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Hydrogel nanocomposites have lately taken part in the
biomaterials scenario for several applications in the biomedical
field, e.g., drug delivery, biosensing and cancer therapy. The
inclusion of a broad variety of nanomaterials inside the hydro-
gel matrix leads to the successful development of hybrid
platforms with superior and advantageous features. In this way,
finely designed nano-systems can be obtained, which are able

1. Introduction

In the last decades, hydrogels have increasingly attracted the
attention of researchers from many different fields. Thanks to
their versatility, these materials find applications in several
areas, including drug delivery™ tissue engineering,>”
biosensing,>® actuators production,”’ wastewater treatment,®
to mention a few.

Hydrogels are characterized by a three-dimensional network
made through the crosslinking of polymers bearing hydrophilic
groups. The uniqueness of these materials is given by the ability
to retain large amounts of aqueous solutions (generally more
than 95 % of the total composition). As a result of this property,
hydrogels feature good biocompatibility, biodegradability, and
excellent swelling capacities.®'® Nevertheless, their composi-
tion and physico-chemical properties constitute both an
advantage and a disadvantage, depending on their specific
application." For instance, the extremely hydrophilic nature of
the gel building blocks represents an issue in most of the drug
delivery applications,”” as the majority of the discovered active
molecules for the current treatments are hydrophobic,"®
resulting in poor drug solubility, drug aggregation or drug non-
controlled release from the system."”'® To overcome these
limitations, the synthesis of hydrogel nanocomposites (HNCs)
has paved the way for the development of new multifunctional
materials with tailored behaviors, thanks to the inclusion of
additional nanostructures, e.g., nanoparticles (NPs), inside the
gel matrix. In this context, this review aims to report recent
biomedical (and related) applications and fabrication methods
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to overcome the intrinsic limitations of conventional hydrogels,
such as weak mechanical properties, burst drug delivery,
extremely high hydrophilicity and lack of multifunctionality.
This review aims to outline the last advances in the manufactur-
ing of nanocomposite systems and their novel applications to
the biomedical field, providing an overview of the most used
nanoparticles with a special focus on gold nanoparticles.

of hydrogels containing various types of NPs with particular
attention to systems based on inorganic and polymeric nano-
particles (PNPs), in light of their outstanding properties.

2. Hydrogels: Main Properties and Current
Limitations

Hydrogels are defined as hydrophilic networks characterized by
the presence of a high amount of aqueous solution, which
makes them a suitable environment to mimic biological fluids
(e.g., extracellular matrix, ECM).'"" By selecting the polymeric
materials, the crosslinking mechanism and density, as well as
the final formulation, it is possible to finely tune the hydrogel
features, obtaining a wide range of different behaviors tailored
to specific applications. Hydrogel classification has been carried
out according to different properties. They can be divided into
natural, synthetic and hybrid, based on the nature of the
polymers employed. Among the most used natural materials
there are alginate, gelatin, chitosan, DNA, hyaluronic acid,
agarose, and many others.”! On the other hand, the mainly
employed synthetic ones are polyacrylic acid (PAA), poly-
ethylene glycol (PEG), polyvinyl alcohol (PVA), polyacrylamide
(PAM), Pluronic F127, etc.?*2® To obtain specific properties of
the final product, it is required an accurate selection of the
polymers to use. The natural components generally provide the
material with fast degradation properties, biocompatibility,
good cellular interactions and low toxicity,”*® yet they usually
suffer from drawbacks related to poor mechanical strength.

On the other hand, synthetic polymers are easy to be
functionalized and more flexible,”” endowing the hydrogel
with better mechanical properties, as well as better swelling
abilities.”® Hence, the use of both synthetic and natural sources
to build hydrogel networks is one of the strategies to obtain
optimal functional properties with molecular design.®"” Follow-
ing a second criterion, gels can be divided into chemically or
physically crosslinked. The physical gels are dominated by non-
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covalent linkages between the polymeric chains (i.e., hydrogen
bonds, ionic interactions, hydrophobic interactions, w-n
stacking)®>*>*¥ and hence are characterized by weak and
reversible interactions between these chains. As a result, gel
properties like self-healing or shear-thinning can be obtained,?
as well as the possibility to tune these gels’ characteristics by
modulation of external stimuli, e.g., pH, temperature or light,
which can alter the intermolecular forces between the hydrogel
constituents.® Conversely, the three-dimensional matrix of the
chemical gels is formed by chemical bonds between single or
multiple monomers present in the system,®® conferring a stable
chemical structure to the hydrogel. In this way, the final gels
display stronger mechanical properties and lower degradation
kinetics, whereas they are still degradable.®*” Hydrogels have
found applications in many fields, especially in the biomedical
one. Some examples are wound healing, tissue engineering, cell
proliferation, and drug delivery.”**” Despite being highly
attractive thanks to the abovementioned properties, hydrogels
still lack multifunctionality, in terms of stimuli-responsiveness or
additional functions, poor mechanical properties and scarce
interaction with hydrophobic substances. For this reason, the
scientific community has started to turn its attention to the
development of hydrogel-based systems capable of overcom-
ing these intrinsic limits.

3. Hydrogel Nanocomposites: A New Frontier
for Multifunctional Approaches

The definition of “hydrogel nanocomposite” refers to heteroge-
neous hybrid materials composed of a hydrogel matrix in which
additional nanomaterials, usually NPs, are embedded. In
particular, the NPs can have different morphologies or
architectures, encompassing, e.g. nanotubes, nanospheres,
nanorods, nanocages, etc. The establishment of this new class
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of materials has opened the possibility of overcoming the
limitations of hydrogels, as the NPs can give specific function-
alities, depending on the type of material used. The formation
of nanocomposite systems can be achieved by using several
methods: i) NPs dispersion into the polymeric solution at sol
state right before gelation; ii) NPs incorporation after the
gelation process takes place; iii) NPs synthesis inside the gel
matrix starting from a chemical precursor; iv) NPs used as
crosslinker agent during the gelation mechanism.”" Table 1
reports a detailed list of some examples of HNCs containing
different NPs described in this review.

