 - 0.60 10.00 260 0.80 16.00 220 1.50
EA-5
BDA-1.45 ‘ 0.50 - 0.80 8.00 240 1.30 22.00 260 2.20
Tension [17]
EA-5 MA-11 MA-11
0.50 - 1.50 6.50 190 2.00 29.00 190 420
BDA-2.81 BDA-0.01 BDA-0.01
EA-5
BDA-5.81 0.50 - 2.30 3.00 160 2.30 - - -
MHA DMAAmM-3 DMAAmM-3 . :
@0 g»L‘l) MBAAM-0.05 MBAAM-0.05 Compression 0.05 40 0.017 12.00 93 0.37 22.00 96 0.40 [18]

M;-x;, Ci-yi: M, X, Cj, and ; state the abbreviation of the polymer’s name, the molar concentration of monomer, the abbreviation of the cross-linker’s name, and the cross-linker loading feed in mol% with respect to the monomer,
respectively. PC: physically cross-linked.




Gels 2019, 5, 36 6 of 21
Table 1. Cont.
Gel Components Mechanical Properties of SN Mechanical Properties of DN Mechanical Properties of TN Ref.
Method Emax E Omax Emax E Omax Emax E
1st Network 2nd Network 3rd Network omaeeMPD ) (MPa)  (MPa) (%) (MP)  (MPa) (%)  (MPa)
(b) Triple Networks with a 1st Polymer Network Based on Microgels
SAMPS-1
MBAAm-4 - - - 0.15 130 0.05 246 1270 0.22 [19,20]
AAm-1-MBAAmM-4 - - - 0.41 1010 0.03 1.37 910 0.05
DMAPAA-Q-1
MBAAm—% AAm-2 AAm-4 Compression ) . B B ” N 0.94 970 015
NaSS-co-DMAEAQ MBAAm-0.01 MBAAmM-0.01
aSS-co- - B ~ ~ B B ~ [20]
(F = 0.5)-1-MBAAm-4 0.75 530 0.07
SAMPS+DMAPAA-Q
(F=05)-1 - - - - - - 0.51 410 0.07
MBAAmM-4
(c) Triple Networks with a Linear Polyelectrolyte Stent as the 2nd Polymeric Component
AAm-1.2
MBAAm-4 - - - - - - 0.83 1000 -
DMAAmM-0.7 . ) . . ) . 1.95 ) .
MBAAm-3 AMPS-1 AAm-2 ) )
Tension
DMAAmA MBAAM-0 MBAAm-0.02 .
MBAAmM-2 . i i . . i : . .
NIPAAmM-0.7
MBAAmM-2 } B B } . B 1.02 . B
AAc-1
MBAAmM-4 - - - - - 0.067 0.70 - - 1]
AMPS-0.7
AAm-1
MBAAm4 MBAAmM-0 0.031 - - - - 0.15 0.69 - -
- - - 0.82 - -
NaS5-1 Tension
MBAAmM-0 AAm-2 ) ) . 034 ) }
HEA-1
MBAAm-4 DMAPAA-Q-1 MBAAM-0.02 0.037 - 0.054 .
MBAAm-0 i i ) 0 i i
DMAEA-1
MBAAmM-0 - - - 0.47 - -
AMPS-0.6
s MBAAm-0 2 2200 ) 2
TPEG-2 x 10~ Tension - - - 0.20 600 -
X AMPS-1.0

MBAAmM-0
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Table 1. Cont.

Gel Components Mechanical Properties of SN Mechanical Properties of DN Mechanical Properties of TN Ref.
Method Emax E Omax Emax E Omax Emax E
1st Network 2nd Network 3rd Network oma MPD o) (MPa)  (MPa) (%) (MP)  (MPa) (%)  (MPa)

(d) Triple Networks with a Mold Used in the 1st Polymeric Component

AMPS-1

PVA-PC MBAAmM-4 AAmM-2-MBAAmM-0 Tension - - - 0.30 300 - 0.80 900 - [23]
(e) Triple Networks Containing an Electrically Conducting Polymer as the 3rd Component
EDOT (0.48 M)-PNaSS (0.10 M) PC 1.00 68 -
EDOT-PNaSS (No. 2) PC 0.60 61 - 1.10 70 -
AAc-15 AAc-6 .
EDOT-PNaSS (No. 3) PC X - 1.30 72 - 24
MBA A6 MBAAM0.1 ( ) Tension 0.10 37 [24]
EDOT-PNaSS (No. 4) PC 1.60 73 -
0.60 61 -
EDOT-NaSS (No. 5) PC 1.80 78 -
_ _ EDOT (No. 1) 1.38 154 0.33
AMPS1 AAm-2 Tension - - - 119 134 037 [25]
MBAAmM-4 MBAAmM-0.1 EDOT (No. 2) 2.07 235 0.56
DMAAm-1.5 0.39 45 0.71 1.27 45 3.48
NaSS-1 MBAAmM-0 )
PEDOT Compression - - - [26]
MBAAm-10 DMAAm-2.0 1.08 81 0.95 1.98 76 297
MBAAmM-0 ’ ’ : ’
Tension 0.48 340 0.40 0.60 240 0.11
PEGMA-0.18 AAc2.78 EDOT (0.46 M) + NaPSS (048 M) PC ————————— - - - 27]

MBAAmM-4 MBAAmM-0.1 Compression 8.50 81 - 11.60 78 -
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Table 2. Chemical structures and names of monomers and polymers employed in the preparation of

the triple-network (TN) hydrogels.

Chemical Structure Name
(6]
\)I\OH AAc, Acrylic acid
(6}

\)J\.\u-l2

AAm, Acrylamide

9 9
S<
\)LN/{\/H OH
H

o

AMPS, 2-Acrylamido-2-methylpropane sulfonic acid

oH
o
(6} O
1O om
NHf| 1o T,
NH

HO,C

CEC, N-Carboxyethyl chitosan

0]
Vj\\l/
1

DMAAm, N,N-Dimethylacrylamide

0]

|
s A g~ er

DMAEA-Q, 2-(Trimethylamino)ethyl acrylate,
chloride quaternary salt

DMAPAA-Q,
3-(Acrylamidopropyl)trimethylammonium chloride

EDOT, 3 4-Ethylenedioxythiophene

EA, Ethyl acrylate

MHA, Methacrylated hyaluronan

HEA, 2-Hydroxyethyl acrylate

MA, Methyl acrylate

NaSS, Sodium 4-styrenesulfonate

NIPAAm, N-Isopropylacrylamide

SAMPS, 2-Acrylamido-2-methyl-propane sulfonic
acid sodium salt

ODEX, Partially oxidized dextran

PEGMA, Poly(ethylene glycol) methyl ether
methacrylate

PVA, Poly(vinyl alcohol)
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2.3.1. Simple TN Hydrogels

