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ABSTRACT

Clay mineral-containing nanocomposite hydrogels have proven to be exceptional in composition,
properties, and applications, and a significant amount of research has been performed over the past few
years. The objective of this paper is to summarize and evaluate scientific advances in clay
mineral-containing nanocomposite hydrogels and their specific preparation, formation mechanism,
properties, and applications, and to identify the prevailing challenges and future directions of the field.
The state-of-the-art of existing technologies and insights into the exfoliation of layered clay minerals,

in particular montmorillonite and laponite, are discussed first. The formation and structural
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characteristics of polymer/clay nanocomposite hydrogels made from in situ free radical polymerization,

supramolecular assembly, and freezing-thawing cycles are then examined. Studies indicate that

additional hydrogen bonding, electrostatic interactions, coordination bonds, hydrophobic interaction

and even covalent bonds could occur between the clay mineral nanoplatelets and polymer chains,

thereby leading to the formation of a unique three-dimension network. Accordingly, the hydrogels

exhibit exceptional optical, mechanical properties, swelling-deswelling behavior, and

stimuli-responsiveness, reflecting the remarkable effects of clay minerals. With the pivotal roles of clay

minerals in the clay mineral-containing nanocomposite hydrogels, the nanocomposite hydrogels

possess great potential as superabsorbents, drug vehicles, tissue scaffolds, wound dressing, and

biosensors. Future work shall lay emphasis on the future studies on formation mechanisms with

in-depth insights into interfacial interactions, tactical functionalization of clay minerals and polymers

for desired properties, and expanding the applications.

Keywords: Clay minerals; Nanoplatelets; Polymers; Nanocomposite hydrogels; Superabsorbents;

Biomaterials
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1. Introduction

Hydrogels commonly refer to a class of soft matter consisting of a three-dimensional cross-linked
network of hydrophilic insoluble polymers (hydrogelators) with water as the dispersion medium.* With
a significant amount of water in the network, hydrogels exist in a half liquid-like and a half solid-like
state’ and thereby possess high water storage capacity, elasticity, flexibility, and permeability.®> The
network structure in the hydrogels can be formed by either chemical cross-linking or physical
cross-linking.* The physically cross-linked hydrogels are formed through micro-crystallization or
entanglement of polymer chains with non-covalent bonds, including electrostatic interaction,
hydrophobic interaction, hydrogen bonding, and coordination bonds. Scientific studies have proved
that hydrogels can also be produced from the supramolecular assembly of amphiphilic organic
molecules® or inorganic nanoparticles® in water. Some physical hydrogels can undergo a sol-gel phase

transition (SGPT)” as a response to external stimuli.®® By contrast, the chemically cross-linked

hydrogels are permanent networks through covalent bonds, enabling volume phase transitions (VPT)*

when exposed to external physical or chemical stimuli, which include temperature,™*2 light, electric

6

field,”® ionic strength,* pH,™ enzyme,* and biomolecules. As a result of these characteristics,

17,18 9

hydrogels can be used as superabsorbents, packaging materials,™ soft lenses,”® microfluidic

1 24,25

devices,?* catalyst supports,”?* biomedical materials*** and bioactuators® (Fig. 1a).
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Fig. 1. a) Application category distribution of hydrogels (by percentage) according to peer-reviewed scientific papers published
(from 2000 to end of 2014) relating to the topic of hydrogels. b) Annual number of peer-reviewed papers published (from 2000 to
2014) relevant to the topics of hydrogels and clay mineral-containing nanocomposite hydrogels. (Data from Web of Science ™

Core Collection. Search terms: hydrogels and clay).

Hydrogel-forming insoluble polymers or amphiphilic organic molecules and inorganic
nanoparticles can be assembled to form nanocomposite hydrogels. One of the frequently used
nanoplatelets (NPs) is  two dimensional (2D) nanomaterials such as layered clay mineral nanoplatelets
(CNPs)?"® and layered double hydroxide (LDH) nanosheets®. Due to the significant effects of
CNPs on the structure and properties of polymer/CNPs nanocomposite hydrogels, such nanocomposite
hydrogels have captured particular attention over the past decade or so with a rapid growth in the
number of relevant scientific publications (Fig. 1b). Smectitic clay minerals (Fig. 2), in particular
natural montmorillonite and synthetic hectorite (e.g., laponite®), are often used owing primarily to their
layered structure and unique properties. Each TOT layer of the clay minerals consists of one Al-O or
Mg-O octahedral (O) sheet sandwiched by two Si-O tetrahedral (T) sheets, with negative charges
arising mainly from the partial isomorphous substitution, typically AI** by Mg?* in montmorillonite,
and Mg?* by Li"in hectorite in the octahedral sheet.””?® For this reason, exchangeable cations such as
Na" exist in the interlayer space. Such structure makes these clay minerals possess outstanding cation
exchangeability, adsorption and swellability. Importantly, these layered clay minerals can be
fine-exfoliated to yield nanoplatelets®*® with a high aspect ratio (e.g., approximately 100x100x1 hm?
for montmorillonite®). Though such exfoliated clay minerals in water can form a physically
cross-linked hydrogel, this unique feature of polymer/clay mineral nanocomposite hydrogels received
little attention until 2002 when a pioneering study from Haraguchi and Takehisa® unveiled a unique

poly(N-isopropyl acrylamide) (PNIPAM)/clay mineral nanocomposite hydrogel. The nanocomposite

4
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hydrogel exhibited extraordinary mechanical, optical, and swelling/deswelling properties. Since then, a
variety of clay mineral-containing nanocomposite hydrogels have been reported. These studies have
indicated that when such 2D CNPs are added to a polymeric hydrogel matrix, additional interactions
take place between the CNPs and polymers, resulting in creation of nanocomposite hydrogels with
improved mechanical properties, ** stimuli-responsiveness, *%" swellability,® and self-healing

abilities,® compared to the hydrogels consisting of single hydrophilic polymers.
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Fig. 2. The schematic drawing of the structure of the frequently used 2:1-type (TOT-type) layered smectite minerals in

nanocomposite hydrogels. Each layer consists of an octahedral alumina/magnesia sheet sandwiched by two tetrahedral sheets of

silica through sharing -O-. Neighboring layers are loosely bound with counter ions (typically sodium or calcium) in the

interlayer space. The interlayer space is the space between adjacent layers. In the presence of water, the counter ions hydrate,

causing the clay mineral to expand and delaminate.

This paper intends to review and analyze recent advances in clay mineral-containing
nanocomposite hydrogels with an objective to highlight the state-of-the-art technologies used in the
preparation of clay mineral-containing nanocomposite hydrogels. Another objective of this paper is to
examine the current understanding of the effects of clay mineral additives on polymer/clay hydrogel
network formation, properties, and applications. The third objective is to identify the existing
challenges that may steer future work in this field. First, the exfoliation of layered clay minerals is
overviewed. Then, the formation of polymer/clay mineral nanocomposite hydrogels and inherent

interactions in the network are discussed. Next, the characteristics of the clay mineral-containing
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nanocomposite hydrogels in optical and mechanical properties, swelling-deswelling behavior, and
stimuli-responsiveness are analyzed, with particular focus on the effects of clay mineral nanoplatelets
on the properties. Subsequently, the performance of hydrogels and their potential applications as
superabsorbents and biomaterials are evaluated with respect to the specific constituent clay minerals.

Finally, the existing problems and prospects are remarked.