3.1. Hydrogel Nanoparticles Composites: Classification and
Functions Based on the Types of NPs

NPs are generally classified upon their nature and chemical
composition in two different classes: organic and inorganic.
Organic NPs are all those nanostructures composed by self-
assembling of organic molecules. In this category are included
polymeric nanoparticles, liposomes, dendrimers, solid-lipid
nanoparticles, polymer or protein-conjugates, protein nano-
particles, vesicles and nanogels. On the other hand, the
inorganic NPs category encompasses carbon-based NPs, ce-
ramic NPs, silver NPs (Ag NPs) and gold NPs (Au NPs). Each of
these NPs holds unique properties, depending on their
chemical constituent, morphology and surface properties.”*® A
complete description of all the classes of NPs is beyond the
purpose of this review. On the contrary, the scope of this report
is to propose a classification of the most studied HNCs based
on the NPs type employed. Therefore, only a short description
of the most used NPs in HNCs will be given, focusing then on a
comprehensive study of the most recent applications of each
corresponding composite system.

Applied Physical Chemistry. His group’s re-
search program is focused on developing
novel technologies to solve problems associ-
ated with health and the environment using
functionalized polymers in bulk and colloidal
forms.
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Table 1. Examples of HNCs designed with the most relevant NPs types and their corresponding application field.

Nanoparticles Hydrogel material Application Reference
material and type
Polymeric nanoparticles
Eudragit L100 Polyacrylic acid Drug delivery [42]
Poly(3,4-ethylenedioxythiophene) (PEDOT) Poly-y-glutamic acid Drug delivery [43]
Poly(lactic-co-glycolic) acid (PLGA) and dioleoyl-Trimethylammonium Poloxamer 407 and HA Drug delivery [44]
propane (DOTAP) coated with hyaluronic acid (HA)
poly (lactide—co—glycolide) (PLGA) Modified HA Drug delivery [45]
Mesoporous polydopamine (MPDA) NPs were wrapped by polyethylenei- Cellulose nanofibrils (CNF) Drug delivery [46]
mine-modified cellulose nanocrystals (PCNC)
Alginate-chitosan Carboxymethyl chitosan (CMC)-methylcel- Drug delivery [24]
lulose (MC)-Pluronic
Poly(ethylene glycol)-block-poly(—Ilactic acid) (PEG-b-PLA) Agarose-carbomer Drug delivery [36]
Poly(e-caprolactone) (PCL) - based polyurethane Poloxamer 407 Drug delivery [47,48]
Poly (e-caprolactone)-poly (ethylene glycol)-poly (e-caprolactone) (PCL- Pluronic F127 Drug delivery [48]
PEG-PCL)
PLGA Gelatin Drug delivery [49]
Ceramic nanoparticles
Wilmette (Zn,SiO,) Oxidized alginate Hydrogel rein- [50]
and gelatin forcement
(3-Glycidoxypropyl) trimethoxysilane functionalized glycidoxypropyl-silica Plasma-derived Hydrogel rein- [51]
forcement
Fe;0,@Si0, core-shell Carboxymethyl cellulose Drug delivery [52]
Sio, Pluronic F127/HA Drug delivery [53]
TiO, Chitosan/polypropylene glycol hydrogel Scaffold de- [54]
sign
Hollow mesoporous SiO, poly(p,L-lactide)-poly(ethylene glycol)- Drug delivery [55]
poly(p,L-lactide) (PDLLA-PEG-PDLLA)
Silver nanoparticles
Mercaptossucinic acid-protected silver nanoparticles (Ag NPs) Poly(methacrylic acid)-( acrylamide) Antibacterial [56]
poly(mAA-co-AAm) properties
lota carrageenan AuAg NPs Poloxamer 407/polyvinylpyrrolidone (PVP) Photothermal [57]
and boronic acid therapy;
antibacterial
properties
Silver nanorods (Ag NRs) and Ag NPs mesoporous SiO, Gelatin Photothermal [58]
therapy;
antibacterial
properties
Ag NPs Peptide-based Antibacterial [59,60]
properties
Gold nanoparticles
miRNA-gold nanoparticles (Au NPs) and PEG-b-PLA PEG-b-PLA and hydroxypropyl methyl cel- Therapeutic [61]
lulose (HPMC) functionalized C,, stabilization;
Gene delivery
Spyropyran complexed Au NPs N-isopropylacrylamide and N,N- Therapeutic [62]
methylenebisacrylamide stabilization;
Drug delivery
Liposomes complexed with SiO,-coated Au NRs Glucono-d-lactone based Drug delivery [63]
Ultrasmall Au NPs containing metal organic frameworks (MOF) CcMC Photothermal [64]
therapy;
Drug delivery
Au NPs Poly(ethylene glycol) diacrylate (PEGDA) Biosensing [65-67]
Gap containing core-shell Au NPs DNA based Biosensing; [67]
SERS
Au NPs Poly(vinyl alcohol) (PVA) -gallic acid (GA) SERS [68]
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Table 1. continued
Nanoparticles Hydrogel material Application Reference
material and type
Polymeric nanoparticles
Gold nanorods (Au NRs) PEG Cell actuation [69]
activation
Ag-coated Au NRs Chitosan/PVA Wound heal- [70]
ing
Hollow Au NPs Fibrin Protein deliv- [71]
ery
Au NPs and Au NRs DNA-based Drug delivery [72]
Au NPs and Au NRs Pluronic F127 Wound heal- [73]
ing;
NPs delivery
Au NPs Alginate Drug delivery; [74,75]
Photothermal
therapy;

Methoxy poly(ethylene glycol)-b-poly(e-caprolactone-co-1,4,8-
trioxa[4.6]spiro-9-undecanone) (mPECT) Au NRs and mPECT NPs

Au NRs

Gold nanostars (Au NSs)

Branched polyethyleneimine-Au NPs

Au NPs

mPECT NPs and a-cyclodextrin (a-CD)

Gellan gum

Cellulose

Collagen

DNA Biosensing [5]