In 2005, the research group of Gong [12] reported the synthesis of two new materials with enhanced
mechanical properties and low frictional coefficients, prepared by introducing a third component in the
already developed PAMPS/PAAmM DN hydrogels [9], either a loosely cross-linked PAMPS network to
prepare a triple-network (TN) hydrogel, or a linear PAMPS chain to prepare a TN hydrogel, denoted as
DN-L. Thus, the TN hydrogels consisted of a highly cross-linked PAMPS network as the first network,
a loosely cross-linked PAAm network as the second network, and a loosely cross-linked PAMPS
polymer network or non-cross-linked PAMPS linear polymer chains as the third component. The
thus-prepared DN, TN and DN-L hydrogels were characterized in terms of their mechanical properties
using compression experiments which indicated a substantial increase in the Young’s modulus values
of the TN and DN-L (~2 MPa), a slight increase in the fracture stress value of the TN (4.8 MPa), and
a two-fold increase in the fracture stress of the DN-L hydrogel (9.2 MPa) in comparison with the DN
hydrogel (0max = 4.6 MPa, E = 0.84 MPa), despite their identical water content. These increases in the
Young’s moduli were attributed to the presence of the third polymer network, PAMPS, and not in the
presence or absence of the MBAAm cross-linker. The enhancement of the fracture stress value of the
DN-L hydrogel was attributed to the absence of the MBA Am cross-linker in the third network, leading
to a linear PAMPS chain that can dissipate fracture energy more efficiently than its loosely cross-linked
network counterpart. Finally, the DN-L hydrogel exhibited an ultra-low frictional coefficient (~10°)
against a glass substrate, which, together with its high mechanical toughness, renders this hydrogel an
important candidate as material for artificial articular cartilage.

Three years later, the same research group [13] prepared TN hydrogels with increased mechanical
toughness that were also investigated in terms of their ability to promote cell spreading and proliferation
using three kinds of cells, bovine fetal aorta endothelial cells (BFAECs), human umbilical vein endothelial
cells (HUVECs), and rabbit synovial tissue-derived fibroblast cells (RSTFCs). The first network consisted
of a densely cross-linked 2-poly(acrylamido-2-methyl-propane sulfonic acid sodium salt) (PSAMPS)
network, the second network consisted of a loosely cross-linked poly(N,N-dimethylacrylamide)
(PDMAAm) network, and the third network consisted of an equimolar random copolymer of DMAAmM
and SAMPS, randomly cross-linked with 0, 2, and 4 mol% of MBAAm cross-linker. The resulting
SN, DN, and TN hydrogels were then characterized in terms of their mechanical performance using
compression experiments. The TN hydrogels exhibited improved mechanical properties in comparison
with their SN counterparts, and, in particular, had fracture stress values of 1-3 MPa, fracture strain
values of 47-71%, and Young’s modulus values of 0.32-0.88 MPa. Increasing the MBAAm cross-linker
loading in the third polymer network resulted in increased Young’s modulus values and decreased
values of fracture stress and fracture strain. Finally, the TN hydrogels were evaluated in terms of their
ability to serve as a matrix for cell spreading and proliferation, as the presence of the ionic component
SAMPS on the surface of the gel is known to promote cell adhesion and proliferation. It was found that
cell proliferation was only observed in the cases of the TN hydrogels containing MBAAm cross-linker
in the third polymer network, as the TN hydrogel consisting of linear polymer chains as the third
polymeric component did not exhibit cell proliferation, because the linear polymer chains do not
facilitate cell spreading due to their increased mobility.

In 2011, Zhang et al. [14,15] reported the preparation of injectable triply interpenetrating network
hydrogels [14] and monodispersed spherical microgels with a triply interpenetrating structure [15], both
containing three different natural components: partially oxidized dextran (Odex) prepared by oxidation
of dextran using sodium periodate (NalOy4), N-carboxyethyl chitosan (CEC) synthesized from the
reaction of chitosan and acrylic acid (AAc), and Teleostean. The aqueous solutions of the three natural
components at varying polymer concentrations were mixed together in an aqueous buffer solution of
pH 7.4 in the order: first Odex, then Teleostean, and finally CEC at a constant Odex:Teleostean:CEC ratio
of 2:1:1in order to form the triply interpenetrating hydrogels. Figure 2 illustrates the chemical structures
of the three components employed in the preparation of these hydrogels. CEC is an amphoteric
natural polymer as it contains both -NH; and -CO,H groups, Teleostean contains -NH, groups, and
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Odex contains -CHO groups. Thus, Odex acts as a macromolecular cross-linker both for CEC and
Teleostean through imine (Schiff base) bond formation. Hence, the triply interpenetrating hydrogels
are cross-linked through both covalent Schiff base bonds and ionic interactions between the amine and
the carboxylic acid groups. After their preparation, these hydrogels were evaluated in terms of their
mechanical properties using burst strength testing. The triple hydrogels exhibited higher mechanical
performance than their doubly interpenetrating hydrogel counterparts. Furthermore, increasing the
concentration of the constituents led to increased mechanical performance of the final hydrogels, as
increasing the number of the -NH;, -CO,H, and -CHO groups resulted in higher cross-linking densities.

HoN - HoN
KO; 4 ICO o OH9—O\ ] OH?—O \ \
) < - NNANANANANNNANNNNANNANANNS
g o t*—‘;\J{,\ / “\H, NH
OHOH HO NHz' ° HO NH ° H,N NH, 2
Oxidized dextran(Odex) N-carboxyethyl chitosan (CEC) teleostean
COOr
Schiff base )
—N »
\
C_

Olag/CEC/telestean hydrogels

:CEC

__/\/\ : Odex

VWY teleostean

intermolecular bonds

Figure 2. Structure of the three polymeric components used to prepare the triple-network (TN)
hydrogels. Adapted and reprinted with permission from [14]. Copyright 2011 Elsevier.

In 2014, Okay and co-workers [16] developed nonionic TN hydrogels based on the hydrophilic
AAm or DMAAmM monomers and the poly(ethylene glycol) dimethacrylate (PEGDMA) cross-linker,
prepared using redox-initiated polymerization, with ammonium persulfate (APS) serving as the
initiator and N,N,N’,N’-tetramethylethylenediamine (TEMED) as the polymerization accelerator.
The PAAmM/PAAmM/PAAm TN hydrogels consisted of an inhomogeneous, highly cross-linked first
polymer network of AAm, with a PEGDMA cross-linker loading up to 4 mol% with respect to monomer,
and linear, uncross-linked PAAm chains as the second and third TN components. Similarly to the
PAAm-based TN hydrogels, the PDMAAmM/PDMAAmM/PDMAAmM TN hydrogels also consisted of
an inhomogeneous highly cross-linked first polymer network of DMAAm, but with a PEGDMA
cross-linker loading ranging between 4-10 mol% with respect to monomer, and linear PDMAAm chains
as the second and third TN components. In contrast to the AAm or DMAAmM concentration in the first
network, which was constant, the AAm or DMAAm concentration in the second and third polymer
networks acquired values between 0.7 and 7 M or 0.5 and 5 M, respectively, so as to obtain DN and
TN hydrogels with varying molar ratios of the second to the first network units, 751, and second and
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third to the first network units, 1351, respectively, thereby leading to the preparation of a large number
of DN and TN hydrogels. All the hydrogels were evaluated in terms of their mechanical behavior
using compression experiments. Figure 3 presents typical stress—strain curves for particular DN and
TN hydrogels as the dependence of the nominal fracture stress (onom, solid curves) and true fracture
stress (Oyue, dashed curves, oirye = A X Opom) On the deformation ratio, A. Both the PAAm-based and
PDMA Am-based TN hydrogels exhibited excellent mechanical properties, with fracture stress values of
25 and 26 MPa, respectively, fracture strain values of 99% and 95%, respectively, and Young’s modulus
values of up to 2 MPa. Increasing the molar ratio of the repeating units in the higher networks to the
repeating units in the first network, ny; and n3y/1, resulted in a greater enhancement of the mechanical
properties of the DN and TN hydrogels, respectively. Finally, cyclic compressive tests on a particular
TN hydrogel revealed the presence of hysteresis in the first cycle due to permanent internal fractures
taking place in the first network, and a nearly elastic behavior in the subsequent cycles due to the
presence of the ductile PAAm or PDMAAm components that prevented the sample from failure.

