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ABSTRACT

Nanocomposite hydrogels, made by incorporating nanoparticles into a hydrogel matrix,
have been developed to fulfill the need for materials with enhanced and predictable
mechanical properties and functionality. This review breaks down the process of preparing
and characterizing nanocomposite hydrogels and looks at the various applications they can
be used for. Through careful selection of the nanoparticle and hydrogel types, as well as the
preparation method, the degree of crosslinking and the strength of the intermolecular
interactions between the nanoparticles and the hydrogel matrix can be controlled. Once the
nanomaterial is prepared, the morphology, gel content, thermal stability, and mechanical
properties are investigated. By varying the concentrations of nanoparticles within the
hydrogel matrix, nanocomposite hydrogels with optimal functionality and mechanical
properties are produced. The optimized nanomaterial can then be used for its intended
application(s); here the focus is on applications in the biomedical and dye adsorption fields.
With further research, it is predicted that nanocomposite hydrogels will fulfill their potential
to be used in practical, everyday applications.
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1. Introduction

A hydrogel is made of a three-dimensional (3D) network of
polymers containing hydrophilic and hydrophobic parts in a
defined proportion. When placed in aqueous medium, hydro-
gels can swell, increasing their initial volume by at least 10%
without breaking down or significantly changing their shape.
This swelling ability is due to the crosslinking between the
polymer chains of the hydrogel, which allows the hydrogel to
swell and shrink [1-3]. The functionality and wettability of a
hydrogel largely depends on the type of functional groups
attached to the monomers used to form the polymer backbone
of the hydrogel [4]. For example, hydrophilic functional groups
create an osmotic pressure gradient, allowing water to diffuse
into the hydrogel through a capillary action, making it swell.
The swelling ability can be controlled through the polyme-
rization method and chemical properties of the incorporated
nanoparticles [5]. Hydrogels have been used in a diverse range
of hygienic, agricultural, medical, and pharmaceutical applica-
tions because they are hydrophilic, biocompatible, and relati-
vely nontoxic. In such applications, the water absorbency and

water retention properties are essential [6]. Therefore,
hydrogels have interesting applications in tissue engineering
[7], drug delivery [8], chemical sensing and biosensing [9], and
separation and purification technologies [10], to name a few.
Recently, polymeric hydrogels have attracted much scientific
interest and have found uses in many fields [11], including
molecular filters [12,13], superabsorbents [14], and contact
lenses [15].

Conventional hydrogels have relatively poor mechanical
properties and limited functions arising from their soft and
fragile nature, hampering their usefulness in practical
applications [16]. To overcome these issues, many researchers
have focused on creating hydrogels with higher mechanical
performances by creating thin layers or small particles [17-19],
using cold-treatment [20], introducing macro- or nano-porous
structures [21,22], grafting polymers by adding hydrophobic
crosslinkers [23], using hydrophilic silica as nanosized water
reservoirs or preparing gels in organic/water mixture media
[24,25], sliding hydrogels [26], forming double-network
hydrogels [27], using figure-of-eight crosslinkers to make
topological gels (TP gel) [28], and creating nanocomposite (NC)
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hydrogels [29]. Recently, organic nanoparticles (NPs) [30],
interpenetrating polymer network [31-33], and inorganic NP
composite hydrogels [34,35] with enhanced functionality were
prepared to broaden the spectrum of applications of hydrogels
[36]. Compared with other materials, NC hydrogels have the
advantages of ease of preparation and usually enhanced
mechanical properties, owing to their unique microstructure
network of flexible polymer chains physically crosslinked by
homogeneously dispersed inorganic NPs. Unfortunately, only a
few types of inorganic NPs, including clay [37], graphene oxide
[38], calcium hydroxide spherulite [39], and layered double
hydroxides (LDHs) [40], have been successfully employed to
achieve NC hydrogels. Multiple functions of NC hydrogels, such
as photoluminescence (PL), remain a great challenge, although
NC hydrogels with enhanced mechanical properties have been
extensively studied. Considering the high photochemical stabi-
lity, sharp emission bands, and low toxicity of rare-earth (RE)
elements [41,42], luminescent polymer hydrogels containing
two or more active RE ions are ideal candidates to offer multi-
color PL emissions by simply changing the relative ratios of RE
ions [43,44].