2. Insights into formation of nanocomposite hydrogels

2.1. Exfoliation and addition of clay minerals into polymeric hydrogel networks

4.4 or fillers* in the

Two-dimensional CNPs can act as multifunctional cross-linkers
nanocomposite hydrogels. As far as the role of clay minerals as an enhancement nanophase in the
nanocomposite hydrogels is concerned, to achieve and utilize CNPs from the exfoliation of clay
mineral tactoids is a critical issue. For most of clay minerals, due to their greater layer charge densities
(e.g., vermiculite, 1.1-2.0 electronic charges/per unit cell) or electrically neutral layers (e.g., kaolinite),
the exfoliation is difficult. By contrast, montmorillonite and laponite are composed of several parallel
TOT layers, and the negative charge per unit cell from isomorphic substation ranges between 0.5 and
1.3 electronic charges. Their parallel TOT layers, which are usually packed one above the other with
the exchangeable hydrated cations located between the layers, can be essentially exfoliated by proper
treatments (Fig. 3). When water and polar organic molecules are attracted by the exchangeable cations
and are intercalated in the layers, the structure expands in a direction perpendicular to the layers.

For the delamination of layered montmorillonite and laponite to form exfoliated CNPs, the
electrostatic forces between the negatively charged layer and interlayer cations must be overcome. In
addition, the swelling of the layered structure depends heavily on the exchangeable cation or
intercalated species in the interlayer space. Hence, easily hydrated cations (e.g., Na")* and bulky
organic cations* are introduced into the interlayer space by ion exchange reaction (Fig. 3a). Moreover,
for an effective exfoliation, the use of a dilute aqueous suspension of clay minerals is imperative.
Besides, the exfoliation process is usually conducted with the aid of sonication® and by using

exfoliating agents like pyrophosphate*® and polymeric species*’. For example, Guimaraes et al.*®

exfoliated laponite, and obtained a transparent laponite suspension (20 gL ) by mixing 3.6 g of

6
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laponite with 180 mL of an aqueous solution of tetrasodium pyrophosphate (1 g 4. %) under stirring for
30 min. Mongondry et al.*® revealed that tetrasodium pyrophosphate was adsorbed onto the positively
charged edges and restrained the interaction between the edges and the negatively charged surfaces of
the laponite, thereby hindering the reaggregation of exfoliated CNPs. In particular, the monomer, a
precursor of hydrogel-forming polymer, is used to help the exfoliation and to stabilize the CNPs.*
Consequently, materials consisting of CNPs with monomer can be directly used in the subsequent
in-situ free radical polymerization. The exfoliation and stabilization of CNPs can also be achieved by
polymeric species such as polyethylene oxide (PEO)* or polyamine salts (Fig. 3b). For instance, Chu
et al.*” synthesized hydrophobic POP-AMO polyamines (POP: polyoxypropylene; AMO:
amine-terminating Mannich oligomers) for the Na*-montmorillonite exfoliation. Such POP-segmented
quaternary salts can undergo an ionic exchange reaction with Na* of montmorillonite and, consequently,

1.0 also exfoliated the

expand the montmorillonite into the exfoliated CNPs. Recently, Wang et a
pristine multilayered sodium montmorillonite into individual nanoplatelets using polyamine quaternary
salts. The platelet-to-platelet multilayers of montmorillonite were completely exfoliated. The exfoliated

platelets could then be extracted with two-phase toluene/NaOH to remove the organic exfoliating

agents.
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Fig. 3. Techniques for exfoliating clay minerals: a) easily hydrated cations or bulky ion intercalation/exchange. Bulky cations
can be intercalated in the interlayer space to cause the layered structure to swell and exfoliate. b) Using polymeric species as
exfoliating agent. These exfoliation processes are often used with aid of sonication. Adapted and reprinted by permission from

Macmillan Publishers Ltd: [ NATURE] (reference 50), copyright (2013).

The exfoliated CNPs usually in the form of an aqueous suspension have been successfully

introduced into various polymer networks to form nanocomposite hydrogels (Fig. 4). The typical



Soft Matter

approaches are the in situ free radical polymerization, supramolecular assembly, and the
freezing-thawing cycles. For the in situ free radical polymerization, the CNPs suspension can be added
and well mixed with the aqueous solutions of nonionic monomers, such as acrylamide (AM)®

acrylamide derivatives, N,N-dimethylacrylamide (DMA) and N-isopropylacryamide (NIPAM) 2
Moreover, in the polymerization of ionic monomers, such as acrylic acid (AA),* sodium methacrylate
(SMA),** sodium 4-styrene sulfonate (SSNa) or 2-acrylamido-2-methylpropane sulfonic acid (AMPS),
the charged CNPs were pre-adsorbed onto the monomers to avoid aggregation of exfoliated CNPs.
Well-exfoliated CNPs can also be introduced into the pre-prepared polymeric hydrogel networks of
poly(ethylene glycol) (PEG),” sodium polyacrylate (PAAS)*® or poly(N-vinyl-2-pyrrolidone) (PVP)*’
to form hydrogels. In addition, exfoliated clay minerals can be mixed with pre-designed
macromolecules in water to obtain clay mineral-containing nanocomposite hydrogels by
supramolecular assembly.®® Moreover, the mixture of exfoliated clay minerals or organically modified
clay minerals and hydrophilic polymers (e.g., poly(vinyl alcohol), PVA) and oligomers (e.g.,
poly(ethylene glycol) diacrylate, PEGDA) can form clay mineral-containing nanocomposite hydrogels

by the treatment of the freezing-thawing cycles.**®
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Fig. 4. The polymers frequently used in forming clay mineral-containing nanocomposite hydrogels.
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2.2 In-situ free radical polymerization

In-situ polymerization is one of the most common methods for preparing nanocomposite
hydrogels because the types of nanofillers and polymer precursors can be varied in a wide range to
achieve desired properties (Table 1). In the in-situ free radical polymerization, exfoliated CNPs are
pre-prepared and mixed with an agqueous monomer solution to achieve a homogeneous dispersion of
the CNPs throughout the polymer matrix. The polymerization reaction is then initiated by external
stimuli such as thermal, photochemical, or chemical activation through initiators and/or catalysts and
proceeds in-situ on the surface of CNPs (Table 1, Fig. 5a). Under such circumstances, both
chemically cross-linked polymeric network and physical entanglement of the polymer chains can be
formed with CNPs distributed inside the network.®* In other words, in the network, covalent
interactions occur between neighboring polymeric molecules. It is also possible to form covalent bonds
between the surface hydroxyl groups of CNPs and polymeric molecules. Also, non-covalent
interactions including hydrogen bonding, electrostatic interactions, coordination bonds and
hydrophobic interaction, namely physical cross-linking could exist in these nanocomposite
hydrogels.®'% However, the quantification of these chemical and physical interactions remains

difficult.

As summarized in Table 1, the in-situ polymerization is often initiated by chemical initiators®
such as ammonium persulfate, potassium persulfate, and benzoyl peroxide (BP), depending upon the
reaction. For example, Okay et al.®® used ammonium persulfate as a redox initiator for the
polymerization of AM in the presence of laponite CNPs, and produced polyacrylamide (PAM)/laponite

nanocomposite hydrogels. Shen et al.

used potassium persulfate (KPS) as an initiator for
polymerizing AA and obtained poly(acrylic acid (PAA)/laponite nanocomposite hydrogels. In these
hydrogels, in addition to intermolecular interactions between polymeric chains, laponite NPs served as
cross-linkers between PAA chains. Such additional interactions contributed by CNPs become more
complicated in the case of copolymerization. For example, a small amount of BP was used as initiator

in the preparation of nanocomposite hydrogels by grafting linear low density polyethylene (LLDPE) on

AA, to form LLDPE-g-PAA/montmorillonite superabsorbent hydrogels.® In such a network,



Soft Matter

interactions between the -COOH or -COO™ groups of AA and -OH groups of montmorillonite NPs are

conceivable. Montmorillonite NPs specifically are utilized as multifunctional cross-linkers. As a result,

a more stable and homogeneous hydrogel network was achieved relative to the single chemically

cross-linked polymeric hydrogels without CNPs as cross-linkers.