G,/ MPa ,.. | MPa Gy | MPa G,/ MPa oo | MPa
- 06 \ 6.1 MPa i
i 9.2 MPa (a) : (b)] - i\\ (©) 11s
Eons ] Jos 1\ i
AN . 1% 2F ¥193 MPa -

6!V - 04 - \ 1
:! 5.7W\Pa 1 ] 15 — 7]
r \\ } 7 0.4 [ ]

4 \\ 1 1 10 |- i
" N —02 ] F >

, % ] Jo2 F ]
- N E 5 ]

\\ N \\\ : 2 <
\_ ~ ~
0 Ll T 0.0 00 0
0.0 0.2 0.4 0.6 0.6 0.0
A A A

Figure 3. Typical compressive stress—strain curves for the hydrogels, plotting both the nominal
(solid curves) and true (dashed curves) stress against the deformation ratio, A. Red circles are
taken as the points of failure in the gel samples. (a) PAAm/PAAm double-network (DN) hydrogel
formed at 4 mol% PEGDMA. ny; = 3.6. (b) PAAm/PAAmM/PAAm triple-network (TN) hydrogel
formed at 4 mol% PEGDMA. ny; = 2.6, n3p1 = 17. (c) PDMAAmM/PDMAAmM/PDMAAm TN hydrogel
prepared using 10 mol% PEGDMA. ny; = 4.0, n3y; = 33. PAAm: polyacrylamide; PDMAAm:
poly(N,N-dimethylacrylamide). Adapted and reprinted with permission from [16]. Copyright 2014
American Chemical Society.

At about the same time as Okay et al. [16], Creton et al. [17] prepared TN elastomers (as opposed
to TN hydrogels) comprising the hydrophobic (water-insoluble) monomers ethyl acrylate (EA, always
making up the first network, and, in some cases, the second and third networks too) and / or methyl
acrylate (MA, mostly making up the second and third networks), and the hydrophobic cross-linker
butanediol diacrylate (BDA). The concentration of EA monomer in the first network was always
constant and equal to 5 M, while the concentration of BDA cross-linker in the first network acquired
values of 1.45 (denoted with 0.5), 2.81 (denoted with 1), and 5.81 mol% (denoted with 2) with respect to
monomer. In the higher networks, the concentration of EA and MA was 9.4 and 11 M, respectively,
while the concentration of the BDA cross-linker was very low, and, in particular, 0.01 mol% relative to
monomer. The prepared TN elastomers were subsequently evaluated in terms of their mechanical
performance using tensile measurements, which revealed the superiority of these materials relative to
their DN elastomer precursors. In particular, the fracture stress of the TN elastomers was found to be
up to 29 MPa, four times higher than that of the DN elastomers, and the Young’s modulus was 4.2 MPa,
three times higher than that of the DN elastomers. Figure 4 presents the true stress—stretch curves for
the EA1SN, EA{MA DN, EA{MAMA TN, and the PMA second network alone at 60 °C (45 °C above
the Tg of PMA), while Figure 4b presents the effect of cross-linker concentration in the EA first network
on the EA\MA DN elastomers. Increasing the network’s multiplicity resulted in increased values of
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fracture stress, while decreasing the BDA cross-linker loading in the first network led to increased
values of both fracture stress and fracture strain of the DN elastomers. Similar to the DN hydrogels, the
origin of the toughening mechanism in the TN elastomer toughening was apparently due to prevention
of crack formation and propagation in the first network by the higher (second and third) networks,
in combination with the stiffening of the first network as limited by the fracture of its covalent bonds.
Covalent bond fracturing in the first network was followed optically through the light emitted by
a chemiluminescent cross-linker incorporated in the first network. Indeed, the cumulative mechanical

hysteresis in the system was found to be directly proportional to the total chemiluminescence intensity,
as shown in Figure 5.
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Figure 4. Mechanical behavior of the single network (SN), double-network (DN) and triple-network
(TN) elastomers. (a) True stress—stretch curves for the EA;, EA{MA, EA;MAMA and PMA second
network alone at 60 °C. (b) Effect of the cross-linker loading in the EA first network on the EA\MA DN
elastomers. EA: ethyl acrylate; MA: methyl acrylate. Adapted and reprinted with permission from [17].
Copyright 2014 American Association for the Advancement of Science.

2500

Figure 5. Mapping of location where bonds break during crack propagation. (Left) Intensity-colored
images of propagating cracks on notched samples containing a chemiluminescence cross-linker
in the first network, showing light emission due to breaking of bonds in the single-network
(SN), double-network (DN), and triple-network (TN) samples. (Right) Schematic of the sacrificial
bond-breaking mechanism in front of the crack tip for the DN and TN; the first network is represented
inblue, and the second and third networks are in red. Adapted and reprinted with permission from [17].
Copyright 2014 American Association for the Advancement of Science.

In 2015, the research group of Okay [18] prepared DN and TN hydrogels based on methacrylated
hyaluronan (MHA) macromonomer, DMAAmM monomer, and MBA Am cross-linker, using sequential
free radical photopolymerizations. In particular, these TN hydrogels consisted of poly(methacrylated
hyaluronan) (PMHA) as the first network, and two loosely cross-linked polymer networks of PDMAAmM
as the second and third networks. A great variety of SN, DN, and TN hydrogels were prepared,
afforded by the variation of the methacrylation degree in hyaluronan from 4% to 25%, the concentration
of DMAAmM monomer in the second network from 1 to 5 M and in the third network from 1 to 3 M,
and the ratio of the MBAAm cross-linker to the DMAAmM monomer in the second and third networks
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from 0.00-0.45 mol%. After their preparation and equilibrium swelling in water, all the prepared
hydrogels were characterized in terms of their mechanical properties using compression experiments.
The optimum methacrylation degree in MHA and the optimum ratio of MBAAm cross-linker to
DMAAm monomer were found to be equal to 4% and 0.05 mol%, respectively. Similarly to the
previous works by Okay and co-workers [26], the key factor for obtaining tough hydrogels was the
molar ratio of the repeating units in the higher networks to the repeating units in the first network.
Thus, increasing this ratio led to a greater enhancement of the mechanical properties. The toughest
DN hydrogel presented a fracture stress value of 12 MPa, a fracture strain of 93%, and a Young’s
modulus of 0.37 MPa. In the case of the TN hydrogels, the best-performing hydrogel exhibited
a fracture stress of 22 MPa, a fracture strain of 95%, and a Young’s modulus of 0.4 MPa. Finally, the
cyclic compressive test on a particular TN hydrogel indicated the same behavior as the behavior of
a particular PAAmM/PAAmM/PAAm TN hydrogel, that exhibited hysteresis in the first cycle and an elastic
behavior in the subsequent cycles.