Nanocomposite hydrogels are prepared from the combina-
tion of polymers and NPs by chemical or physical interactions
[45,46]. Examples of functional NPs include metal/metal oxide
NPs, polymeric NPs, silica NPs, semiconductor quantum dots,
and carbon-based nanomaterials (Graphene oxide, carbon
nanotubes, and NCs) [47]. The resulting hydrogels have
increased functionality and interesting applications in the fields
of sensing [48], actuators [49], biomedicine [50], separation
and purification technologies [51], and computing [52].

Polymeric NC materials are being used as an alternative for
conventional polymeric materials because they are lightweight
and inexpensive, with excellent physicochemical properties
[53]. Attempts are being made to fabricate a greater variety of
polymeric NCs and to understand their fundamental principles
to make them applicable in different areas of science and
engineering. By incorporating nanocomposite fillers into the
polymer matrix, many of the properties of the polymer, such as
the structural, optical, and electrical properties, can be tuned
[54,55]. Various types of polymers (polyethylene, polyvinyli-
dine fluoride, polypropylene, polymethyl methacrylate, poly-
aniline, polyvinyl chloride, polyamide, polyethylene terephtha-
late, polystyrene, etc.) loaded with different types of nanofillers
(CuO, ZnO, ZnS, CuS, CdSe, Cds, GO, FeO, etc.) have been used to
fabricate polymeric NCs with enhanced structural, optical,
mechanical, and electrical properties [53,56].

2. Preparation of nanocomposite hydrogels

NC hydrogels are an important chapter in hydrogel
conception. The preparation of NC hydrogels is similar to that
of conventional hydrogels. Here, we discuss some methods for
the preparation of NC hydrogels. It is simple to prepare NC
hydrogels by gelation, which is mostly driven by electrostatic
interactions and hydrogen bonding between the NCs and
polymer chains [57]. One NC hydrogel prepared by gelation is
made from polyethyleneimine (PEI), microcrystalline cellulose,
and carbon dots (CDs). This NC hydrogel forms due to the
strong hydrogen bonding that occurs between the cellulose and
PEI-CDs [58]. A similar NC hydrogel prepared by gelation is a
chitosan/CD NC hydrogel film, where the electrostatic
interaction between the oppositely charged chitosan and CDs
drives the formation of the hydrogel [59]. NC hydrogels have
also been prepared by first radically polymerizing [2-
(acryloyloxy)ethyl]trimethylammonium chloride (AETA) with
N,N’-methylenebisacrylamide (MBA) as a crosslinker, then
immersing the dried cationic polymer network in an aqueous
graphene quantum dot suspension [60].

NC hydrogels are often formed by the in-situ polymerization
of a mixed solution of polymerizable monomers and NCs [61],

such as acrylamide (AM) in a suspension of CDs [62]. Recently,
a fluorescent waveguide NC hydrogel was created by
photopolymerizing a mixture of CDs and a hydrogel precursor
[63]. Additionally, the photopolymerization of an aqueous
solution of N-methacryloyl chitosan and NCs produced an
injectable NC hydrogel [64]. NC hydrogels have also been
formed by mixing NCs directly into polymers. A cyclic freezing-
thawing process was recently used, where NC hydrogel pipes
were prepared by loading montmorillonite (MMT) into a
polyvinyl alcohol (PVA) matrix [65]. Another NC hydrogel made
with this method was comprised of nano-ZnO loaded in poly(N-
isopropylacrylamide-co-acrylic acid) (P(NIPAm-co-AAc)) using
an in-situ process [66].