Table 1. The Clay Mineral-Polymer Nanocomposite Hydrogels Synthesized by in-situ Free Radical Polymerization

Monomer Clay mineral Additives Condition Property Reference
AM Laponite RD; TEMED; KPS: 20 30C Elongation: > 4000%; 51
Laponite RDS mg/mL 72h Strength: 110 kPa;
Relaxation modulus: ~0.16
AM: Laponite XLS: TEMED: 24pL; 30C Adsorption of CV dye 68
39 05-2¢g KPS: 20 mg/mL 48 h increased with increasing
laponite concentration
NIPAM: Laponite XLG: TEMED: 24pL; 20C Elongation: ~1,000%; 69
0.03¢g 0.198-1.782 g KPS: 20 mg/mL 20 h Swelling/deswelling;
Transparency
SSNa: APTMA- APS 70C Thermal stability: up to 70
5.00 g; MMT 4h. 400°C; absorbability
AAG5.00 g
AA: CTAB- APS: 0.10 g; styrene:  70C Absorbability of methylene 71
7.20g illite/smectite: 0.15 g; NMBA: 3h. blue: 1843.46 mg/g
0.235¢g 0.0216 g; sodium
alginate: 1.20 g
AMPS: Chitosan: 1.0g—  APS:0.15¢; 70C Absorbability: 440 g/g; 72,73
30.0¢g MMT:4.0 g PEGDMA: 0.24 g thermal stability: up to 434°C
glass transition temperature:
~98.2°C; Elastic modulus:
238%
AA: ODA-MMT: Span 60: 0.3 g; 70C Absorbability in distilled 67
5-13¢g 0.30-1.109 BP: 0.03-0.05 g; 3h water: 800 g/g; absorbability
NMBA: <0.01 g in saline solutions:
M*>M?>M?>" decomposition
with increasing temperature.
AM Bentonite NMBA; APS Sonication Swelling/deswelling 74
assisted
AM: Halloysite: KPS: 3 ml 65C Swelling ratio:4,000% 75
3g 69 18h
Acryloyl Laponite XLS PEG; uv Compressive modulus: 48.6 60
chloride Irgacure 2959 irradiation kPa;
A=365nm, 45  Fracture stress: 3882.8 kPa;
mwWem?; Toughness: 268.3 kPa.
5 min

10
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AA: acrylic acid; AM: acrylamide; AMPS: 2-acrylamido-2-methylpropane sulfonic acid; AAG: acrylamide glycolic acid; NIPAM:
N-isopropylacrylamide; SSNa: sodium 4-styrene sulfonate; PEG: poly(ethylene glycol); PEGDMA: poly(ethylene glycol)
dimethacrylate.

APS: ammonium persulfate, BP: benzoyl peroxide used as initiator, and KPS: potassium persulfate as initiator; APTMA:
(3-acrylamidopropyl) trimethylammonium, CTAB: cetyltrimethylammonium bromide and ODA: octadecylamine as organic modifier;
MMT: montmorillonite; NMBA: N,N-methylene-(bis)-acrylamide as cross-linker; TEMED: N,N,N’,N -tetramethylene diamine used as

catalyst/accelerator; TSPP: tetrasodium diphosphate decahydrate used as dispersing agent; CV: crystal violet.

polymerization
L ——— —
® monomer non-covalent
+ catalyst
s initiator

freezing

Poly(vinyl alcohol)

+HoN

A\
-NH
N
HZN‘;2 jc') )
” L L
+HNHNA R G3-binder o o7 NH NH,*
HN< »NH .
+H,N NH
o e o & % N
H,N OO~ g = 0n ~0~T0 NH,
H,N H of; o[ A NH;,
o N r —’% +« N o
1N~ P~~~ o (@] 0~ 0~
+H2N) H 0 ut (o) = )*o’\«(o\/‘)P”\ —J_ oo BO © H (NH2+
0N o; A 2 O N~ o
y > <
HN R~ H ?o o B No~H kg
N N ¢
HoN o (')J\H@ o o g}wﬁ oA\ . NH,
—~/
HzN\-NH 0% HN<o o”NH HN—[NHZ
e A 4
NH, o 3 5 o *HN
+H,N H,Nf O/f K N NH NH,*
A\ o e
NH, :J . S\ HN
HaN -~ NH The molecular structure of G3-binder HN- - NH,
QA Va
NH,* +Ho>N

Fig. 5. Three methods to prepare clay-containing nanocomposite hydrogels. a) In situ free radical polymerization usually starting
from the mixture of monomer, catalyst, and initiator under room temperature; b) Supramolecular assembly through the direct
mixing of clay minerals with pre-designed dendritic macromolecule, G3-binder, which carries adhesive dendron units at both
termini of a long, hydrophilic polyethylene glycol (PEG) spacer. Adapted and reprinted by permission from Macmillan
Publishers Ltd: [NATURE] (reference 58), copyright (2010); and c) freezing-thawing cycles, starting from a mixture of
poly(vinyl alcohol) (PVA) and clay minerals.
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Apart from polymerization initiated by chemical initiators, in the presence of a photoinitiator,
polymerization can be initiated and facilitated by taking advantage of radiation (electron beam or y
photon). As such, the in-situ polymerization in the solution of mixed CNPs and monomers can be
conducted at mild or room temperature.”® In addition, the photopolymerization initiated using
ultraviolet light or visible light is faster than that of polymerization using photochemical initiators.®
Moreover, photoinitiated free radical polymerization offers an advantage of solvent-free formulation
over thermally initiated free radical polymerization. For instance, using
1-hydroxy-cyclohexyl-phenylketone (Irg. 184) as photoinitiator, Haraguchi et al. "’ prepared
PNIPAM/laponite nanocomposite hydrogels by free radical polymerization under a 365 nm of UV light
for 3 min. This method provided an efficient way of producing hydrogels in which uniformly dispersed
laponite NPs act as multifunctional cross-linkers, similar to that in the polymerization initiated by
chemical initiators. It is worth pointing out that CNPs can be modified with photoinitiator beforehand,
and the resultant hybrid can function to initiate the photopolymerization and to provide CNPs in

situ.for the resultant polymeric networks’

2.3 Supramolecular assembly

Direct mixing of macromolecules with clay minerals in water is a new facile route to produce
nanocomposite hydrogels. Nevertheless, the macromolecules require functional groups that can directly
cross-link with nano-sized clay mineral platelets in water. As demonstrated by pioneering work by

Wang et al.*®

a supramolecular nanocomposite hydrogel was obtained by directly mixing
well-designed dendritic macromolecules with laponite NPs (Fig. 5b). The interactions between
functional groups on the peripheries of dendritic macromolecules and the surface of CNPs led to a
novel supramolecular assembly. Thus, a high-water-content mouldable hydrogel was achieved.
Interestingly, in this process, mixing water and laponite (2—-3 wt%) with a very small proportion (< 0.4
wt%) of organic components produced a transparent hydrogel. No catalysts or initiators were required
for this assembly compared with the in situ free radical polymerization. Nonetheless, exfoliation of
clay minerals and homogeneous dispersion of CNPs in water and the surface functional groups of the
macromolecules are two critical factors. Hence, the laponite can be effectively dispersed with the

pre-treated sodium polyacrylate.