2.3.2. TN Hydrogels with Microgels as the First Component

In 2011, the research group of Gong [19,20] reported the preparation of TN hydrogels consisting
of microgels as the first component, and loosely cross-linked PAAm networks as the second and third
components. Five different monomers were employed in the preparation of the microgels. These
were AAm, SAMPS, sodium 4-styrenesulfonate (NaSS), 2-(trimethylamino)ethyl acrylate, chloride
quaternary salt (DMAEA-Q), and 3-(acrylamidopropyl)-trimethylammonium chloride (DMAPAA-Q).
For each monomer, a different microgel was prepared, and, from that, the corresponding DN and TN
hydrogels were formed. The preparation of the five different TN hydrogels was accomplished through
three steps. Figure 6 illustrates the synthetic route for the preparation of the PSAMPS/PAAmM/PAAm
TN hydrogels. After their preparation, the microgel precursors were allowed to reach swelling
equilibrium in an aqueous solution of AAm, containing MBAAm and OXG photoinitiator, and after
their photopolymerization, they were again allowed to reach swelling equilibrium in an aqueous
solution of AAm, MBAAm, and OXG, and photopolymerized in order to obtain the final TN hydrogels.
The evaluation of the TN hydrogels in terms of their mechanical properties using tensile measurements
indicated values of fracture stress, fracture strain, and Young’s modulus for the PSAMPS/PAAmM/PAAm
TN hydrogels similar to those of the conventional PAMPS/PAAm DN hydrogels. In the next report [20],
these authors investigated the dependence of the mechanical properties of the PSAMPS/PAAmM/PAAm
TN hydrogels on several parameters, such as the concentration of the microgel, the concentration of
sodium chloride in the second network, the concentration of AAm in the second and third networks,
and the concentration of MBAAm in the second network. Increasing the concentration of the microgel
or the concentration of AAm in the second and third networks and, therefore, the molar ratio of PAAm
to PSAMPS, resulted in great improvement in the mechanical properties of the final TN hydrogels.

2.3.3. TN Hydrogels Containing a Linear Polyelectrolyte Stent as the Second Component

In 2012, the same research group [21] proposed a new method for the toughening of nonionic DN
hydrogels by introducing the molecular stent approach. This approach was based on the introduction
of a linear polyelectrolyte, PAMPS, between the first and the second polymer networks consisting of
nonionic components, in order to induce a higher osmotic pressure, and, consequently a higher degree of
swelling in the first network, which would ultimately lead to enhanced mechanical properties. Figure 7
presents the synthetic route followed for the preparation of TN hydrogels based on the molecular stent
approach. In order to investigate the universality of this method, several monomers were used in the
preparation of the first network, including AAc, AAm, DMAAm, N-isopropylacrylamide (NIPAAm),
and 2-hydroxyethyl acrylate (HEA), whereas the third network was common for all hydrogels and
consisted of loosely cross-linked PAAm polymer chains. The corresponding DN hydrogels without the
presence of a PAMPS chain as the second component/stent were also prepared, in order to compare the
mechanical properties of the two series of hydrogels. Characterization of all the prepared hydrogels
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revealed a significant improvement of the tensile mechanical properties of the stent-based TN hydrogels
in comparison with the corresponding DN hydrogels lacking the linear PAMPS stent. Furthermore,
the tensile mechanical properties of the prepared stent-based TN hydrogels were very similar, and in
some cases better, than those of the conventional PAMPS/PAAm DN hydrogels.
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Dried PNaAMPS microgels

PNaAMPS/PAAm? PNaAMPS/PAAm |Desalination
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Microgel-reinforced gels Microgel-reinforced gels
with double PAAm network with single PAAm network
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Figure 6. Preparation route followed for the synthesis of the PAMPS/PAAm/PAAm triple-network
(TN) hydrogels. PAMPS: poly(2-acrylamido-2-methylpropane sulfonic acid); PAAm: polyacrylamide.
Adapted and reprinted with permission from [20]. Copyright 2012 American Chemical Society.
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Figure 7. Schematic representation of the preparation of the triple-network (TN) hydrogels
containing a polyelectrolyte molecular stent as the second component. After its preparation, the
first nonionic polymer network was immersed in the ionic 2-acrylamido-2-methylpropane sulfonic
acid (AMPS) monomer solution, and, after its equilibrium swelling, the resulting composite system
was photopolymerized in order to obtain the double-network (DN) hydrogel. Then, the DN hydrogel
was immersed in an aqueous solution of the second acrylamide (AAm) monomer, and this system
was photopolymerized in order to obtain the TN hydrogel. Adapted and reprinted with permission
from [21]. Copyright 2012 John Wiley & Sons, Inc.

One year later, again Gong’s research group [22] developed TN hydrogels consisting of
a well-defined first polymer network, a linear PAMPS molecular stent chain as the second component,
and a loosely cross-linked nonionic PAAm network as the third network, as shown in Figure 8. The first
polymer network was obtained from the reaction of a tetra-amine-terminated four-arm poly(ethylene
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glycol) (TAPEG) star polymer with an activated tetra-ester-terminated four-arm poly(ethylene glycol)
(TNPEG) star polymer. In order to induce a higher osmotic pressure, and, consequently, a higher
degree of swelling in the first network which was well-defined, the first network was immersed in
an AMPS monomer solution and was UV-irradiated to obtain a DN hydrogel. This DN hydrogel
was subsequently immersed in an AAm monomer/MBAAm cross-linker solution, and was also
UV-irradiated to prepare the final TN hydrogel. Furthermore, the corresponding PAMPS/PAAm and
TPEG/PAAm DN hydrogels were also prepared, in order to perform the comparison between the
three types of hydrogels. Characterization of the obtained hydrogels in terms of their mechanical
behavior using tensile experiments indicated the superior mechanical properties of the TN hydrogels in
comparison with the TPEG/PAAm DN hydrogels without the stent, and the conventional PAMPS/PAAm

DN hydrogels.

Tetra-PEG gel

Introduction of
Molecular Stent

Highly swollen in
2" precursor solution

St-TPEG/PAAm DN gel

Figure 8. Schematic representation of the procedure followed for the preparation of the
triple-network (TN) hydrogels based on a well-defined four-arm poly(ethylene glycol) star
(tetraPEG) gel first polymer network. After its preparation, the first network was immersed in
the ionic 2-acrylamido-2-methylpropane sulfonic acid (AMPS) monomer solution, and after its
photopolymerization, the resulting double-network (DN) hydrogel was immersed in an aqueous
acrylamide (AAm)/N,N’-methylenebisacrylamide (MBA Am) solution and photopolymerized to prepare
the final TN hydrogel. Adapted and reprinted with permission from [22]. Copyright 2013 ACS
Publications American Chemical Society.