The self-assembly method is another method which is
effective for making NC-based hydrogels. Recently, it was used
for the preparation of a 3D graphene-based hydrogel (GBH),
which self-assembles via m-m interactions of graphene oxide
(GO) sheets [67]. Other self-assembly methods have been
developed for 3D GBHs, such as hydrothermal processes [68],
chemical reduction [69], and metal ion-induced processes [70].
Another method, which takes advantage of the ability of GO to
disperse in polar solvents, is the mixed solution method. It has
been used to prepare a graphene/gelatin hydrogel composite
film that exhibits improved tensile strength over pure gelatin
films [71]. The mixed solution method has also been used to
produce Au-NP hydrogel composites, which are formed by
adding Silica-Au nanoshells to a monomer solution with a gel
initiator, crosslinker, and accelerator [72]. An additional way of
preparing NC hydrogels is via the physical incorporation of NPs
into a hydrogel matrix after gel formation, such as by immersing
electropolymerized polyacrylamide (PAAm) gel into an Au-NP
solution [73]. A final method of creating NC hydrogels is by
using NPs, like clay or titanate nanosheets (clay-NSs or TiNSs),
as crosslinkers, which results in NC hydrogels with enhanced
mechanical properties [47,74].

3. Characterization
3.1. Gel content

To determine the gel content, the hydrogel samples are first
dried to a constant weight, then immersed overnight in room
temperature distilled water to remove any impurities. After
soaking overnight, the gel samples were oven-dried to a
constant weight. The gel fractions of the samples were
calculated according to the method of Khoylou et al. [75] as
follows:

Gel fraction (%) = 14x 100 (1)

where Wi is the dry weight of the gel after impurity extraction
and Wi is the initial weight of the dried gel. Measuring the
weight after vacuum filtration results in a more accurate
measure of the insoluble fraction, or the hydrogel. The gel
fraction, calculated by using the initial weight of dry gel (Wo)
and the weight of extracted dry gel (Wi) according to the
following equations [76,77]:

Sol fraction (%) = %x 100 (2)

Gel fraction (%) = 100 - Sol fraction% (3)
3.2. Determination of swelling ratio

The swelling ratio is the percent of change in hydrogel
weight as a result of water absorption over time. Experimen-
tally, a sample of preweighed, dry hydrogel is immersed in
distilled water, then taken from the water at regular time
intervals and weighed after removing the surface water. Finally,
the percent of swelling of each sample is calculated using the
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weight of the swollen gel at time t, (W) and the initial weight of
the dry gel (Wi) according to the following equation [78,79],

Wi-Wo
Wo

Percent Swelling (%) = x100% 4)

The equilibrium swelling ratio (ESR) is the maximum
amount of water able to be absorbed by gel samples and is
determined by using the weight of the swollen gel at
equilibrium (Ws) and Wy according to the following equation
[80],

_WsWo

ESR (5)

The ESR of polymer gels is important to water shut-off
treatments and is related to the salt sensitivity factor, f, which
represents the ratio of the polymer’s ESRs in tap water (ESR)
and in aqueous electrolyte solution (ESRe), according to the
following equation [81].

fe1-25 6

For NC hydrogels prepared with sodium montmorillonite
(Na-MMT) and sulfonated polyacrylamide (PAMPS), increasing
the concentration of Na*-MMT from 0 ppm to 4000 ppm caused
a decrease in ESR and f[82]. This may be related to trapped Na*-
MMT being unable to contribute to the osmotic pressure of the
hydrogel, which is the main cause of gel swelling. Another
explanation for the decrease in ESP and f may be the increase of
crosslinked points in the polymeric network, decreasing the
hydrogel’s ability to swell. This result also confirmed that the f
factors for NC hydrogels are slightly lower than those for
traditional hydrogels because the NC hydrogels had decreased
copolymer mobility chains within their network and, as such,
had low f factor amounts whilst their ability to swell was more
appropriate. The swelling capacity of saponite + PAAm
hydrogels is greater than that of conventional PAAm hydrogels,
which is likely due to hydrogen bonding between the absorbed
water and the NHz group of the saponite [16]. For the PVA/MMT
NC hydrogel pipes loaded with 10 wt % MMT, the ESR after 6
hours of drying was reduced by 25%. This may also be
attributed to the increased crosslinking restricting the
absorption of water molecules during the swelling processes
[65].