In addition, the dendritic structure of the macromolecules is critical in forming a supramolecular
12
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hydrogel network with dispersed CNPs in it. It was proved that the multiple guanidinium ion pendants
of dendritic macromolecule connected with oxyanions on the surface of CNPs through salt-bridge
formed by electrostatic interaction. Though the nanocomposite hydrogel was formed merely by
non-covalent forces resulting from the specific design of a telechelic dendritic macromolecule with
multiple adhesive termini for binding to clay, they show high mechanical strength, and rapidly and
completely self-healing when damaged and consequently be moulded into shape-persistent,
free-standing objects. Based on such methodology, the well-designed linear macromolecules with
proper surface functional groups can also cross-link with CNPs through salt-bridge to form

nanocomposite hydrogels. For example, Tamesue et al.”

mixed linear macromolecule with laponite
XLG NPs, which are pre-dispersed in water with a minute amount of sodium polyacrylate. In this way,
a supramolecular nanocomposite hydrogel composing of linear macromolecule and laponite XLG NPs
can successfully be obtained. Similarly, it was believed that salt-bridge between the guanidinium ion in
the terminal of linear macromolecule and the oxyanions on the surface of laponite NPs mainly
contributed to the formation of such a hydrogel with a well-defined cohesive structure.

Comparatively, the linear macromolecules are less expensive than dendritic macromolecules. It is
noteworthy that at sufficiently high concentrations and under electrostatic screening conditions,
charged supramolecular polymers can easily produce a three dimensional (3D) network that takes the
form of a hydrogel. Therefore, it is possible that such method could be applied to many other molecules
with the CNPs. In particular, a recent study revealed that small organic molecules can also form a
supramolecular hydrogel through such supramolecular assembly and micro-crystallization.®® Yet,

whether the assembly to form the small organic molecule-based hydrogel works in the presence of

CNPs is relatively unknown.

2.4 Freezing-thawing cycles

In addition to polymerization and supramolecular assembly, a physical cross-linking method can
also result in the formation of an entangled, cross-linked hydrogel network.® It has been found that a
freezing—thawing process of a mixture of polymer with clay minerals in water can facilitate the
incorporation of clay minerals into the polymer networks. PVA is particularly suitable to be used with

clay minerals to form physically cross-linked hydrogels by freezing-thawing cycles.®*®

13
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Typically, PVA and montmorillonite are mixed in distilled water and heated to achieve complete
dissolution.® Then the aqueous solution consisting of clay minerals and polymers undergoes a
freezing process normally at -20 °C, subsequently with thawing at room temperature in air. Repeating
such a freezing—thawing operation results in the formation of nanocomposite hydrogel with dispersed
CNPs in it (Fig. 5¢). The presence of clay minerals in the three dimensional network of a hydrogel
causes an increase in cross-linking density, thus creating a more entangled structure.®* Ibrahim and
El-Naggar®™ also found that freezing-thawing cycles facilitated the entanglement of PVA chains, and
further proved that the freezing-thawing cycles can drive cross-linking through hydrogen bonds
between the hydroxyl group of PVA chains and oxyanions on the surface of montmorillonite. Thus,
physically cross-linked hydrogels with ability to undergo sol-gel transition exhibited thermo-reversible
performance. In addition, the resultant hydrogels exhibited high thermal stability by increasing clay
content in the hydrogels. It is worth noting that in the freezing and thawing process, there is no need for
any additional chemical or elevated temperature. Interestingly, the freezing and thawing techniques can

be employed with electron beam (EB) irradiation to produce PVA/clay hydrogel.®

3. Effects of clay minerals on the properties of nanocomposite hydrogels

The mechanical and thermal properties of the nanocomposites can be significantly enhanced when
nano-sized platelets of clay minerals are uniformly dispersed in the polymer matrix.?® The similar
enhancements are also achieved when such clay minerals are incorporated into polymeric hydrogels.
The exceptional toughness obtained through clay mineral addition in nanocomposite hydrogels,® is
attracting increasing research on this material in the last decade. In addition, loading of CNPs into the
polymeric hydrogels can alter the optical transparency and anisotropy, swelling-deswelling and
stimuli-responsiveness. Superficially, the effects of clay minerals on the properties of nanocomposite
hydrogels are dependent on; (1) the type of clay minerals (e.g., the 1:1 type and the 2:1 type); (2) the
concentration of CNPs in the network; (3) the dispersion degree of CNPs in the network structure.
However, the physical and chemical interactions between polymers and CNPs are of paramount

importance.®"®

14

Page 14 of 35



Page 15 of 35

Soft Matter

3.1 Optical property

Hydrogels with high optical transparency are paving way for innovations such as transparent
wound dressing with optical clarity for facile wound inspection® and sensors with optical response
(transparency and optical anisotropy) vary with external stimulus such as a temperature change.®*
The addition of clay minerals into the polymeric hydrogels can hence be used to tune the optical
transparency of the nanocomposite hydrogels. The optical transparency is related to the uniform
structure in the nanocomposite hydrogels. % Remarkably, the PNIPAM/laponite nanocomposite
hydrogels have high transparency regardless of the concentration of laponite in a range of 110 mol/L
to 25x10” mol/L.*®* When the concentration of laponite is lower than 10x107 mol/L, the PNIPAM
nanocomposite hydrogels show a sharp decrease in transparency at their lower critical solution
temperature (LCST).? When the concentration of laponite is higher than 10102 mol/L, the
transparency remains constant regardless of the LCST, because the thermal-molecular motion of the
polymers is completely restricted by exfoliated laponite nanoplatelets in the network of hanocomposite
hydrogels.

CNPs can affect ordering and the crystallization behavior of polymers as well, leading to changes
in optical anisotropy. Murata and Haraguchi ® revealed that for nanocomposite hydrogels
with PNIPAM/laponite XLG network structures, the optical anisotropy exhibited unique changes when
the nanocomposite hydrogels were deformed uniaxially. The optical anisotropy of clay
mineral-containing nanocomposite hydrogels can be measured by birefringence phenomena. The
birefringence phenomena of nanocomposite hydrogels correlate with the orientation of polymers and
CNPs in the network structure®, where the distinct maxima and sign inversions are indicative of strain
and hydrogel composition (Fig. 6a). Such PNIPAM/laponite XLG nanocomposite hydrogels, present
ordered structure on uniaxial stretching (Fig. 6b), and exhibit strong birefringence due to optical
anisotropy.® In the unstretched, isotropic state (Fig. 6¢), however, PNIPAM chains and CNPs are
randomly oriented in the nanocomposite hydrogels, resulting in non-birefringence. In addition to
polymer chains, the alignment of CNPs in aqueous colloidal dispersions is subjected to an external

force, and thereby induces a structural ordering and CNPs separation and distribution.
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Fig. 6. a) Polarized-light micrographs (a-d) of stretched nanocomposite hydrogels consisting of poly(N-isopropylacryamide)

PNIPAM and laponite XLG at strain of 0%, 300%, 740% and 1300%, respectively. Test is conducted under crossed polarizers in
conjunction with a 530 nm retardation plate, where + 45<(-45< orientation is parallel to the slow (fast) axis of the retardation
plate. b) The stretched state of nanocomposite hydrogels. ¢) The unstretched state of nanocomposite hydrogels. PNIPAM chains
and clay platelets are randomly oriented in the nanocomposite hydrogels being non-birefringent. Adapted and reprinted from

{Reference 95} with permission of The Royal Society of Chemistry.