Radiotherapy

Drug delivery; [75]
Photothermal
therapy

Drug delivery; [76]
Photothermal

therapy;

Photodynamic

therapy

Biosensing; [77,78]
SERS

Drug delivery; [78]
Tissue engi-

neering

3.1.1. Polymeric Nanopatrticles Loaded HNCs

Polymeric NPs are constituted by self-assembled copolymer
chains with different domains, mainly a hydrophilic and a
hydrophobic one. It is possible to design these NPs by polymer
engineering approaches, selecting a specific architecture and
repetition of monomer units, so as to obtain peculiar structures,
and hence specific polymers’ properties. Such NPs are generally
synthesized by exploiting methods like nanoprecipitation**” or
solvent removal."*® In the field of HNCs, the incorporation of
polymeric NPs inside the hydrogel is mostly justified by the
attempt to overcome the limitations of conventional hydrogel
for drug delivery applications, such as limited release perform-
ances or in-situ delivery of active substances.®” Moreover,
another reason for fabricating these HNCs is to promote
gelification by the viscosity increase, which is indeed achieved
through interactions between the hydrogel constituents and
the NPs.®? Earlier works on this topic showed the possibility of
designing a system where poly(methyl methacrylate) (PMMA)
NPs are used at the same time as drug delivery means
themselves and to delay the release of active substances loaded
inside the hydrogel matrix. In this way, the gel acted as a depot
of NPs and active substances, reducing the problem of fast
clearance of the NPs from the body, and slowing down the
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drug release over time.®™ Later from the same research group,
Mauri et al. investigated the role of surface charge on polymeric
NPs with poly(ethylene glycol)-block-poly(-lactic acid) (PEG-b-
PLA) copolymer NPs. They designed an HNC able to release NPs
upon pH changes in the release medium. They found that in
the presence of acidic pH, their hydrogel formulation (named
AC6) was not able to release positively charged NPs, while
negatively charged were rapidly released.”® Besides these
reports, many HNCs with polymeric NPs have been lately used
in drug delivery systems for cancer treatment.

Lee and coworkers prepared an injectable HNC for
bortezomib (BTZ) delivery, based on a gelification process
driven by the coacervation of two triblock copolymers (ABA);
the B block consisted of poly(ethylene glycol) (PEG), while the A
group was changed between phenylboronic acid (PBA) func-
tionalized polycarbonate and guanidinium functionalized poly-
carbonate. The BTZ-loaded polymeric micelles, made of diblock
copolymer (AB), were inserted inside the physical hydrogel. The
micelles were made of PEG and catechol, and the drug was
loaded through the formation of a pH-sensitive boronate ester
bond. For this reason, the prolonged release profile was
effective for 9 days, releasing almost 85% of the loaded BTZ
in vitro, only under acidic conditions, preventing unwanted
drug release before reaching the cancer cells. In vivo results
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showed that the tumor size decreased when treated with the
injectable hydrogel, while showed no increase over the first
8 days post-treatment.®™ Another example of cancer treatment
was reported in the work of Brachi et al., where the HNC was
directly injected at the tumor site of some mice, for glioblasto-
ma drug delivery. The system was designed as a reservoir of
drug-loaded polycaprolactone (PCL) based polyurethane NPs,
through the gelification driven by the thermo-responsiveness of
the poloxamer 407. The NPs could be released from the gel
matrix at a slow rate, locally delivering the model drug for
5 days.” HNC for co-delivery of multiple anti-cancer drugs
injected at the tumor site has been recently developed for
hepatocellular carcinoma treatment. An example is given by a
system composed of PCL-PEG-PCL NPs loaded with norcanthar-
idin (NCTD), inserted inside a Pluronic F127 hydrogel during its
sol-gel transition. Together with the NPs, the doxorubicin (DOX)
was dissolved inside the gel. This platform for in-situ tumor
treatment demonstrated a release of almost 97 % of the DOX
from the gel and 47.8% of NCTD from the NPs loaded within
7 days invivo, showing low cytotoxicity invitro and good
antitumor ability in vivo within 13 days.*® On the other hand,
some formulations of HNCs with hydrogel based on hyaluronic
acid seem to be promising in ocular drug delivery. As an
example, a recent platform has been proposed, made of a
chemically crosslinked hyaluronic acid hydrogel loaded with
poly (lactide—co—glycolide) (PLGA) NPs, for ocular delivery of
protein drugs. The developed composite system led to a
prolonged drug release, avoiding fast clearance of drug-laden
NPs and cytotoxicity. Nevertheless, further studies lack on the
stability of the protein drugs, together with the demonstration
of a higher drug delivery efficiency, which has been reported to
be around 20%, due to the loss of NPs during the loading
procedure.” Likewise, using the same combination of hyalur-
onic acid and PLGA-based NPs, Ottonelli etal. developed a
similar nanocomposite to deliver retinal-targeted hybrid NPs.
The difference with the system reported by Hsu and
coworkers,”™ lies in the hyaluronan-based coating onto the
lipid-modified PLGA NPs surface, to increase their biocompati-
bility and motility through the retina, together with the thermo-
responsivity of the hydrogel. Indeed, thanks to the addition of
poloxamer 407, the so-obtained hydrogel underwent sol-gel
transition at 35°C, a feature which decelerates the release of
NPs and makes the hybrid system suitable for acting as a
potential ocular drug delivery storage.*” Additionally, multi-
responsive stimuli HNCs have been developed using polymeric
NPs, where NPs provide different functionalities to the system.
In the works of Liu and coworkers, the HNC was designed and
optimized. Indeed, the mesoporous polymeric NPs formed by
polydopamine (MPDA) showed high drug loading, and thanks
to the graphene oxide (GO) coating,®™ or the polyethylenei-
mine-modified cellulose nanocrystals (PCNC) coating,“® the
HNC based on cellulose nanofibrils (CNF) exhibited improved
mechanical stability and drug release properties. The work
demonstrated a smart multi-responsive system for drug deliv-
ery, triggered by acid pH and near-infrared (NIR) irradiation,
thanks to the polydopamine photothermal properties. Despite
GO having higher toxicity, the HNC with MPDA@GO NPs
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showed better performances both in terms of drug delivery and
mechanical strength. Under NIR light irradiation, the drug
release was around 70% at pH5 over 120 minutes, whereas
almost 80% of the drug was released over 72 hours in the
absence of NIR irradiation, with better performances than the
case at pH 7.4. Moreover, the MDPS@GO NPs gave a mechanical
strength to the HNC 5 times higher than the pristine CNF
hydrogel.