3.3. Surface morphology study

Scanning electron microscopy (SEM) is used to characterize
the surface morphology of NC hydrogel samples, which changes
with the addition of NPs [83]. For the NC hydrogels made by the
in-situ polymerization of organo-MMT and N-isopropylacryl-
amide (NIPAAm), SEM images show that as the concentration
of organo-MMT increases, the pore size decreases. This reduc-
tion is likely a result of the increased number of crosslinked
points as a function of the increased concentration of organo-
MMT [84]. Figure 1, A/1l, B/II, C/II, and D/II indicates the
decreasing pore size of the organo-MMT/PNIPAAm NC
hydrogel as a function of the increasing organo-MMT concent-
ration. The PVA/MMT NC hydrogel pipes also showed a
decreasing pore size with increasing MMT levels, which was
determined to have resulted from increased crosslinking within
the hydrogel matrix [65]. SEM was also used to show the effect
of Na-MMT addition on the pore size of PVA hydrogels. As with
the other MMT-loaded NC hydrogels, the pore diameter was
shown to decrease with increased MMT concentration [85].
Decreasing pore size with increasing nanoparticle concent-
ration is a continuous trend across other nanoparticle/
hydrogel combinations, including multiwalled carbon nano-
tubes (MCNTs) incorporated into k-carageenan hydrogels, as
shown in Figure 2 [86].

It was found that the surface of a conventional sodium
carboxymethylcellulose (CMC-Na)/PVA-based hydrogel was
almost smooth; however, the surface morphology changed to a
more wrinkled appearance after the addition of cellulose
nanocrystals (CNCs). Even the distribution of CNCs in the
hydrogel improves its thermal and mechanical properties [87].
In the SEM images of the saponite + PAAm hydrogel shown in
Figure 3a, a smooth surface with embedded clay particles can
be observed. This hydrogel was then used to develop AgO NPs
within the NC hydrogel matrix. The silver loaded hydrogel is
shown in Figure 3b, while the AgO NPs incorporated into the
hydrogel matrix are shown in Figure 3c [16].

3.4. X-ray diffraction pattern analysis

X-ray diffraction (XRD) is used to understand how
nanoparticles develop in hydrogel networks. It has often been
used to assess the morphology of prepared nanocomposite
hydrogels [88]. In particular, the interactions between bioactive
molecules and nanocarriers (including organic/inorganic nano-
particles, small bioorganic molecules, and polymers) and the
organizational phase of such nanocarriers in NC hydrogels have
been thoroughly documented via small-angle X-ray scattering
(SAXS) and XRD [89]. Pure organic polymer hydrogels like
PAAm cannot be detected with XRD because they are amorp-
hous; instead, they exhibit peaks of confusion. When NPs like
halloysite nanotubes (HNTs) are added to polymeric hydrogels
like PAAm, the diffraction peaks of the hydrogel sample and its
nanocomposites are changed, shifting to reflect the strength of
the interactions between the polymer chains and the NPs [90].
The XRD pattern of the saponite and PAAm hydrogel shows a
characteristic diffraction peak at 24.29°. When AgO NPs are
developed in the hydrogel matrix, the diffraction pattern
develops peaks corresponding to face-centered cubic silver, as
shown in Figure 4 [16].

In the MMT/PVA NC hydrogel pipes, there was no distinct
diffraction peak and the diffraction peak associated with MMT
had been removed (Figure 5) [65]. This confirmed crosslinking
between the PVA and the MMT and the formation of a
homogenous NC hydrogel.

3.5. Mechanical properties of nanocomposite hydrogels

Conventional hydrogels, prepared by copolymerization of
one or more functional monomers in the presence of a cross-
linker, have been of great interest due to their applications in
agriculture [91], drilling fluids [92], tissue engineering [93,94],
and waste treatment [95]. However, highly swollen hydrogels
are usually very fragile due to a lack of efficient energy
dissipation mechanics, which has restricted the further growth
of traditional hydrogels. Recently, efforts have been made to
improve their mechanical strength, with some solutions
including the addition of nanoparticles to tune the properties of
the resulting hydrogel. These NC hydrogels exhibit enhanced
mechanical properties, such as high tensile strength, and can
withstand extensive deformations, like stretching, compres-
sion, tearing, and knotting (Figure 6) [96,97].