3.2 Mechanical properties

The mechanical properties of pure polymeric hydrogels are typically lower, compared with
hydrogels with reinforcement nanoparticles where inorganic fillers offer additional adhesion with a
polymer matrix. In contrast to 1D or 3D nanoparticles, negatively charged lamellar clay
nanosheets embedded within polymeric networks enable the hydrogels to exhibit much exceptional

mechanical properties. Earlier, Haraguchi et al.*

investigated the PNIPAM/laponite nanocomposite
hydrogels with the concentration of laponite up to 25 x 10 mol/L H,O. The resultant hydrogels
exhibited remarkable increases in tensile strength (1.1 MPa) and modulus (453 kPa). These clay
mineral-containing nanocomposite hydrogels interestingly can be elongated to more than 1000% of
their original length.”” The enhanced tensile behavior of the clay-containing nanocomposite hydrogels
is attributed to the unique network of uniform cross-linking between CNPs and the long, flexible
polymer chains. In particular, the homogeneous dispersion of clay nanoplatelets into polymer network

at a nanometer scale can assist in obtaining a narrow length distribution of polymer chains, and

subsequently result in superior tensile behaviors of the nanocomposite hydrogels.

The increased tensile strength and modulus are attributed to the additional physical and/or
chemical interactions among polymers, colloidal CNPs, and water. Chang et al.* prepared

PEGDA/laponite nanocomposite hydrogels with enhanced mechanical properties by harnessing the
16
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ability of PEGDA oligomers to simultaneously form chemically cross-linked networks while binding

with laponite nanoparticles through secondary interactions.

The significant enhancement of the compressive and tensile properties of PEGDA hydrogels was
primarily ascribed to incorporation of laponite nanoparticles, and affected by the molecular weight of
PEG and concentration of laponite nanoplatelets. Hence, the synergistic interactions become more
complicated because of the presence of CNPs in the polymeric networks, which play a key role in the
mechanical behavior of the nanocomposite hydrogels.”® At present, the inherent reasons for the
exceptional toughness of clay nanocomposite hydrogels remain elusive, and necessitate further
investigation. In addition, clay minerals can improve the hydrophilicity and flexibility of networks

resulting in increases in tensile strength and the modulus.*

Similarly, the compressive strength and modulus increase almost proportionally to the
concentration of clay minerals, but such a conclusion is simply applicable to the cases in which a
specific type of CNPs and its amount in a certain range are used (e.g., for laponite, lower than 25 <107
mol/L).***** In the case of the addition of laponite CNPs, at concentrations below 10102 mol/L-H,0,
90-99% recovery from elongation of 900% was achieved. When the concentration was higher than
10<102 mol/L-H,0, the recovery decreased significantly with an increasing concentration of
laponite.’®> Considering CNPs are a class of negatively charged lamellar nanoplatelets, a recent
breakthrough on nanocomposite hydrogel using negatively charged unilamellar titanate nanosheets is
worth discussion.'® It was found that a strong magnetic field can induce co-facial nanosheet alignment
in aqueous colloidal dispersions, which can maximize electrostatic repulsion, and thereby induce a
quasi-crystalline structural ordering over macroscale along with uniformly large face-to-face nanosheet
separation. This transiently induced structural order can be tactically fixed by transforming the
dispersion into a hydrogel using light-triggered in situ vinyl polymerization. The resultant hydrogel
containing charged inorganic structures can align co-facially in a magnetic flux deform easily under
shear forces applied parallel to the embedded nanosheets, yet resisting compressive forces applied
orthogonally. These findings clearly reveal that soft materials using 2D nanoparticles can lead to

unigue functions.

3.3 Swellability
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Swellability and delamination are characteristic of clay minerals such as montmorillonite,
hectorite and synthetic laponite. These properties are comparable with the swellability of certain
polymeric hydrogels. The nanocomposite hydrogels consisting of water-swellable clay minerals, e.g.,
laponite or montmorillonite exhibit peculiar swellability, including high swelling rate, large, but finite
equilibrium swelling ratio and spontaneous deswelling in water.’®*'%® For example, Zhang et al.'®
reported that a PAA/montmorillonite nanocomposite hydrogel showed a higher swelling ratio than their
corresponding clay-free hydrogels. It was suggested that montmorillonite NPs helped to form a highly
loose and porous structure in the nanocomposite hydrogels, and thereby improved the swelling ratio of
the PAA/montmorillonite nanocomposite hydrogels.’®’ Firstly, the polymer chains in the unique
network structure will be more flexible for swelling when physically cross-linked by CNPs, as opposed
to pure chemically cross-linking polymer network. Secondly, the increment of swellability can be
attributed to the increased ionic osmotic pressure resulting from the mobile ions on the surface of clay
minerals and the hydrated cations in the interlayer. Due to the negative charge on the surface of CNPs,
sodium counterions are uniformly dispersed in the network of hydrogels. The hydrogels consequently
swell in pure water allowing water molecules to enter into the network and diffusion of mobile sodium
ions from the network until reaching an equilibrium swelling state (Fig. 7). The swelling state was
dependent upon the release of sodium ions, and the deswelling of the nanocomposite hydrogels
appeared spontaneously. The swelling-deswelling behavior is apparent in the network structure of
nanocomposite hydrogels consisting of nonionic polymer PAM and laponite RD.'® It has been
observed with swelling that a substantial volume of water is entrapped within the hydrogels, because of
osmotic pressure changes and free ions movement between the hydrogels and solution. The hydrogels
can swell to an equilibrium state, during which the outflow of mobile ions leads to a low ionic osmotic
pressure and subsequently, deswelling. It is noteworthy that such increment is also caused by CNPs

used in hydrogels. For instance, Darvishi et al.'®

obtained a maximum swelling ratio for
poly(AMPS-co-N-[3-(dimethylamino)propyl] methacrylamide (DMAPMA))/bentonite anionic-cationic
nanocomposite hydrogels with 10.2 wt% of nanobentonite. Kasgéx et al.™*° drew a similar conclusion
for poly(2-acrylamido-2-methylpropane sulfonic acid) (PAMPSA)/laponite nanocomposite hydrogels,

where laponite in fraction greater than 10 wt% in hydrogels resulted in a lower swelling ratio. For

instance, with the content of 10 wt% laponite, the nanocomposite hydrogels reached to the maximum
18

Page 18 of 35



Page 19 of 35

Soft Matter

swelling ratio (164.3 g water/g sample). The increase of the concentration of CNPs led to higher
cross-linking density in the network structure.****2 By further increasing the concentration of CNPs,
the reduction of swelling ratio appeared, owing to the higher cross-linking density in the network

structure, which could not be expanded easily. ™

Similar phenomena were observed when laponite was utilized for PNIPAM/laponite

114 115

nanocomposite hydrogels,”" and attapulgite was used for PAA/attapulgite nanocomposite hydrogels
In comparison to attapulgite, kaolinite, and mica, PAM/Na*-montmorillonite nanocomposite hydrogels
exhibited a higher swelling rate in distilled water.™*® Zhang and coworkers**® compared the effects of
different kinds of clay minerals, with a concentration of 10 wt% of montmorillonite, attapulgite, and
kaolinite on the swelling behaviors of the PAA-based hydrogels in a cationic saline solution.**” The

PAM/attapulgite nanocomposite hydrogels showed the highest swelling ratio in NaCl solution. In FeClj

solution, the PAM/kaolinite nanocomposite hydrogels exhibited the highest swelling ratio.
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Fig. 7. The swelling-deswelling behavior showing in the network structure of nanocomposite hydrogels consisting of non-ionic
polymer poly(N,N-dimethylacrylamide) (PDMA) and laponite XLG: (a) As-prepared state; (b) Maximum swelling state; (c)
Equilibrium swelling state. Only a few polymer chains and counterions are depicted for simplicity. Adapted with permission from

reference 105. Copyright (2011) American Chemical Society.
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3.4 Stimuli-responsiveness

The stimuli-responsiveness of nanocomposite hydrogels is referred as the phenomena of volume
and transparency change reversibly in response to the surrounding stimuli, such as temperature, pH,
ionic strength, pressure or electronic field."*®"9 Such properties are of great importance in smart
optical materials, diagnostics, biosensors, drug delivery, tissue engineering, coatings and

micro-electromechanical systems.