3.1.2. Liposomes Loaded HNCs

Liposomes are spherical hollow NPs obtained from the self-
assembling of phospholipids, in a double-layer structure with
the hydrophilic heads in contact with water, and the hydro-
phobic tails forming an internal spherical compartment. Thanks
to this structure, liposomes have both a water internal environ-
ment, in which hydrophilic substances can be encapsulated,
and an interconnected hydrophobic structure, in which lip-
ophilic molecules can be entrapped.®® They have found
applications in several biomedical fields and have been used to
create HNCs,®” some also where they can create compartmen-
talized zones inside the HNCs to tune drug release.®™®®” As well
as PNPs, liposomes’ ability to target tissues is limited by their
accumulation in filtration organs (such as the liver, spleen and
others).®? In this perspective, the use of injectable HNCs with
liposomes would solve this drawback, employing minimally
invasive therapies with injectable systems into the tissues.®® An
example of HNC containing liposomes is described in the work
by Cao and coworkers for local breast cancer treatment. The
analyzed system consisted of an injectable hydrogel made of a
PLGA-PEG-PLGA hermos-responsive polymer chain turning into
hydrogel at around 37°C. In this formulation, the polymer is
dissolved in a DOX-loaded liposomes solution.

A prolonged DOX release over 11 days was achieved from
the lipo-gel system, having a limited burst release of only 20%
of the loaded drug within the first 12 hours, and promoting a
good tumor size decrease during the treatment (Figure 1).°”
Moreover, some interesting outcomes have been reported
showing the potential of coupling liposomes and gold colloids
in HNCs." A dehydropeptide hydrogel was self-assembled with
dipalmitoyl phosphatidylcholine (DPPC) liposomes and silica-
coated gold nanorods (Au NRs), with a silica layer thickness
larger than 20 nm, to prevent their aggregation onto the
liposomes’ surface inside the HNC. The system developed
displayed various mechanisms for controllable sustained
release, including drug-loaded liposomes release, drug release
through diffusion towards the gel matrix, fast release from non-
encapsulated amount and NIR-irradiation-driven drug release.”””
Similarly, a system for combined chemo- and immunotherapy
using chitosan injectable hydrogel with gold-labeled liposomal
DOX was designed by Won etal. Also in this case, DPPC
liposomes were used, while Au NPs were synthesized starting
from the liposomes solution, obtaining gold NPs coated
liposomes. The liposomes have been physically entrapped
inside the chitosan hydrogel through interaction between the
liposomes’ negative charges and positive ones of chitosan. The

© 2024 Wiley-VCH GmbH

85UB01T SUOWIOD 9AIER1D) 8qeat|dde auy Ag peusenob a1e sajoile YO 8sn Jo sajni o) Aeqiaulu AS|1/W UO (SUONIPUOD-pUe-SWLB) L0 A3 |Im Ale.q 1[puluo//SAny) SUONIPUOD pue swiie | 8L 89S *[Z0z/70/zg] uo Areiqiauliuo A8|Im ‘ONV 1IN 1d ODINOILITOd AJ ¥8S00€Z02 BWUI/Z00T OT/I0P/W0 A3 Aleuq 1 jpul uo//Sdny wou) pepeojumod ‘0 ‘XZ6966T2



Editorial Society

(A)

2 H
Time iday)

‘Hiewuetom
H

o e # e

7 e i
Jome s o e
.

Figure 1. (A) PLGA-PEG-PLGA copolymer was dissolved into DOX liposomes
suspension to form DOX-Lip-Gel, which was in a sol state at 25°C. (B) DOX-
Lip-Gel solution was injected peritumorally and transformed into a solid gel
in situ at body temperature (37 °C), enabling the sustained release of DOX
and significant inhibition of tumor growth. Reproduced under terms of the
CC-BY license.”” © 2019, The Authors, Informa UK Limited, trading as Taylor
& Francis Group.

proposed approach demonstrated liposomes’ retention, while
the DOX delivery was driven by NIR irradiation. It was found
that the nanocomposite was able to deliver the DOX only if
irradiated with the laser light. When combined with PLGA-NPs
incorporating a tumor antigen (TRP2) and a dendritic cell
activation adjuvant, the HNC showed a significant immune
response compared to the controls, with a substantially higher
amount of damaged tumor cells.*"

3.1.3. Carbon-Based Nanopatrticles Loaded HNCs

Carbon is widely known for the different molecular assemblies
that it can assume, also known as carbon allotropes, arising
from the different shapes and configurations of the carbon
atoms during the formation of carbon bonds.”? Among the
possible structures, the most interesting in the biomedical fields
are carbon nanotubes, graphene, fullerenes, and carbon nano-
diamonds. Such carbon-based configurations have indeed
attracted much attention as they are soluble in both water and
organic solvents, have potential antibacterial and photothermal
properties, and are prone to be functionalized, finding their
application in theranostic® and in the gene therapy field.””
However, they show severe problems related to toxicity,” due
to migration properties through the tissues and immunological
responses that can occur from their interactions with the
human body. In the HNC field, carbon-based NPs are mostly
used for their antioxidant ability® and antibacterial potential.””!