The total stretched length of an NC gel can vary to over
1000%, depending on the type of NP and polymer used. NC
hydrogels like poly(N,N-dimethylacrylamide) (PDMAA-NC)
crosslinked with synthetic hectorite can stretch to 1600% of its
original length [98]. Tensile testing can be used to measure the
impact of NP addition to conventional hydrogels. Incorporating
increasing concentrations of HNTs into the PAAm hydrogel
matrix results in NC hydrogels with nearly linearly increasing
limits of stretching ability [90].
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Figure 2. Surface morphology of (A) k-carrageenan, (B) pure k-carageenan hydrogel, and (c) MCNT-loaded NC hydrogel. Licensed under CC-BY-NC-ND 3.0
[86].
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Figure 3. Surface morphology and respective EDS spectra of (a) saponite + PAAm hydrogel, (b) silver-loaded hydrogel and (c) AgO NC hydrogel. Copyright
(2016) Wiley. Used with permission from (Bandla, Silver nanoparticles incorporated within intercalated clay/polymer nanocomposite hydrogels for
antibacterial studies, Polym. Compos.) [16].
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Figure 4. XRD spectra of saponite + PAAm hydrogel and AgO-NC hydrogel. Copyright (2016) Wiley. Used with permission from (Bandla, Silver nanoparticles
incorporated within intercalated clay/polymer nanocomposite hydrogels for antibacterial studies, Polym. Compos.) [16].
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Figure 5. XRD spectra of MMT/PVA NC hydrogel pipes containing 0% (pristine), 5% (NH5), or 10% (NH10) of MMT. Copyright (2019) Wiley. Used with
permission from (Sirousazar, Polymer-clay nanocomposite hydrogels for molecular irrigation application, J. Appl. Polym. Sci.) [65].

When CNCs are used as a strengthening filler in hydrogels, with PAM-CNF having the greatest values [100]. An
carboxymethyl cellulose (CMC), the tensile strength of the interesting NC hydrogel, termed an organic NC PAAm hydrogel
composite is 17% higher than that of pure CMC. Additionally, (OC gel), which is crosslinked with polystyrene (PS), showed

the tensile modulus of the CNC NC hydrogel is 60%, which is generally increased tensile strength up to a PS concentration of

higher than that of pure CMC. Microcrystalline cellulose (MCC) 40%, with an optimal tensile strength at a PS concentration of

was also added to the CMC matrix but was proven not to 10% [30].

increase tensile strength or tensile modulus [99]. PVA/MMT NC

hydrogels made with increasing concentrations of Na-MMT 3.6. Thermogravimetric analysis

have been shown to have nearly linearly increasing tensile

strength and tensile modulus (Figure 7) [65]. Thermogravimetric analysis (TGA) is a heat analysis tool in
Compression stress-strain curves for polyacrylamide which the temperature of the sample is steadily increased,

(PAM), PAM/chitosan nanofibers (PAM-CNFs), and PAM-CNF causing corresponding changes in the mass of the sample over

semi-interpenetrating polymer networks (PAM-SIPNs) show time [101]. Therefore, it is an effective tool to understand the

that the compression strength and storage modulus of the PAM- thermal events of NC hydrogels when they are heated at a fixed

CNFs and PAM-SIPNs is higher than those of the pure PAM rate [102].
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Figure 6. NC gels undergoing rigorous mechanical testing: (a) WSCA/PAM NC hydrogel (left) compared to pure PAM hydrogel (right); NC hydrogel being (b)
bent, (c) knotted, and (d) compressed/decompressed; PAM hydrogel being (e) compressed/decompressed and (f) stretched; NC hydrogel being (g) stretched

and (h) stretched while knotted. Licensed under CC-BY 4.0 [96].
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Figure 7. Compressive stress-strain curves of MMT/PVA NC hydrogel pipes containing 0% (NHO0), 5% (NH5), or 10% (NH10) MMT. Copyright (2019) Wiley.
Used with permission from (Sirousazar, Polymer-clay nanocomposite hydrogels for molecular irrigation application, . Appl. Polym. Sci.) [65].
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Figure 8. TGA of saponite + PAAm hydrogel and AgO-NC hydrogel. Copyright (2016) Wiley. Used with permission from (Bandla, Silver nanoparticles
incorporated within intercalated clay/polymer nanocomposite hydrogels for antibacterial studies, Polym. Compos.) [16].