For a given nanocomposite hydrogel, chemically cross-linked networks have permanent
connections, while physical networks have transient junctions that arise from either polymer chain
entanglements or physical interactions. The use of added CNPs varies with chemically cross-linked
networks and physical networks. As a result, CNPs can be used to tune the stimuli-responsive
behaviors of nanocomposite hydrogels in volume and transparency.’® The stimuli-responsiveness of
clay mineral-containing hanocomposite hydrogels resulted from the changes in conformation, ordering
or solubility of the constituent polymers and CNPs. For example, physically cross-linked clay
mineral-containing nanocomposite hydrogels can undergo a SGPT. Typically, a clay
mineral-containing nanocomposite hydrogel in situ formed by reversible physical networks can readily
present reversible sol-gel phase transitions induced by external stimuli. The changes mainly are
attributed to the interactions among the polymer chains, CNPs and water, such as hydrophobic
interaction, electrostatic interaction and hydrogen bonding. Chemically covalently cross-linked, clay
mineral-containing nanocomposite hydrogels have basically permanent networks, which can undergo

VPT and changes of optical properties.

On the one hand, CNPs contain hydrophilic edges, with cations in the interlayer space, and
hydrophobic silanol surface. Thus, the addition of clay minerals in the polymeric networks could
modify the hydrophilic-hydrophobic balance of polymers. As thermo-responsiveness is strictly
regulated by the balance of hydrophilic and hydrophobic forces in the network structure, the addition of

CNPs affect the thermo-responsiveness of the nanocomposite hydrogels. '*

Typically,
thermo-responsive PNIPAM includes both hydrophilic (-CONH-) and hydrophobic (—-CH(CHs),)
groups.*?? PNIPAM chains show thermally triggered conformational change from hydrophilic coil to

hydrophobic globular form at LCST (about 32 °C). The addition of clay minerals can change the
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conformation of network structure of the nanocomposite hydrogels, thereby tuning the
stimuli-responsiveness. Particularly, the thermally triggered conformational change of polymer chains
in clay mineral-containing nanocomposite hydrogels is significantly restricted by clay minerals because
of interactions between PNIPAM chains and clay minerals through hydrogen bonding. The PNIPAM
chains in the nanocomposite hydrogels exhibit coil-to-globule transition at higher temperatures than
normal PNIPAM chains.*® The thermodynamic balance between hydrophilic and hydrophobic

interactions in aqueous media.'**

On the other hand, the clay mineral-containing nanocomposite hydrogels can gain a better
pH-responsiveness in comparison to single-polymer hydrogels, because the conventional hydrogels are
cross-linked by small molecules and always show a slower response rate and inferior elasticity.® The

pH-responsive of hydrogels is usually attributed to their ionic groups. In particular, montmorillonite'?°

127

and laponite™" are more or less pH-dependent due to the edge charges. The addition of these clay

minerals can increase the ionization of polymers following a chain expansion in response to pH.

Recently, Li et al.'?®

successfully synthesized pH/temperature double responsive nanocomposite
hydrogels consisting of poly(DMA-co-(2-dimethylamino) ethyl methacrylate (DMAEMA))
cross-linked by laponite NPs. In addition, owing to extra ionic charge provided by CNPs, the
incorporation of CNPs into the polymer hydrogels brought about distinct electro-responsive
nanocomposite hydrogels with changes.'® The ion concentration on the surface of CNPs can
accelerate the electro-responsive rate whereas the cross-linking density of network in the hydrogels can
impede the electro-responsive rate. Such nanocomposite hydrogels containing charged inorganic CNPs
may have exceptional changes either in mechanical or optical behavior in response to alternating

application and removal of the electric field, arising from the varied alignment of CNPs and polymeric

chains.®*°

4. High functional applications of clay mineral-containing nanocomposite hydrogels

4.1 Superabsorbents

A high water uptake is a key characteristic of polymer hydrogels.*** Clay minerals also have
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remarkable adsorption capacity for water and many other inorganic and organic cations. The
combination of these two components leads to nanocomposite hydrogels with a much distinct
adsorptive behavior. In many cases, smectite clay mineral-containing nanocomposite hydrogels have
higher adsorption capacities, faster adsorption rate, and enhanced mechanical stability than polymeric
hydrogels.*®®*** Moreover, smectite clay minerals themselves have abundant exchangeable cations in
the interlayer space and negative charges on their surface. These performances of clay minerals make
the nanocomposite hydrogels to be effective as superabsorbents to remove heavy and toxic metal

ions**? and cationic dyes™® from the sewage water.

The presence of clay minerals as cation exchangers enables clay mineral-containing
nanocomposite hydrogels to possess active sites to adsorb heavy metal ions.*** The adsorption mainly
results from strong electrostatic interactions between smectites and metal ions.™* In addition, some
heavy metal ions can be absorbed by clay mineral-containing nanocomposite hydrogels through
coordination bonds, hydrogen bondings or/and dipole association. For example, a study by Gugu et
al.**® suggested that PAA/montmorillonite nanocomposite hydrogels can be used for the removal of
copper (I1) and lead (11) ions from water. The adsorption reached to equilibrium within 24 h at pH=4
and room temperature. lbrahim and El-Naggar® prepared PVA/clay nanocomposite hydrogels through
freezing and thawing followed by electron beam irradiation for the treatment of wastewater, and

revealed that PVA-based hydrogels consisting of 60% of montmorillonite as fillers exhibited a higher

adsorption capacity for ions such as Cu®*, Ni** and Co?" from wastewater.
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Fig. 8. The mechanism of cationic dye adsorbed by clay mineral-containing nanocomposite hydrogels. The negative charges on
the surface of clay mineral (laponite) in nanocomposite hydrogels can readily interact with cationic dye molecules through

electrostatic interaction. While, the poly(acrylamide) (PAM) hydrogels without clay minerals could not interact with dyes.
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Reference 68. Copyright (c) [2008] [John Wiley and Sons] .

In addition to removal of inorganic heavy metal ions, clay mineral-containing nanocomposite
hydrogels can also be used to remove cationic dyes from the wastewater. The adsorption of
nanocomposite hydrogel for cationic dyes can be attributed to the electrostatic interaction between

anions on the surface of clay minerals and active groups of dyes (Fig. 8). Li et al.®®

prepared
PAA/laponite nanocomposite hydrogels as superabsorbent materials for adsorbing the monovalent
cationic dyes. The dye adsorption rate and equilibrium amount increased significantly with the
increased concentration of clay minerals up to 20 wt% in hydrogels. Mahdavinia et al.™*" found that the
adsorption capacity of nanocomposite hydrogels composing of kappa-carrageenan, sodium alginate and
sodium montmorillonite for cationic crystal violet dyes was to be approximately 2—6 times higher than
that of hydrogels consisting of alginate alone. The adsorption rate of the dyes onto alginate
nanocomposite hydrogels also increased due to the addition of charged montmorillonite. Besides, the
negatively charged surface of clay minerals can be modified by grafting with a variety of functional
groups. For example, the surface of CNPs was covalently functionalized with aminopropyl groups to
yield aminoclay (AC) (Fig. 9a) The AC with aminopropyl groups on the surface was then assembled to
form functional hydrogels. Accordingly, the resultant hydrogels were able to absorb anionic dyes such
as coronene tetracarboxylate salt and perylene tetracarboxylate salt (Fig. 9b). The increase of
adsorption capacity and adsorption rate of dyes onto superabsorbents are affected by both the
swellability and porosity resulting from the addition of such clay minerals. For most dyes, the