3.1.4. Ceramic Nanopatrticles Loaded HNCs
The class of ceramic NPs encompasses all those nanostructures

in the nano-size range composed of oxides, carbides, and
phosphates of metals such as silicon, calcium, titanium and
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others.®™® These NPs have become very attractive in several
fields including the biomedical one, thanks to their strong
inertness, drug delivery ability and properties like porosity and
high surface-to-volume ratio.*? Their use in HNCs has been
widely explored to improve physical, mechanical and chemical
properties®” of the hydrogels, e.g. in bone tissue
engineering,"®" or to enhance the hydrogels’ properties in
drug delivery applications.”** In this direction, some interest-
ing studies have been recently published in the field of drug
delivery for cancer treatment using ceramic NPs included in
HNCs. For instance, in the work by de Melo et al.*>*® a system
for simultaneous delivery of nitric oxide (NO) and an anticancer
drug was designed by using a Pluronic F127/hyaluronic acid
hydrogel containing cisplatin-loaded SiO, NPs for breast cancer
treatment. The system showed reduced cytotoxicity and
effectiveness in killing cancer cells, with a prolonged release of
NO and cisplatin. Interestingly, ceramic NPs can also be coupled
with other nanostructures. An exemplary configuration is
represented by core-shell NPs. Mahdi Eshaghi and coworkers
detailed a carboxymethyl cellulose-based hydrogel containing
Fe;0,@Si0, core-shell NPs for encapsulation of quercetin.
Indeed, the porosity of the silica shell was used as a depot for
hydrophobic drugs, which otherwise would not be easily
entrapped in the hydrogel matrix. The coupling of the systems
led to improved drug encapsulation and release abilities and
demonstrated pH-responsiveness for drug release.”?

3.1.5. Silver Nanopatrticles Loaded HNCs

Silver NPs belong, together with the gold-based ones, to the
class of noble metal NPs. In the last years, Ag NPs have been
exploited in biomedical applications and beyond," given their
biocompatibility, optical properties, and antibacterial nature."™
In HNCs, they have been mainly used to confine the
antibacterial properties in specific regions, for wound healing
applications,®® for NPs stabilization  without further
functionalization™ or, coupled with Au NPs, to modify the
system plasmonic properties (more details on the peculiar
optical response of these noble metal NPs are provided in the
following section).”™ The Ag NPs can be designed in different
shapes, by tuning the chemical synthesis. For instance, meso-
porous structures as NRs (to restrain aggregation) have been
synthesized and then entrapped in a gelatin hydrogel matrix as
antibacterial agents under light irradiation.*®%”

In other works, the synthesis of Ag NPs inside the hydrogels
has been studied using green and more sustainable methods,
which led to improved stability and antibacterial properties of
the so-obtained HNCs.®®” The most interesting results have
been observed when coupling Au and Ag NPs. On this subject,
in the work by Milanesi et al., the purpose was to combine the
plasmonic features of Au NRs with the antimicrobial and
germicidal activity of Ag cations. In this way, core-shell Au—Ag
nanorods with a blue shift of the longitudinal plasmonic peak
have been obtained and inserted in chitosan hydrogels for
wound healing applications.”™ In the same fashion, the
coupling of Au and Ag NPs in HNCs has been exploited for
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anticancer and antibacterial coupled treatment of melanoma
breast tumor. In the work by Chen et al., the authors created an
HNC made of polyvinylpyrrolidone (PVP), poloxamer 407 and
boric acid, where iota carrageenan stabilized NPs were inserted.
The system showed a temperature increase upon 808 nm laser
irradiation, reducing the tumor and promoting an anti-prolifer-
ative effect, also with hemostatic abilities thanks to the surface
charge and antibacterial properties when irradiated (Fig-
ure 2).57

3.1.6. Gold Nanopatrticles Loaded HNCs

Gold NPs are the most widespread and commonly used among
the noble metal NPs, which exhibit unique optical properties
when interacting with (typically visible/NIR) light. Indeed,
similarly to Ag NPs, Au nanostructures can sustain coherent
collective oscillations of the metal-free electrons, the so-called
localized surface plasmons,'® resonantly excited by an external
electromagnetic field."®'* This phenomenon, named localized
surface plasmon resonance (LSPR), is strongly dependent on
the shape and configuration (isolated, aggregated in colloidal
solutions, ordered in arrays) of the NPs, " as well as on their
local environment. Thanks to this optical property, the colloidal
gold solutions are characterized by a visible color, ranging from
red to blue, according to their specific configurations. Specifi-
cally in biomedicine, the highly attractive effects of inducing
LSPRs in Au NPs have been recently reviewed,"* including their
potential for photothermal therapy (PTT). In PPT, upon external
light stimuli, the photoexcited NPs’ electrons rapidly convert
the photon energy into heat, generating a localized increase of
temperature in their vicinity. For this reason, Au NPs found
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Figure 2. Schematic illustration of the preparation of CA-AuAg NPs-Gel and
treatment of residual tumor and recurrence, hemostasis, as well as
promoting infected wound healing after tumor surgery. Reproduced with
permission.”” © 2022, Elsevier Inc.
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applications in a wide variety of biomedical applications"® and

beyond,""" thanks to their finely controlled shapes and
architectures, which give access to specific, tunable optical
properties and heating phenomena."""'? The most studied Au
NPs architectures are nanospheres (NSPs), NRs and nanostars
(NSs).

The coupling of hydrogel and Au NPs can produce a final
composite structure featuring light responsivity and unique
photothermal properties for the control over the temperature
changes across the system via light stimulation. Thereby, Au
NPs loaded HNCs have been intensively investigated for differ-
ent bio-related applications, the most attractive ones being,
e.g., active substances delivery, biosensing, tissue engineering
and cancer treatment. The HNCs containing Au NPs have shown
great potential not only for the delivery of pharmaceutical
drugs, but also for genetic therapeutics, and growth factors.
The main advantages of including Au NPs in the gel for these
purposes are the stabilization of the compound to be delivered,
the plasmonic-induced drug delivery, or the direct delivery of
the Au NPs.

In this last section, the review will cover the main recent
advances in the use of Au NPs-based HNCs for the exemplary
applications listed above. Evidence in literature has highlighted
the benefits arising from the use of different Au NPs
architectures, especially Au NRs. Besides the architectures,
several studies on the different possible surface functionaliza-
tions of the particles have been reported.”>”® A relevant
example with an injectable PNPs hydrogel has been developed
by van der Ven etal, containing Au NPs to improve miRNA
biostability. The hydrogel was formed by non-covalent inter-
actions between the hydroxypropyl methylcellulose derivative
(HPMC-C;;,) and core—shell poly (ethylene glycol)-block-
poly(lactic acid) (PEG-b-PLA) NPs, while the Au NPs were
inserted after the gelation.