2.3.4. TN Hydrogels Prepared Using a Mold

In 2010, the same research group [23] reported the fabrication of TN hydrogels consisting of linear
poly(vinyl alcohol) (PVA) as the first component, a highly cross-linked PAMPS second component, and
a loosely cross-linked PAAm third network. For comparison, PVA/PAMPS DN and PVA/PAAm DN
hydrogels were also prepared. The PVA/PAMPS/PAAm TN hydrogels possessed increased flexibility
owing to the highly flexible PVA which acted as an internal mold, and toughness due to the presence
of the PAMPS/PAAm DN structure. Figure 9 presents photographs for the PVA/PAMPS/PAAm
TN hydrogels which could possess various shapes. Subsequently, the mechanical properties of the
prepared PVA/PAMPS DN and PVA/PAAm DN and TN hydrogels were evaluated using tensile
measurements. The TN hydrogels exhibited improved mechanical properties in comparison with their
DN counterparts, and this was attributed to the presence of the PAMPS/PAAm DN structure.
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Figure 9. Pictures for the PVA/PAMPS/PAAm triple-network (TN) hydrogels with the shape of
a (a) bird, (b) fish, and (c¢) Chinese knot. Scale bars: 1 cm. PVA: poly(vinyl alcohol); PAMPS:
poly(2-acrylamido-2-methylpropane sulfonic acid); PAAm: polyacrylamide. Adapted and reprinted

with permission from [23]. Copyright 2010 Royal Society of Chemistry.

2.3.5. TN Hydrogels Containing an Electrically Conducting Polymer as the Third Component

In 2009, the research group of Lu [24] were the first to report the preparation of electrically
conducting TN hydrogels with good mechanical performance, prepared using the conducting
poly(3,4-ethylenedioxythiophene) (PEDOT) as the third component, together with poly(sodium
4-styrenesulfonate) (PNaSS, molecular weight = 70 kg:mol~!). In particular, these TN hydrogels
consisted of a highly cross-linked PAAc as the first network, a loosely cross-linked PAAc as the second
network, and a PEDOT-PNaSS homopolymer mixture as the third component. The polymerization of
the 3,4-ethylenedioxythiophene (EDOT) monomer was accomplished through chemical oxidation and
was initiated using iron (III) nitrate nonahydrate [Fe(NO3)3-9H,0], while the iron (III) cation (Fe3*)
also acted as a physical cross-linker for the sodium 4-styrenesulfonate (NaSS) monomer repeating units
through ionic interactions, leading to the formation of a physically cross-linked polymer network. In
total, five different TN hydrogels were prepared, differing in their PEDOT content with respect to their
dry mass, ranging between 8.0 and 18.4 wt.%, while PAAc SN and PAAc/PAAc DN hydrogels were also
prepared. The characterization of the conducting TN and their PAAc SN and PAAc/PAAc DN hydrogel
precursors in terms of their mechanical performance using both compression and tension experiments
indicated higher values of fracture stress and fracture strain for the TN hydrogels in comparison with
their SN and DN hydrogel precursors. In addition, the mechanical properties of these TN hydrogels
were found to increase upon increasing the PEDOT content, with the TN hydrogel with the highest
PEDOT content of 18.4 wt.%, exhibiting a compressive fracture stress of 1.8 MPa and a compressive
fracture strain of 78%. Finally, the TN hydrogels exhibited high values of electrical conductivity, up to
1073 S cm™!, and this value was found to increase when increasing the PEDOT content.

In a later report, Kishi et al. [25] prepared electrically conducting TN hydrogels with satisfactory
mechanical properties by introducing a third polymer consisting of PEDOT to the conventional
PAMPS/PAAm DN hydrogels. The DN hydrogels were prepared according to Gong’s procedure [19],
while the TN hydrogels were prepared in the same manner as previously [24] but using iron (III)
p-toluenesulfonate hexahydrate [Fe(Ill) p-TS-6H,O] as the initiator for the polymerization of the EDOT
monomer. Two TN hydrogels with different PEDOT amounts were obtained, and this amount was
dependent on the duration of the polymerization of the EDOT monomer. The mechanical properties of
the prepared DN and TN hydrogels were evaluated using tensile measurements. The values of fracture
stress, fracture strain, and Young’s modulus of the TN hydrogels were higher than the corresponding
values of the DN hydrogels. Furthermore, these values were found to improve when the PEDOT
amount in the TN hydrogels increased. This increase was attributed to the hydrophobic nature of
the EDOT monomer repeating units and the rigid main chain of PEDOT. These TN hydrogels also
exhibited electrical conductivity with similar values as in the previous report, in the order of 1073 S
cm~!, which increased with increasing the PEDOT content.

Two years later, the same research team [26] prepared electrically conducting and mechanically
robust TN hydrogels based on poly(styrene sulphonic acid) (PSS), PDMAAm, and PEDOT. In particular,
the first network consisted of a highly cross-linked PSS network, the second network contained a loosely
cross-linked PDMAAmM network, and the third network comprised a PEDOT chain. The TN hydrogels
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were prepared according to the above-mentioned procedure, using Fe(III) p-TS-6H,O as the initiator
for the polymerization of the EDOT monomer, while the corresponding PSS/DMAAm DN hydrogels
were also prepared. Two different DN hydrogels, and, consequently, two different TN hydrogels were
obtained, by varying the DMAAm monomer concentration in the second network from 1.5 to 2.0 M,
resulting in PEDOT content values in the TN hydrogels equal to 19.4 and 20.3 wt.%, respectively. The
characterization of the DN and TN hydrogels in terms of their mechanical properties using compression
measurements showed a significant enhancement in fracture stress and Young’s modulus of the TN
hydrogels in comparison with their DN hydrogel counterparts, whereas the fracture strain was slightly
reduced or remained constant. Furthermore, the values of fracture stress and Young’s modulus of the
TN hydrogels were found to increase upon increasing the PEDOT content. Finally, these TN hydrogels
exhibited very high values of electrical conductivity, ~1 S cm™, much higher than those in the previous
reports, indicating their great potential for applications as actuators and sensors.

2.4. Quadruple-Network (QN) Hydrogels

In 2012, Naficy and co-workers [27] developed electrically conductive, mechanically robust, and
pH sensitive TN and QN hydrogels consisting of poly[poly(ethylene glycol methyl ether methacrylate]
(PPEGMA), PAAc, and PEDOT-PNaSS (PNaSS: molecular weight = 70 kg-mol‘l). The first network
consisted of a highly cross-linked PPEGMA network, the second network consisted of a loosely
cross-linked PAAc network, and the third network consisted of PEDOT-PNaSS physically cross-linked
with Fe*. The preparation of the DN and TN hydrogels was accomplished in two or three steps,
respectively, while, after the preparation of the TN hydrogels, these were again immersed in the
aqueous dispersion containing EDOT monomer and PNaSS and polymerized after reaching swelling
equilibrium, which resulted in the formation of the quadruple-network (QN) hydrogels. All the
prepared hydrogels were characterized in terms of their mechanical performance using compression
and tension measurements. Increasing the amount of the incorporated PEDOT led to a significant
increase in the values of both the compressive and tensile fracture stress, whereas the values of
compressive fracture strain remained almost constant or were slightly decreased. However, increasing
this amount resulted in a significant decrease in the values of the tensile fracture strain. Furthermore,
these mechanical properties were found to exhibit a great dependence on pH. Increasing the pH
from 3 to 5 led to a great reduction in the values of fracture stress and fracture strain, due to the
deprotonation of the carboxylic acid in the AAc monomer repeating units, leading to electrostatic
repulsion between them which resulted in higher values of degrees of swelling, and, consequently,
poorer mechanical properties. Finally, these QN hydrogels exhibited increased values of electrical
conductivity, particularly 4.3 S-cm™~!, which is the highest reported value among these papers, making
these materials potential candidates in soft strain sensors.