Figure 8 shows a thermogram of the NC hydrogel made by
crosslinking saponite and PAAm, as well as the hydrogel after
growing Ag NPs in the hydrogel matrix. The thermogram shows
that the AgO-NC hydrogel is stable over a greater temperature
range than the original saponite + PAAm NC hydrogel [16].

Figure 9 shows a thermogram of the PVA/MMT NC
hydrogels prepared by the cyclic freezing-thawing method,
where the number at the end of the sample name indicates the
percentage of MMT in the hydrogel matrix. The NHO degra-
dation temperature peaks were observed at lower tempera-

tures than the NH5 and NH10 degradation peaks, suggesting
that the addition of MMT into the PVA hydrogel matrix
improves the thermal stability of the hydrogel [65].

Thermograms of PAM, PAM-CNF, and PAM-SIPN show three
degradation stages, corresponding to the loss of water under
250 °C, the loss of an NHz group between 250 and 320°C, and
the degradation of the polymer chains above 320°C. These
results show that the thermal stability of PAM-CNF and PAM-
SIPN are only slightly greater than those of the original PAM
hydrogel [100].
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Figure 9. TGA analysis of MMT/PVA NC hydrogel pipes containing 0% (NHO0), 5% (NH5), or 10% (NH10) MMT Copyright (2019) Wiley. Used with permission
from (Sirousazar, Polymer-clay nanocomposite hydrogels for molecular irrigation application, J. Appl. Polym. Sci.) [65].

120

100

80

60

Weight retontion, %

40

20

0 100 200

300 400 500 600

Temperature, °C

Figure 10. TGA analysis of (a) k-carrageenan, (b) pure k-carageenan hydrogel, and (c) MCNT-loaded NC hydrogel. Licensed under CC-BY-NC-ND 3.0 [86].

800

700 4 mZn =Cd =Pb
)
£ 600 -
£ 500 {
<
§
S 400 A
c
2
B 300
o
12}
X 200
100
0+
0 10

20 30

% Graphene oxide

Figure 11. The influence of GO nanoparticle addition on the metal ion adsorption capacity of xylan-g-/P(AA-co-AM) hydrogels.

Figure 10 shows that the initial degradation temperature of
the MCNT-loaded k-carageen NC hydrogel is significantly
higher than that of the pure hydrogel, thus indicating the NC
hydrogel’s increased thermal stability [86]. For NC hydrogels
made with sodium alginate-g-polyacrylic acid polymerized with
TiOz (SA-g-PAA/TiOz), the degradation curves of the NC
hydrogel are slightly more thermally stable than the original
SA-g-PAA hydrogel, indicating that TiO2 may act as a thermal
barrier for the SA-g-PAA polymer chains [103].

3.7. Adsorption study

Hydrogels can be used to remove pollutants from water
sources through the adsorption of the pollutant to the hydrogel.
By adding nanoparticles to the hydrogel matrix through any of
the preparation methods listed previously, the adsorption

capacity can be enhanced because the number of active sites is
increased. The adsorption capacity of CMC-Na/PVA hydrogel is
125.94 mg/g, but when CNCs are added to the hydrogel, the
adsorption capacity increases to 163.934 mg/g [87]. Similarly,
the SA-g-AA/TiOz NC hydrogel is more efficient in the
adsorption of methyl violet than SA-g-PAA: 99.6% and 85%,
respectively [103]. Xylan-g-/P(AA-co-AM)/GO NC hydrogels,
prepared via in-situ polymerization, can adsorb metal ions. The
adsorption capacity for each of the three types of metal ions,
Pd?+, Zn?*, and Cd#*, by the xylan-g-/P(AA-co-AM) hydrogels
increased after GO was incorporated (Figure 11), which was
attributed to the large amount of -OH and -COOH groups in the
GO that provide more active sites [104]. When clay nano-
particles are incorporated into the hydrogel matrix, the
adsorption capacity of conventional hydrogels also increases as
the clay nanoparticles provide a larger number of active sites.
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Table 1. Change in the methylene blue adsorption capacity for CMT-g-PAM NC hydrogels as a function of silica loading.