The system demonstrated a sustained release of miRNA—Au
NPs of 20% within 5 days, caused by erosion of the PNPs gel.
Besides, it was found from in vivo analyses that the Au NPs
could be totally excreted from the body in 11 days.®” In the
work by Moretti etal, an agarose-carbomer based hydrogel
loaded with Au NPs for plasmonic-induced drug delivery was
presented, using model drugs of different sizes. Authors found
that NPs assemblies into the hydrogel are more efficient
compared to isolated Au NPs in locally increasing the temper-
ature, and hence in stretching the hydrogel mesh, thus
enabling the dextran 70kDa release only under laser
irradiation."" As regards protein delivery instead, Sanchez-
Casanova and coworkers developed an HNC able to combine
gene expression by a heat-inducible dimerizer and NIR light-
induced hyperthermia. Authors used hollow Au NPs for bone
morphogenetic protein (BMP-2) production. Au NPs were
dissolved in the fibrin gel precursor before the gelation process
and the cells started the production of BMP-2 after activation in
the presence of rapamycin under irradiation for 10 minutes,
reaching a maximum temperature Increase of 11.2+0.6°C. The
hydrogel could act then as a time- and space-activated reservoir
of the morphogenetic proteins.”” Among the preparation of
HNCs formulations for drug delivery, there are examples where
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the Au NPs are maintained inside the gel through bonds and
interactions. For instance, Veloso et al. compared two systems
made by a dehydropeptide-based hydrogel containing Au-
decorated or core/shell manganese-ferrite NPs. The employed
hydrogel self-assembled at acid pH and the formulation
contained methionine to inhibit the escape of Au NPs through
S—Au bonding. The system has demonstrated the ability to
release curcumin both under light irradiation and in the dark,
showing the best performances in the case of Au-decorated
manganese NPs."'¥

In some other cases, the advantages of HNCs lay in the
possibility of using them as depots of Au NPs, which can be
possibly delivered for multiple purposes. In the work by Huang
et al., a bilayer HNC containing two different functionalized Au
NRs was produced. The HNCs allowed the release of Au NRs in a
multistage procedure, in a way that, taking advantage of the
different NRs functionalization, the antibacterial effect takes
place first, and then the pro-angiogenic effect is exerted.
Besides, the application of NIR laser light enhanced the
antibacterial killing effect by the application of hyperthermia.
The designed system showed promising results in diabetic
chronic wound healing applications (Figure 3).1""”!

Moreover, Au NPs have been used not only for their

plasmonic features but also for their electroconductive
[116]
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Figure 3. Schematic illustration of bilayer hydrogels for diabetic wound
healing applications. (a) Design of the Au P-AP/NG hydrogel. Different
peptide-functionalized Au NRs were embedded in the corresponding layers.
(b) The chemical formulas of the functional peptides. (c) The AuP-AP/NG
hydrogel obtained under NIR irradiation was capable of NIR-induced
thermoresponsive contraction, sequential drug release, as well as antibacte-
rial and pro-angiogenesis effects. Reproduced with permission."'® © 2023,
Elsevier Inc.

ChemNanoMat 2024, €202300584 (8 of 13)

CHEMNANOMAT

oped for tissue engineering and drug delivery by Roshanbinfar
etal, for cardiovascular system treatment. Specifically, the
authors created a collagen hydrogel in which Au NPs,
synthesized using branched polyethyleneimine (bPEl) as a
reducing and stabilizing agent, are present inside. The system
was characterized by a final overall positive surface charge,
improved mechanical and electrical properties, and low
cytotoxicity. Furthermore, the analyzed HNC allowed the
delivery of different active substances useful for cardiovascular
treatments, showing release profiles dependent on the drug
net charge. Lastly, the system showed promising potential to
load several peptides or nucleotides bearing negative charges
and in the treatment of several cardiac diseases (Figure 4).7
Nowadays, a great number of studies have remarked the
potential of Au NPs, and therefore HNCs loaded with Au NPs, in
killing cancer by PTT. The colloidal Au NPs suffer from
limitations related to colloidal stability, immune system recog-
nition, opsonization and accumulation in organs when used in
biomedical applications."”"'* The advantage of HNC systems
lies in the hydrogel’s ability to entrap the Au NPs in a localized
region after body injection or implantation of the gel, over-
coming the commonly known drawbacks of the colloidal
solutions. In addition, most of the studies focused on the
combination of multiple factors to treat cancer, such as PTT and
photodynamic therapy (PDT)V® or PTT and anti-tumoral drugs
release from the HNCs. Several approaches have been tested
for chemo-photothermal therapy, with most of the examples
corroborated by invivo analyses. For instance, Liu and co-
workers developed an injectable HNC made by self-assembling
of methoxy poly(ethylene glycol-b-poly(e-caprolactone-co-1,4,8-
trioxa[4.6]spiro-9-un-decanone)) (mPECT) decorated with Au
NRs and mPECT NPs by addition of an a-cyclodextrin (a-CD),
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Figure 4. bPEI-Au NPs function as drug carriers and allow release of drugs
from 3D hydrogels. A) Schematic illustration of loading NPs with drugs and
subsequent drug release. B) Quantitative rheometric analysis of mechanical
properties of hydrogels over time during the gelation process and
quantitative post-gelation rheometric analysis of hydrogels as a function of
angular frequency (n=3, data regarding collagen and bPEI-AuNP-collagen is
the same as Figure 3 and are provided for comparison purposes). C)
Representative graphs of quantitative analyses of drug release from different
hydrogels. Measurements were performed based on UV—vis absorption of
samples of medium in which hydrogels were incubated (n=3). Inserted bar
graphs show the statistical analysis of the end point release of drugs (n=3).
Data are mean + SD and compared based on a two-tailed t-test. Reproduced
under terms of the CC-BY license.” © 2023, The Authors, Advanced
Healthcare Materials published by Wiley-VCH GmbH
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where Au NPs are part of the gelling system. The mPECT NPs
were loaded with paclitaxel (PTX), demonstrating a prolonged
release within 2 weeks in vitro. The Au NRs were exploited for
PTT in vivo, irradiated for 5 min with an NIR laser, and displayed
a decrease in tumor volume over the treatment.” A relevant
system showing multimodal treatment has been presented by
Mirrahimi et al., where an HNC combines chemotherapy, radio-
therapy and PTT.” The system was composed of an alginate
hydrogel loaded with Au NPs and cisplatin. The drug was
almost 100% released after 2 hours under laser irradiation, as a
consequence of the HNC degradation at high temperatures.
Mice treated with the photoactivated HNC showed an increase
in the tumor tissue temperature and a decrease in the tumor
volume growth after 21 days of treatment, with the best
performances for the case of chemo-photo-radiotherapy. Not
only drugs or active substances are released by HNCs systems
directly to the site of application. Indeed, in a recently
published work, a photosensitizer agent (merocyanine) promot-
ing the production of reactive oxygen species (ROS) against -
amyloid aggregation has been stabilized by the presence of Au
NPs into a hydrogel. The system made its delivery possible in
the active form to the intracellular environment.®”