adsorption onto nanocomposite hydrogels correlates well with the Langmuir isotherm equation, and the

adsorption kinetics onto the hydrogel composite is consistent with the pseudo-second-order model.**

a single unit of AC layer a layer of AC AC
® amine ® oxygen @ hydroxyl @ magnesium O ssilicon
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Fig. 9. a) Schematic representation of a single unit and a layer of aminoclay (AC), which was covalently functionalized with
aminopropyl groups. b) AC with aminopropyl groups on their surface formed hydrogels, and the hydrogels then are used to
absorb different anionic dyes: coronene tetracarboxylate salt (blue) and perylene tetracarboxylate salt (green). Adapted from

reference 139 with permission of The Royal Society of Chemistry.

4.2 Biomedical and pharmaceutical materials
4.2.1 Vehicles for drug delivery and controlled release

Polymeric hydrogels with an open network as drug vehicles normally undergo rapid drug release
in an uncontrolled manner, causing drug distribution to various organs and compartments in body
indiscriminately.**® Hydrogel structures with clay minerals have achieved the ability to tune drug
release in addition to improving resistance of loaded drugs from degradation .******The cationic drug
species are bound to the CNPs via adsorption on the negatively charged clay mineral surface.*® The
binding of drugs onto montmorillonite results from a cation exchange reaction between cationic drug
ions and cations in the interlayer space of clay minerals. In addition, a drug can also be attracted and
loaded to CNPs by surface adsorption. By contrast, neutral drugs can simply be bound through their

interactions with active sites on the surface of clay minerals in the network of hydrogels.***

Depending on drugs, CNPs and polymers, the interactions can be physical or chemical or both.
The chemical adsorption is stronger than conventional physical adsorption. Importantly, in some
nanocomposite hydrogel, clay minerals play a leading role in the adsorption of drugs.**> For example,

Anirudhan and Sandeep™*®

studied the nanocomposite hydrogels consisting of carboxymethyl chitosan
and montmorillonite and found that the negatively charged montmorillonite nanoplatelets encapsulated
94.56% of doxorubicin, a neutral drug, via hydrogen bonding and electrostatic interactions. The release

of doxorubicin from the nanocomposite hydrogels was related to the breakage of the bonds and
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hydrogel dissolution. Moreover, the addition of montmorillonite shifted the dissolution-resistant
properties of hydrogels, thereby affecting the release of drugs.'®’ Kevadiya et al.**® synthesized
montmorillonite/alginate nanocomposites hydrogels with the intercalation of lidocaine hydrochloride
(LC), an antiarrhythmic local anesthetic drug, into montmorillonite. Due to the host-guest intercalation
and the pH-responsiveness of the alginate/montmorillonite nanocomposites hydrogels, LC was released
from montmorillonite in hydrogels in a controlled way. Kevadiya et al.*** demonstrated that
PAM/Na’-montmorillonite nanocomposite hydrogels produced by free radical polymerization had the
potential to be used as an anticancer drug carrier reservoir. The addition of the hydrophilic
montmorillonite improved the water uptake of the nanocomposite hydrogels. In vitro study of drug
release showed that the release from the nanocomposite hydrogels was controlled with time and partial
diffusion through the swollen matrix of the nanocomposite hydrogel.*® As shown by the
above-mentioned examples, recent progress indicated that clay mineral-containing nanocomposite

hydrogels have excellent potential as drug carriers.

4.2.2 Scaffold for tissue engineering

CNPs can combine with the macromolecules, such as poly(NIPAM-co-DMAEMA)),**° PEO,™*

PVA, PAA, polypeptides,’** alginate and chitosan'>®

to form biocompatible nanocomposite hydrogels.
Such hydrogels have been tested as scaffolds for organizing and directing cells to form a desired tissue

and then the tissue is delivered in a minimally invasive manner.*** Many kinds of cells, for example,

155 6

the osteoblast,”” murine fibroblast," stem cells,"® epithelial cells, human hepatic cells, dermal
fibroblasts and umbilical vein endothelial cells**” have showed good adhesion, differentiation and

proliferation on the clay mineral-containing nanocomposite hydrogels in vitro.

The binding of the cell to the nanocomposite hydrogels surface is driven mainly by electrostatic
interactions. For example, Kotobuki et al."*® synthesized DMA nanocomposite hydrogels consisting of
2102 mol/L of laponite for the cultivation, differentiation, and proliferation of human mesenchymal
stem cell. Both the hydrophilic DMA and the charged laponite enhance the binding of cells to the
nanocomposite hydrogels. Though PEG hydrogels are not an adhesive to cells, adding 5% of laponite
as the cross-linker to form the PEG/laponite nanocomposite hydrogels enabled the materials to support

cell adhesion.'®® The laponite in the covalently cross-linked network was mainly responsible for the
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adhesion. Chang et al.*® synthesized biocompatible PEGDA/laponite nanocomposite hydrogels that can
support both two- and three-dimensional (2D and 3D) cell cultures. Unlike PEGDA hydrogels,
PEGDA/laponite nanocomposite hydrogels supported cell adhesion and their subsequent spreading in a
2D culture and supported 3D cell encapsulation similar to that of widely used PEGDA hydrogel
systems. Moreover, the addition of laponite wielded no adverse effect on the encapsulated cells.
Similarly, adding 20-70% of laponite NPs to PEO, Gaharwar et al.™®® prepared nanocomposite
hydrogels with higher cell viability (~95%) than that on a PEO hydrogel. The presence of
montmorillonite also enhanced the cellular uptake efficiency of carboxymethyl chitosan nanocomposite
hydrogels through hydrogen bonding. The nanocomposite hydrogels maintained good cell viability
even after 96 h.!*® Due to the addition of laponite XLG to poly(2-methoxyethyl acrylate)
(PMEA)-based hydrogels, the cells were successfully cultured on the surfaces of nanocomposite
hydrogels.® The adhesion and proliferation of cells increased with the increasing concentration of
laponite in the range of 10-23 wt%. Clearly, the CNPs-containing nanocomposite hydrogels have
enhanced mechanical properties and hence possesses potential to be used as scaffolds for tissue
engineering. Additionally, the ability of the nanocomposite hydrogels to support 3D culture of
encapsulated cells establishes them as an ideal injectable system with minimally invasive strategies for

in vivo applications.