Polymer Adsorption capacity (mg/g)
CMT-g-PAM 72.91
CMT-g-PAM/Si02(0.5%) 89.42
CMT-g-PAM/SiO2 (1%) 93.37
CMT-g-PAM/Si02(1.5%) 99.76
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Figure 12. The effect of clay concentration on the degree of adsorption of orange dye at pH = 3.
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Figure 13. The effect of Spirulina loading on Cré+ adsorption capacity.
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Figure 14. The increase in methylene blue adsorption capacity of agar hydrogels with increased graphene oxide loading.

The adsorption capabilities of organo-MMT loaded
P(NIPAM) hydrogels gradually increase with the clay concen-
tration, but plateaus above 2.5% organo-MMT (Figure 12) [84].
In the case of organo-MMT loaded PVA/AAc hydrogels,
however, the adsorption of Cu?t, Co?*, and Ni?* increases
significantly with the addition of organo-MMT [105].

From Figure 13, we can see that pure PAAm hydrogel can
adsorb modest amounts of Cr¢* ions. Once Spirulina microalgae,
immobilized in MMT, was incorporated into the PAAm hydrogel

matrix, an enhanced adsorption capacity was observed [106].
Clearly, the PAAm NC hydrogel containing 0.5% Spirulina was
found to have the highest adsorption capacity. Above 1%
spirulina loading in the PAAm hydrogel matrix, metal
adsorption decreases and plateaus, which is attributed to the
functional groups of the Spirulina and MMT coming close
enough to detrimentally interact. Carbon-containing mont-
morillonite-based (CMMT) NC hydrogels made with cellulose
exhibited an increase in their adsorption capacity of methylene
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blue over the H2S04-MMT precursor. [107]. A PAMPS hydrogel
prepared by the polymerization of 2-acrylamido-2-methylpro-
panesulfonic acid and pectin with N,N-methylenebisacrylamide
(Pec-g-PAMPS), also used to adsorb methylene blue, showed a
maximum adsorption of 62 mg/g. Once the hydrogel was loaded
with Ag NPs to form a Pec-g-PAMPS-silver NC hydrogel, the
adsorption capacity increased to 89 mg/g [108]. Polyacryl-
amide grafted carboxymethyl tamarind (CMT-g-PAM) hydro-
gels have also been investigated for the adsorption of
methylene blue, although they exhibit a much lower adsorption
capacity of 32 mg/g. When silica is incorporated into the
hydrogel matrix, the adsorption capacity increases to 44 mg/g,
which, while still low, is a significant increase (Table 1) [109].
An agar/GO aerogel, also used to adsorb methylene blue, had a
similar initial adsorption capacity as the CMMT NC hydrogel.
However, it exhibited more significant adsorption capacity
increases as the GO content increased (Figure 14). This is
attributed to the higher number of adsorption sites supplied by
the increased number of GO sheets, although the stability of the
aerogel decreased with increasing GO concentration [110].