In 2016, Shams Es-haghi and Weiss [28] reported the preparation and characterization of nonionic
ON hydrogels. These hydrogels were based on AAm monomer and MBAAm cross-linker, while all
four PAAm networks were prepared using a relatively high monomer concentration, 4 M, and a very
low MBAAm cross-linker concentration (0.01 mol% relative to the monomer), in order to achieve
high extensibility and allow for tensile measurements. The thus-prepared SN, DN, TN, and QN
hydrogels were characterized in terms of their mechanical properties using both compression and
tensile measurements. The tensile measurements indicated high stretch ratios at break for all network
multiplicities, but with the SN and DN hydrogels displaying higher stretch ratios at break (1020%
and 820%, respectively) as compared to those presented by the TN and QN hydrogels (around 780%).
The same tensile measurements also indicated that the fracture stress in tension increased as network
multiplicity increased, with values spanning the range from 0.2 MPa for the SN to 1.8 MPa or more
for the QN (this sample slipped out of the clamp fixture during the measurement and did not break).
A similar trend was observed in the case of the compression experiments. Increasing the network
multiplicity led to increased fracture stress values, from ~0.5 MPa for the SN to ~7 MPa for the QN
hydrogel, and decreased fracture strain values, from 88% for the SN to 78% for the QN hydrogel.
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Figure 10 displays the tensile stress-strain curves (Figure 10a) and the compressive stress-strain curves
for the SN, DN, TN, and QN hydrogels (Figure 10b). One and two kinks were observed in the curves
of the TN and QN hydrogels, respectively, indicating strain localization during tensile deformation.
No network damage occurred if the hydrogel was unloaded before the (first) strain localization point.
In contrast, large hysteresis was observed if the hydrogel was unloaded after strain localization,
manifesting in irreversible energy dissipation arising either from the breaking of cross-linked clusters
formed as a result of the high network multiplicity or from the movement of cross-link junctions in the
loosely cross-linked networks during deformation.
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Figure 10. (a) Tensile stress—strain curves for the single-network (SN), double-network (DN),
triple-network (TN), and quadruple-network (QN) hydrogels. Arrows show the strain localization
points in the TN and QN hydrogels. (b) Compressive stress—strain curves for the SN, DN, TN, and QN
hydrogels. Blue lines show the first compression run on the sample, and the red lines show the second
compression after the first run on the same sample. Adapted and reprinted with permission from [28].
Copyright 2016 American Chemical Society.

2.5. Quintuple-Network (5xN) Hydrogels

In 2018, our group [29] reported the preparation and study of the compressive mechanical
properties of quintuple (5xXIN) polymer hydrogels (and also their SN, DN, TN and QN precursors)
of DMAAm cross-linked with MBAAm, and using five different monomer concentrations, from 1
to 5 M. We found that as network multiplicity and DMAAmM monomer concentration increased,
fracture stress and Young’s modulus also increased. This resulted in the quintuple network prepared
at 5 M DMAAm concentrations being the best-performing multiple polymer hydrogel, displaying
a compressive fracture stress and a compressive Young’s modulus of 51 and 2.1 MPa, respectively.
Analysis of the fracture stress values recorded for all the prepared multiple network hydrogels, also
using the measured swelling degrees, indicated that the improvement of the fracture stress mainly
originated from network multiplicity, as the later networks prevent crack formation and propagation
in the earlier networks. Subsequently, the concentration of the elastically effective polymer chains in
the bulk was calculated using the measured Young’s modulus and the swelling degree values. Very
interestingly, this bulk concentration of the elastically effective polymer chains turned out not to change
with monomer concentration but to increase linearly with network multiplicity, revealing an increase
in strain hardening and/or the concentration of trapped entanglements.

In a very recent study [30], we used nanoindentation to characterize the hardness of some of
the above-mentioned [29] multiple network hydrogels. Nanoindentation is a modern method for the
characterization of the mechanical properties of even very fragile materials, with the requirement for
only a small amount of sample. In these particular experiments, we determined the hardness of the
quintuple-network hydrogel prepared at 1 M DMAAm concentrations, and that of its SN, DN, TN and
QN precursors. Hardness is the resistance of a material to permanent shape change when a constant
compressive force is applied, in the present case, by the nanoindenter. Our measurements indicated that
the hardness increased with network multiplicity, arising from the increase in network compactness



Gels 2019, 5, 36 19 of 21

(decreasing swelling degree) with multiplicity. In addition to hardness, the nanoindentation elastic
modulus and the percentage of recoverable energy were also determined, and were both found to
increase with network multiplicity as well.

3. Applications of the Multiply Interpenetrating Polymer Network Hydrogels

The multiple network hydrogels, e.g., the DN, TN, and QN hydrogels, are excellent candidates
in applications that require mechanical strength and toughness. For example, the conventional
PAMPS/PAAm DN hydrogels meet these criteria as they possess enhanced mechanical performance,
hence they are potential candidates in applications that require both soft and wet materials, such as
soft robotics, including artificial articular cartilages and artificial tendons [19]. In addition, in order for
the hydrogels to be able to serve in applications that include motion, the hydrogels must also exhibit
low frictional coefficients, such as the PAMPS/PAAm/PAMPS TN hydrogels [12].

Furthermore, the DN, TN, and QN hydrogels with increased mechanical properties can serve as
scaffolds in tissue engineering, due to their biocompatibility and non-cytotoxicity. For example, TN
hydrogels based on DMAAm and SAMPS [13] with satisfactory mechanical performance, exhibited the
ability to induce cell spreading and proliferation for particular types of cells. However, the hydrogels
must also be biodegradable in order to enable their clearance from the body.

Injectable TN microgels composed of Odex, Teleostean, and CEC [14] may be applied in biomedical
applications such as drug delivery, because these materials have the appropriate size to serve as
injectable materials, and, at the same time, they can be degraded once they are administered in the body
owing to their biodegradable constituents. Finally, the TN hydrogels containing an electron conducting
component, e.g., PEDOT, in their structure and exhibit satisfactorily enhanced mechanical properties
may be employed in the technology field, in applications such as sensing and actuating [24-27].