4.2.3 Biosensor

Clay mineral-based materials have long been considered as biosensors.*® Combined with
stimuli-responsiveness to environment of the polymeric hydrogels, clay mineral-containing
nanocomposite hydrogels as biosensors have additional advantages. Namely, the clay
mineral-containing nanocomposite hydrogels consist of two basic components: (1) a recognition
system and (2) a specific place for the sensitivity to occur. Earlier, by coating a silicon-integrated
thermotransducer with a thin PAM/montmorillonite hydrogel membrane, which have time-dependent

water vapor absorption, Gao et al.'*2

successfully made a sensor with high selectivity and high sorption
capacity for liquid water and water vapor. Such sensor showed an excellent reproducibility of the
signal output voltage. A recent breakthrough by Ikeda et al.'®® featured a semi-wet fluorescent sensor

by integrating supramolecular hydrogels with montmorillonite. Meanwhile, cationic coumarin dyes
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were intercalated into the interlayer space of montmorillonite for probing spermine and spermidine,
which can be used as biomarkers for assessing the effectiveness of cancer chemotherapy (Fig. 10). In
this system, the organic supramolecular fibers formed the hydrogel and acted as an immobilization
matrix and the anionic montmorillonite NPs played a critical role in the interactions between
fluorescent molecules and biomarkers. Namely, the montmorillonite NPs served as host for aggregation
of the exchangeable cationic fluorescent dyes and then such exchangeable cations that can be replaced
by polyamines through electrostatic interactions and detected upon the color changes. As a result, color
changes can be detected even with naked eyes in a user-friendly manner. Such a novel methodology
provides a promising way to early cancer diagnosis in urine. This functional clay mineral-containing
supramolecular hydrogel can also be taken as a model for designing sensor systems for a variety of
analytes. In addition to montmorillonite, laponite was also used as a host to provide space for
transforming signals in the hydrogel biosensor.*®* Importantly, both the polymer and clay minerals can

be further modified with functional groups to optimize sensitivity and selectivity for targeted
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Fig. 10. Hybrid biosensor consists of a cationic fluorescent coumarin dye (G-coum) intercalated into supramolecular fiber
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1/montmorillonite (MMT) hydrogels for determination of polyamines. The adsorbed cationic dyes in the interlayer space showed
a weak greenish, which converted to an intensified blue color. Adapted and reprinted with permission from reference 163.

Copyright (2011) American Chemical Society.
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4.2.4 Wound dressing

Wound dressings are often used to accelerate the wound healing and create a moist environment.
Meanwhile, an ideal wound dressing should be able to absorb the wound exudates and protect the
wound from secondary infections.'® The addition of clay minerals to the polymeric hydrogels and the
interactions with polymers can improve the mechanical properties and absorptivity of nanocomposite
hydrogels.'®® The clay mineral-containing nanocomposite hydrogel with suitable strength and elasticity
is expected to be an effective wound dressing material. Moreover, due to the enhancement of
adsorption caused by CNPs, the nanocomposite hydrogels can better absorb the wound exudates and
keep the wound clean.®* In addition, the clay mineral-containing nanocomposite hydrogels with a large
amount of water can keep the wound moist, and protect the wound from infection.

Furthermore, CNPs in the hydrogels can tune the viscosity. Shen et al.'®’

prepared the
PAA/laponite nanocomposite hydrogels showing adjustable viscosity by adjusting the amount of
laponite. The increased viscosity is beneficial for the wound dressing to adhere into wound tightly.
Particularly, when the organically modified CNPs are used, it is possible for the hydrophobic
organo-CNPs to encapsulate organic drugs and control the release of the drugs. Using the

1.% prepared PVA/CTA*-montmorillonite nanocomposite

freezing—thawing method, Kokabi et a
hydrogels (CTA™: cetyl trimethyl ammonium cation) as wound dressings. The addition of
CTA*-montmorillonite plays a key role for nanocomposite hydrogels to obtain relatively high
adsorption capacity, appreciable vapor transmission rate, excellent barrier against microbe penetration,

and excellent mechanical properties. The amount of the clay added to the nanocomposite hydrogel was

found to be a key factor in such properties required for wound dressing.

In vivo evaluation on such PVA/organoclay nanocomposite hydrogel as an applicable wound
dressing on animals also showed an improved healing process for wounds.®> The improvement was
attributable to better creation of moist surfaces on the wound with less scar formation, shorter duration
of healing operation and better closing of the wound edges with enhanced tensile properties of the
healed wound, i.e., tensile strength and elongation at break. Additionally, an in vitro cytotoxic assay
showed that the as-prepared nanocomposite hydrogel was non-toxic and biocompatible. Particularly,

when the organically modified CNPs are used, it is possible for the hydrophobic organo-CNPs to
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encapsulate organic drugs, and control the release of the drugs. Importantly, in this way, organic drugs,
which inherently cannot dissolve in water, can be introduced into the hydrogel using the organo-CNPs
as the intermediary. Yet this strategy is rarely reported at present for clay mineral-containing

nanocomposite hydrogels.

5. Conclusions and outlook

Exfoliated clay minerals with a high aspect ratio are unique functional colloidal 2D nanoplatelets,
which can be incorporated into hydrophilic polymers to form a novel class of nanocomposite hydrogels.
The inorganic clay nanoplatelets physically and/or chemically interact with a polymer matrix, thereby
causing a dramatic improvement in mechanical properties, swellability, and adsorption of the resultant
hydrogels. The stimuli-responsiveness of the nanocomposite hydrogels to temperature, pH and even
electric field can also be significantly tuned by adding clay minerals into the hydrogels. The clay
mineral-containing hydrogels may hence serve as model systems to investigate mechanisms of

preparation and performance for many other two-dimensional inorganic nanosheets.

Substantial advances in such nanocomposite hydrogels have been achieved over the past few years.
Nevertheless, to manufacture clay mineral-containing nanocomposite hydrogels in an effective way,

and to endow the hydrogels with superior properties still faces challenges.

(1) Due to the additional interfacial interactions in the nanocomposite hydrogels, the analysis of
particular interactions and the mechanisms of the performance enhancements become more
complicated and the fundamental reasons remain elusive. Thus, further work is required to investigate
the interactions that are intrinsic to these unique properties. Such mechanistic understanding will
provide in-depth insights into the structure-function relationships, which is critical for formulating
controlled preparations for desired applications. As such, there is a need for precise microstructural
determination of interfacial and colloidal phenomena, in-situ observation of the hydrogel-forming, and
linking at the molecular and atomic levels. To this end, computer simulation and theoretical
calculations may also assist theoretical modeling, prediction, and description of the structure and

properties of clay mineral-containing nanocomposite hydrogels.

(2) The in situ free radical polymerization is a common method to prepare nanocomposite hydrogels,
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because of adaptability to various clay minerals and monomers. Currently, the rapid supramolecular
assembly and the freezing-thawing process method are merely applicable to a few macromolecules or
polymers. For these two methods, there is a large research space for rationally designing
macromolecules or polymers with functional groups so that the resultant hydrogel meets the need for
greater biocompatibility, faster response to stimuli, and increased mechanical properties. In addition,
efficient exfoliation methods for clay minerals will require further development as
uniformly-distributed CNPs in nanocomposite hydrogels are a key indicator of effectiveness for all

preparation methods, and for performance of the nanocomposite hydrogels.

(3) The applications of clay mineral-containing nanocomposite hydrogels cover a spectrum spanning
from superabsorbents for wastewater treatment to biomaterials. In particular, the clay
mineral-containing nanocomposite hydrogels are attractive as vehicles for controlled encapsulation and
release of drugs, as tough and adjustable scaffolds for tissue engineering, as nano-sized biosensors for
diagnosis, and as wet and soft dressings for wound-healing. Nevertheless, most studies are still
conducted at a laboratory scale. The biological stability and the side effects of nanocomposite
hydrogels require in vivo investigations. In addition, there are rarely studies on the use of the clay
mineral-containing nanocomposite hydrogels in notch-sensitivity and self-healing ability, and as
cell-emulating system for photocatalysis.®® Finally, more attention is required in combining the
advantages of layered clay minerals and polymers, both of which can be modified and functionalized
diversely. As such, many new possibilities will manifest for developing clay-containing hydrogel soft

materials with unusual functions and wide applications.
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Clay-containing nanocomposite hydrogels, made from polymerization, supramolecular assembly
or freezing—thawing cycles, are exceptional in formation mechanisms, properties and applications.