More generally, Au NPs alone have been widely employed
not only in disease treatments but also in sensor chemistry,
thanks to the tunability of their optoelectrical properties as well
as the easy functionalization of their surface.'*'*? The benefit
of detecting extremely low quantities of a compound has been
exploited both in the pollutant, pesticides and metal ions
detection, as well as in the biomedical field. This last application
is usually named biosensing, where biomolecules can be
detected mainly by observing the NPs' optical response
(changes in the LSPR), colorimetry changes, surface-enhanced
Raman scattering (SERS) or plasmon-enhanced fluorescence
(PEF).I® Examples using functionalized Au NPs have been
recently proposed as colorimetric assays based on LSPR for
rapid detection of SARS-Cov-2 by the naked eye assisted by the
CRISPR-Cas system."?” The CRISPR-Cas system allows enhanced
specificity in the detection of specific RNA sequences. Indeed,
the same technology has been also used in metallic electro-
chemical biosensors composite with Au NPs, for high-sensitivity
detection of mutations in SARS-Cov-2 variants.'” The develop-
ment of HNCs containing Au NPs is a lately emerging strategy
to fabricate smart and highly sensitive biosensors, where the
hydrogel serves as a stable platform to contain Au NPs.

The main advantage is represented by the possibility of
having In situ applicable devices with enhanced stability, e.g.,
by preventing Au NPs uncontrolled aggregation,'* where the
biomolecules can easily diffuse and be detected. Many exam-
ples of biosensors have been developed based on HNCs. In the
past years, Ma et al. designed a hydrogel system containing Au
NPs for quantitative and qualitative visible detection of glucose,
by the release of Au NPs in solution. The HNC has been made
by a DNA-based hydrogel crosslinked by the glucose complex
with Shrinkai-receptor target aptamer, containing Au NPs. In
the presence of the glucose complex, the aptamer selectively
bound to the analyte, with the result of breaking the hydrogel
matrix and therefore releasing the encapsulated Au NPs. In this
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way, the supernatant solution shifted the color to the character-
istic red color given by the optical properties linked to the LSPR
of colloidal gold. The amount of Au NPs released in the solution
is directly related to the glucose concentration present in the
sample, making detection possible.” Miranda and coworkers
recently published a work where a poly-(ethylene glycol)
diacrylate (PEGDA) hydrogel containing Au NPs was designed
and fabricated using UV light as reaction initiator. This
biosensing platform included pre-synthesized citrate stabilized
Au NPs inside the hydrogel matrix to prevent NPs aggregation.
The aim was to study the sensing abilities with biotin and Au
NPs at different sizes, by monitoring the LSPR peak shift after
biomolecules binding with the NPs.*® From another report, the
designed biosensor patches have shown absorption increase or
decrease according to the concentration of the analyte
molecule and the hydrophobic or hydrophilic nature of the
substance. It demonstrated good results also in the detection of
biotin-streptavidin interaction, up to picomolar concentrations
in the case of both LPSR and PEF detection, decreasing the limit
of detection compared to a blank sample (Figure 5).°>'*” The
versatility of PEGMA hydrogels has been also exploited for
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Figure 5. (a) Schematic representation of the simple fabrication strategy of
the plasmonic hydrogel-based (H3) transducers, based on prepolymer
solution preparation, photopolymerization, and accurate cutting of the
resulting patch. B) Absorption intensity variations due to shrinkage/swelling
capability of the hydrogel when the embedded Au NPs are functionalized
with hydrophobic/hydrophilic molecules. The functionalization of the H3
transducer with hydrophobic molecules leads to an increase of the
absorption spectrum intensity due to the hydrogel shrinkage (blue line)
compared to the bare transducer (black line). On the contrary, the
modification of the H3 transducer with hydrophilic molecules results in a
decrease of the absorption spectrum intensity due to the hydrogel swelling
(orange line). C) Metal-enhanced fluorescence is obtained by the overlap of
the Au NPs absorption and fluorescent dye excitation spectra when the
distance between the metal and fluorescent dye is lower than 10 nm. A
significant enhancement of the fluorescence can be achieved by immobiliz-
ing the labeled-target analyte onto the Au NPs surface within the hydrogel.
Reproduced under terms of the CC-BY license.”® © 2022, The Authors,
Advanced Materials Technologies published by Wiley-VCH GmbH
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biosensing applications and for tuning the diffusivity of
molecules inside the gel matrix. For instance, Muranaka et al.
proposed a platform where Au NPs are grown in a specific
hydrogel region by photoreduction of AuCl, driven by femto-
second laser pulses. The selective growth was performed by the
presence of glutamine which inhibited the formation of
aggregated Au NPs in favor of the small NPs. The system was
used for the detection of compounds contained in the sweat,
but it demonstrated to be effective only for urea. This may be
due to the urea ability to act as H-bonds breaker, which
promoted the mesh size increase of the hydrogel, hence a
higher dispersion of the Au NPs, resulting in a blue-shift of the
LSPR peak.'”