4. Conclusions

We have reviewed the small, but growing, literature on multiple interpenetrating polymer network
hydrogels, consisting of three or more polymer networks/components. Mostly, TN hydrogels of various
monomer types and concentrations and different cross-linking densities have been prepared and
characterized. The incorporation of an extra polymer network/component into a DN hydrogel leads to
enhancement of the mechanical properties of the resulting TN hydrogel. Increasing the polymer volume
fraction of the loosely cross-linked polymer networks appears to induce an increased protection towards
fracture, as the higher polymer networks serve as soft matrix, facilitating energy dissipation and
protecting the hydrogel from failure. A key parameter for the improvement of mechanical properties is
the molar ratio of the monomer repeating units in the higher networks to the monomer repeating units
in the first network. Thus, increasing network multiplicity and/or monomer concentration in the higher
networks results in a higher molar ratio, thereby enhancing the mechanical properties, as was the
case for the QN and 5xN hydrogels. Furthermore, using a linear polyelectrolyte as stent between two
nonionic polymer networks results in a higher osmotic pressure of the first network, leading to a higher
degree of swelling, and, consequently, to increased mechanical performance. Such mechanically
robust hydrogels can find application as artificial tissues; however, these applications also require
low frictional coefficients, which can be obtained by using a charged polymer network as the third
component. In addition, when the TN hydrogels consist of biodegradable and biocompatible materials,
these hydrogels can serve as scaffolds for tissue engineering. Finally, when the TN hydrogels consist
of an electrically conducting polymer as the third polymeric component, the TN hydrogels exhibit
high values of electrical conductivity, in addition to the enhanced mechanical properties, making these
materials ideal for use in sensors.

The modularity in the procedure for the preparation of multiple network hydrogels makes their
synthesis very easy, and the addition of extra functionalities very simple. This would be particularly
useful for the incorporation of new functions from the rapidly growing polymer hydrogel literature,
including, but not limited to, elements that further improve network mechanical properties [32-37].
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Thus, we predict a bright future for this field, where a variety of carefully chosen properties are
introduced, so that these materials perfectly match an intended application.

Funding: The writing of this review article was partially funded by a University of Cyprus Doctoral Fellowship
to PAP.

Acknowledgments: The authors of this review express their sincere gratitude to the three referees who examined
the manuscript and, with their extremely constructive comments, contributed substantially to its improvement.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.
11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

Caccavo, D.; Cascone, S.; Lamberti, G.; Barba, A.A. Hydrogels: experimental characterization and
mathematical modelling of their mechanical and diffusive behaviour. Chem. Soc. Rev. 2018, 47, 2357-2373.
[CrossRef] [PubMed]

Koetting, M.C.; Peters, ].T.; Steichen, S.D.; Peppas, N.A. Stimulus-responsive hydrogels: Theory, modern
advances, and applications. Mater. Sci. Eng. R Rep. 2015, 93, 1-49. [CrossRef] [PubMed]

Calo, E.; Khutoryanskiy, V.V. Biomedical applications of hydrogels: A review of patents and commercial
products. Eur. Polym. . 2015, 65, 252-267. [CrossRef]

Peppas, N.A ; Hilt, ].Z.; Khademhosseini, A.; Langer, R. Hydrogels in biology and medicine: From molecular
principles to bionanotechnology. Adv. Mater. 2006, 18, 1345-1360. [CrossRef]

Hoffman, A.S. Hydrogels for biomedical applications. Adv. Drug Deliv. Rev. 2002, 54, 3-12. [CrossRef]
Brown, H.R. A model of the fracture of double network gels. Macromolecules 2007, 40, 3815-3818. [CrossRef]
Okumura, Y.; Ito, K. The polyrotaxane gel: A topological gel by figure-of-eight cross-links. Adv. Mater. 2001,
7,485-487. [CrossRef]

Haraguchi, K.; Takehisa, T. Nanocomposite hydrogels: A unique organic-inorganic network structure with
extraordinary mechanical, optical, and swelling/de-swelling properties. Adv. Mater. 2002, 14, 1120-1124.
[CrossRef]

Gong, J.P,; Katsuyama, Y.; Kurokawa, T.; Osada, Y. Double-network hydrogels with extremely high mechanical
strength. Adv. Mater. 2003, 15, 1155-1158. [CrossRef]

Gong, ].P. Why are double networks so tough? Soft Matter 2010, 6, 2583-2890. [CrossRef]

Gong, ].P. Materials both tough and soft. Science 2014, 344, 161-162. [CrossRef] [PubMed]

Kaneko, D.; Tada, T.; Kurokawa, T.; Gong, ].P.; Osada, Y. Mechanically strong hydrogels with ultra-low
frictional coefficients. Adv. Mater. 2005, 17, 535-538. [CrossRef]

Chen, YM.; Gong, ].P.,; Tanaka, M.; Yasuda, K.; Yamamoto, S.; Shinomura, M.; Osada, Y. Tuning of cell
proliferation on tough gels by critical charge effect. |. Biom. Mater. Res. A 2008, 88, 74-83. [CrossRef]
[PubMed]

Zhang, H.; Qadeer, A.; Mynarcik, D.; Chen, W. Delivery of rosiglitazone from an injectable triple
interpenetrating network hydrogel composed of naturally derived materials. Biomaterials 2011, 32, 890-898.
[CrossRef] [PubMed]

Zhang, H.; Betz, A.; Qadeer, A.; Attinger, D.; Chen, W. Microfluidic formation of monodispersed spherical
microgels composed of triple-network crosslinking. J. Appl. Polym. Sci. 2011, 121, 3093-3100. [CrossRef]
Argun, A,; Can, V.; Altun, U.; Okay, O. Nonionic Double and triple network hydrogels of high mechanical
strength. Macromolecules 2014, 47, 6430—-6440. [CrossRef]

Ducrot, E.; Chen, Y,; Biilters, M.; Sijbesma, R.P; Creton, C. Toughening elastomers with sacrificial bonds and
watching them break. Science 2014, 344, 186-189. [CrossRef]

Tavsanli, B.; Can, V.; Okay, O. Mechanically strong triple network hydrogels based on hyaluronan and
poly(N,N-dimethylacrylamide). Soft Matter 2015, 11, 8517-8524. [CrossRef]

Hu, J.; Hiwatashi, K.; Kurokawa, T,; Liang, S.M.; Wu, Z.L.; Gong, J.P. Microgel-reinforced hydrogel films with
high mechanical strength and their visible mesoscale fracture structure. Macromolecules 2011, 44, 7775-7781.
[CrossRef]

Hiwatashi, K.; Wu, Z.L.; Liang, S.M.; Hu, J.; Kurokawa, T.; Nakajima, T.; Gong, J.P. Structure optimization
and mechanical model for microgel-reinforced hydrogels with high strength and toughness. Macromolecules
2012, 45, 5218-5228.


http://dx.doi.org/10.1039/C7CS00638A
http://www.ncbi.nlm.nih.gov/pubmed/29504613
http://dx.doi.org/10.1016/j.mser.2015.04.001
http://www.ncbi.nlm.nih.gov/pubmed/27134415
http://dx.doi.org/10.1016/j.eurpolymj.2014.11.024
http://dx.doi.org/10.1002/adma.200501612
http://dx.doi.org/10.1016/S0169-409X(01)00239-3
http://dx.doi.org/10.1021/ma062642y
http://dx.doi.org/10.1002/1521-4095(200104)13:7&lt;485::AID-ADMA485&gt;3.0.CO;2-T
http://dx.doi.org/10.1002/1521-4095(20020816)14:16&lt;1120::AID-ADMA1120&gt;3.0.CO;2-9
http://dx.doi.org/10.1002/adma.200304907
http://dx.doi.org/10.1039/b924290b
http://dx.doi.org/10.1126/science.1252389
http://www.ncbi.nlm.nih.gov/pubmed/24723604
http://dx.doi.org/10.1002/adma.200400739
http://dx.doi.org/10.1002/jbm.a.31869
http://www.ncbi.nlm.nih.gov/pubmed/18260145
http://dx.doi.org/10.1016/j.biomaterials.2010.09.053
http://www.ncbi.nlm.nih.gov/pubmed/20947157
http://dx.doi.org/10.1002/app.34001
http://dx.doi.org/10.1021/ma5014176
http://dx.doi.org/10.1126/science.1248494
http://dx.doi.org/10.1039/C5SM01941A
http://dx.doi.org/10.1021/ma2016248