4. Applications

The combination of nanoparticles and hydrogels produces
NC hydrogels with a myriad of applications, which are not
available from the components alone. The materials used to
prepare the NC hydrogel can be strategically chosen to create a
hydrogel with specific properties for a chosen application. [47].
Ag NPs are particularly useful for their antimicrobial properties
and have been investigated in NC hydrogels to prevent
infections in various medical settings [111]. When loaded into a
PVA hydrogel matrix, a NC hydrogel is formed, which can
release antimicrobial Ag NPs into the wound slowly,
maximizing the antimicrobial usefulness of the NPs [112]. Ag
NPs were also recently integrated into a guar gum/poly(acrylic
acid) hydrogel matrix to form electrically conductive NC
hydrogels. Characterization of the prepared silver/guar
gum/poly(acrylic acid) NC hydrogels showed that as the
concentration of Ag NPs increased, so too did the electrical
conductivity. However, as the electrical conductivity increased,
the swelling ratio decreased, leading to the conclusion that
increasing Ag NP concentrations leads to decreasing swelling
ratios. Logically, this means that the Ag NP concentration must
be carefully chosen to optimize the resulting NC hydrogel for its
chosen application [113]. The high cost of gold has so far
prevented the widespread use of Au-NPs in NC hydrogels,
though Au-NP-hydrogel composites have shown efficacy in
surface plasmon resonance sensors [114] and antibacterial
applications [115].

While Ag NPs and Au-NPs are the most common metal NC
hydrogels studied, many other metal NPs have been investi-
gated, namely in the fields of catalysis, magnetic components,
and environmental nanotechnology. Platinum NPs grown in a
bola-amphiphile hydrogel has been shown to be an effective
catalyst for the hydrogenation of p-nitroaniline [116]. Magnetic
cobalt NPs were also used in hydrogels to form a soft and
muscle-like magnetic field-driven actuator [117]. Nickel and
nickel oxide NPs integrated into PVA hydrogels were respon-
sive to magnetic manipulation and used to remove chemical
species from a mixture [118]. A cheap alternative to Ag and Au-
NPs for antimicrobial applications was investigated by incorpo-
rating copper into poly(ethylene glycol diacrylate) (PEGDA)
hydrogel films. The films proved useful as antimicrobial devices
but were limited to short-term use due to their irritating effect
on skin [119]. Other metal oxide NPs have been investigated for
use as antimicrobial surfaces, including titanium and zinc
oxides [47].

Non-metallic NPs, including carbon-based materials (GO,
nanodots, nanotubes), quantum dots, and silicon, were used to
create NC hydrogels with unique functional properties. Si NP

hydrogel composites showed high efficiency for pH-dependent
drug release when filled with a medication like doxorubicin
[120]. The NIR absorbance of materials like carbon nanotubes
[121], GO [122], and melanin [123], when incorporated in
hydrogel matrices, make them extremely suitable for
photothermal drug delivery. These materials provide synthetic
alternatives to remote photothermal systems based on Au- or
Ag-NPs.

Polymeric NPs composed of micelles [124], nanogels [125],
core-shell particles [126], dendrimers [127], cellulose
derivatives [128], and hyperbranched polymers [129] have
been developed for many applications. The incorporation of
polyamidoamine dendritic NPs into a collagen matrix resulted
in an increase in collagen’s biological stability [130]. PS NPs
have been incorporated into acrylamide and 2-hydroxyethyl
methacrylate hydrogels as a filler, which increased the adhesive
capabilities and strength of pressure-sensitive adhesive
patches [131]. An agarose/alginate hydrogel with polypyrrole
NPs was developed for use as an infrared-sensitive drug release
system [132]. Na-MMT dispersed in carboxymethyl cellulose-
hydroxyethyl cellulose-acrylonitrile-linseed oil polyol (CHAP)
hydrogel matrices have proven to be promising for pH-
dependent anticancer drug delivery [133]. For the adsorption
of textile dyes such as methylene blue [107], crystal violet [86],
and heavy metals [105] from industrial waste, nanocomposite
hydrogels have proven to be more efficient than conventional
hydrogels.

5. Conclusion

Nanocomposite hydrogels are fascinating materials that
combine the functionality of nanoparticles with the mechanical
properties of hydrogels. The interactions between the indivi-
dual components result in hydrogels with enhanced physical
and chemical properties. With a strategic selection of the nano-
particle and hydrogel type, the functionality and mechanical
properties can be predicted and tuned to produce nanomate-
rials for many applications, particularly in the biomedical and
dye adsorption fields. Once the current limitations of nanocom-
posite hydrogels concerning toxicity, biodegradation, and
degree of enhancement of mechanical properties are overcome,
these materials have the potential to become useful in practical,
everyday applications.
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