Gels 2019, 5, 36 21 of 21

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Nakajima, T.; Sato, H.; Zhao, Y.; Kawahara, S.; Kurokawa, T.; Sugahara, K.; Gong, J.P. A universal molecular
stent method to toughen any hydrogels based on double network concept. Adv. Funct. Mater. 2012, 22,
4426-4432. [CrossRef]

Fukuda, Y.; Nakajima, T.; Kurokawa, T.; Sakai, T.; Chung, U.-I.; Gong, J.P. Synthesis and fracture process
analysis of double network hydrogels with a well-defined first network. ACS Macro Lett. 2013, 2, 518-521.
Nakajima, T.; Takedomi, N.; Kurokawa, T.; Furukawa, H.; Gong, J.P. A facile method for synthesizing
free-shaped and tough double network hydrogels using physically crosslinked poly(vinyl alcohol) as an
internal mold. Polym. Chem. 2010, 1, 693-697. [CrossRef]

Dai, T,; Qing, X,; Lu, Y.; Xia, Y. Conducting hydrogels with enhanced mechanical strength. Polymer 2009, 50,
5236-5241. [CrossRef]

Kishi, R.; Hiroki, K.; Tominaga, T.; Sano, K.-I.; Okuzaki, H.; Martinez, J.G.; Otero, T.F; Osada, Y.
Electro-conductive double-network hydrogels. J. Polym. Sci. B Polym. Phys. 2012, 50, 790-796. [CrossRef]
Kishi, R.; Kubota, K.; Miura, T.; Yamaguchi, T.; Okuzaki, H.; Osada, Y. Mechanically tough double-network
hydrogels with high electronic conductivity. J. Mater. Chem. C 2014, 2, 736-743. [CrossRef]

Naficy, S.; Razal, ].M.; Spinks, G.M.; Wallace, G.G.; Whitten, P.G. Electrically conductive, tough hydrogels
with pH sensitivity. Chem. Mater. 2012, 24, 3425-3433. [CrossRef]

Es-Haghi, S.S.; Weiss, R.A. Fabrication of tough hydrogels from chemically cross-linked multiple neutral
networks. Macromolecules 2016, 49, 8980-8987. [CrossRef]

Panteli, P.A.; Patrickios, C.S. Complex Hydrogels based on multiply interpenetrated polymer networks:
Enhancement of mechanical properties via network multiplicity and monomer concentration. Macromolecules
2018, 51, 7533-7545. [CrossRef]

Panteli, P.A.; Patrickios, C.S.; Constantinou, M.; Constantinides, G. Multiple network hydrogels: A study of
their nanoindentation hardness. Macromol. Symp. 2019, 385, 1800201. [CrossRef]

Shestakova, P.; Willem, R.; Vassileva, E. Elucidation of the chemical and morphological structure of
double-network (DN) hydrogels by high-resolution magic angle spinning (HRMAS) NMR spectroscopy.
Chem. A Eur. J. 2011, 17, 14867-14877. [CrossRef] [PubMed]

Sun, J.-Y.; Zhao, X.; llleperuma, W.R.K.; Chaudhuri, O.; Oh, K.H.; Mooney, D.J.; Vlassak, ].J.; Suo, Z. Highly
stretchable and tough hydrogels. Nature 2012, 489, 133-136. [CrossRef] [PubMed]

Ileperuma, W.R.K,; Vlassak, ].].; Li, J.; Suo, Z. Hybrid hydrogels with extremely high stiffness and toughness.
ACS Macro Lett. 2014, 3, 520-523.

Liu, J.; Tan, C.S.Y,; Yu, Z,; Lan, Y.; Abell, C.; Scherman, O.A. Biomimetic supramolecular polymer networks
exhibiting both toughness and self-recovery. Adv. Mater. 2017, 29, 1604951. [CrossRef] [PubMed]

Liu, J.; Tan, C.S.Y,; Yu, Z.; Li, N.; Abell, C.; Scherman, O.A. Tough supramolecular polymer networks with
extreme stretchability and fast room-temperature self-healing. Adv. Mater. 2017, 29, 1605325. [CrossRef]
[PubMed]

Wu, Y,; Shah, D.U.; Wang, B.; Liu, J.; Ren, X.; Ramage, M.H.; Scherman, O.A. Biomimetic supramolecular
fibers exhibit water-induced supercontraction. Adv. Mater. 2018, 30, 1707169. [CrossRef] [PubMed]

Means, A.K.; Grunlan, M.A. Modern strategies to achieve tissue-mimetic, mechanically robust hydrogels.
ACS Macro Lett. 2019, 8, 705-713. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/adfm.201200809
http://dx.doi.org/10.1039/c0py00031k
http://dx.doi.org/10.1016/j.polymer.2009.09.025
http://dx.doi.org/10.1002/polb.23066
http://dx.doi.org/10.1039/C3TC31999G
http://dx.doi.org/10.1021/cm301666w
http://dx.doi.org/10.1021/acs.macromol.6b02264
http://dx.doi.org/10.1021/acs.macromol.8b01656
http://dx.doi.org/10.1002/masy.201800201
http://dx.doi.org/10.1002/chem.201101334
http://www.ncbi.nlm.nih.gov/pubmed/22031395
http://dx.doi.org/10.1038/nature11409
http://www.ncbi.nlm.nih.gov/pubmed/22955625
http://dx.doi.org/10.1002/adma.201604951
http://www.ncbi.nlm.nih.gov/pubmed/28092128
http://dx.doi.org/10.1002/adma.201605325
http://www.ncbi.nlm.nih.gov/pubmed/28370560
http://dx.doi.org/10.1002/adma.201707169
http://www.ncbi.nlm.nih.gov/pubmed/29775504
http://dx.doi.org/10.1021/acsmacrolett.9b00276
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Network Structures with Improved Mechanical Properties 
	Double-Network (DN) Hydrogels 
	Toughening Mechanism in DN Hydrogels 
	Role of Each Network in DN Toughening 
	Interaction between the Two Network Components 
	Toughening Mechanism in DN Hydrogels 

	Triple-Network (TN) Hydrogels 
	Simple TN Hydrogels 
	TN Hydrogels with Microgels as the First Component 
	TN Hydrogels Containing a Linear Polyelectrolyte Stent as the Second Component 
	TN Hydrogels Prepared Using a Mold 
	TN Hydrogels Containing an Electrically Conducting Polymer as the Third Component 

	Quadruple-Network (QN) Hydrogels 
	Quintuple-Network (5N) Hydrogels 

	Applications of the Multiply Interpenetrating Polymer Network Hydrogels 
	Conclusions 
	References