Among others, SERS represents an up-to-date technique
employed for several applications, thanks to the augmented
sensitivity that plasmonic structures can give for the detection
of small quantities of analytes."*®

In this perspective, hydrogels combined with metal NPs
have attracted attention as support for SERS platforms, since
they can prevent NPs aggregation and promote the analyte
diffusion inside the network, thanks to their physico-chemical
properties."* Recent examples have revealed how HNCs
containing Au NPs can be applied as SERS scaffolds in
biosensing applications. Garcia Schejtman etal. designed a
supramolecular hydrogel based on PVA and gallic acid (GA)
with Au NPs. More specifically, GA was exploited both as a
crosslinker for the hydrogel and as a reducing agent and
stabilizer for Au NPs, creating an HNC without the use of any
other chemical agent and stabilizer to prevent Au NPs
aggregation. With a concentration of 50 mM Au’", the
plasmonic HNC showed a distribution of aggregated Au NPs
inside the gel and demonstrated a very high analytical
enhancement factor of the Rhodamine 6G compound in
SERS.®® Always in the same context, Chen and coworkers
presented a DNA-based nanocomposite as SERS detector. The
system was composed of different parts: i) gap-containing core-
shell Au NPs with P-nitrothiophenol as Raman reporter
molecule; ii) primer functionalized magnetic beads comple-
mented to the kanamycin aptamer. In the presence of
kanamycin, the aptamer released the primer, which hybridized
with two DNA strands modified with phosphate. In this way,
two circular padlocks, partially complemented one to the other,
could form a hydrogel by physical entanglement after the
initiation of the rolling circle amplification reaction, creating a
trap for Au NPs which act as SERS detector of kanamycin even
at low concentration. The strategy exhibited high sensitivity to
the molecule, lower limit of detection (~2.3 femtoM) than
previous methods and acceptable accuracy and precision.””
Gold nanostars (Au NSs) are known as one of the possible
structures that can be obtained by tuning the synthesis
procedure from gold reduction. They are of particular interest
due to the augmented electromagnetic field enhancement at
the tips (also called hot spots) that characterize this
structure."""3% This also provides a larger surface area for
plasmon resonance."" Thanks to these features, Au NSs have
attracted attention in SERS, to improve the sensitivity of
molecules’ detection.” In the framework of HNCs, the use of
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Au NSs is not very common yet, and indeed, to the best of our
knowledge, few systems with NSs have been developed. An
interesting example has been recently presented by Oliveira
et al., regarding a point-of-care testing immunosensor device,
based on cellulose hydrogel containing Au NSs as SERS
enhancer.”” The system is composed of a sandwich complex
formed between the functionalized Au NSs and the counterpart
hydrogel, both able to capture the horseradish peroxidase,
used as a proof-of-concept for the strategy. The complex
platform has demonstrated excellent reproducibility, sensitivity,
and specificity, overcoming the limitations arising from com-
mon commercial systems, such as enzyme-linked immunosorb-
ent assay (ELISA). Furthermore, it showed an increased limit of
detection using SERS, and a potential in multiple cycles
application, thanks to the possibility of washing the device.

3.2. HNGs Limitations and Challenges

Significant progress has been achieved with the employment of
HNCs in biomedical applications during the last decades. These
polyvalent structures have been indeed finely designed to
improve the weaknesses associated with the single systems,
i.e, NPs and hydrogels alone. The HNCs have shown several
advantages among which we highlighted: NPs stabilization and
in situ application, cargo protection, cargo sustained release,
increase of hydrogel mechanical properties, stimuli-responsive-
ness, and localized drug delivery.

Despite the outstanding advantages reported as examples,
HNCs still suffer from limitations related to the global arrange-
ment of the different components, which hinders their trans-
lation to clinical applications. HNCs' lack of commercial
formulations arises from the unrevealed interaction mecha-
nisms between the single building blocks of the overall
systems.® The macroscopic properties of the composite
structure are indeed strongly dependent on the preparation
methods, as well as on the synthetic pathways of all the
components. A batch-to-batch reproducibility is a primary need
for these systems to be commercially reproduced together with
a scalable synthesis and formulation process™® Trying to
overcome these obstacles, scientists have been lately focusing
on inorganic NPs synthetical pathways directly inside hydrogels,
obtaining increased reproducibility and better NPs dispersion.”*®
Meanwhile, alternative solutions for organic-loaded HNCs rely
on hydrogel matrix formation upon NPs self-assembly of NPs
after their synthesis.!*”

Furthermore, being the nanocomposites made by the
combination of known elements, their toxicity is strictly related
to each of the constituents. Although the single parts exhibit a
biocompatible nature, the long retention of the whole system
inside the body could cause a foreign-body response.*!
Hydrogels can be easily designed to tune their biocompatibility,
biodegradability, and reduced cytotoxicity through the use of
natural polymers and cleavable moieties. Likewise, considerable
ongoing works have been established on a harmless design of
NPs, as they have been found to cause adverse toxicological
effects on human bodies."* Nevertheless, NPs accumulation
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can still be considered the principal drawback, which has a
direct impact on NPs fate after HNCs degradation. In particular
inorganic NPs cannot be degraded and tend to accumulate, if
not properly sized to escape the biological filtration barriers. On
the contrary organic NPs, comprehending liposomes, are easier
to be excreted although their elimination could take time. In
recent works the cytotoxicity of the HNCs has been checked as
well as NPs retention ability, showing great results."*®

However, the HNCs require optimizations and further
developments to overcome the main constraints yet to reach
suitable benchmark solutions, although they represent a simple
appealing solution endowing multifunctional properties.

4. Summary and Perspectives

The main advances in the field of HNCs with NPs have been
pointed out throughout the text, aiming to classify the type of
composite materials on the basis of the NPs used. We believe
this classification could create awareness in understanding
which are the advantages emerging from the presence of each
NP in the hydrogels. Overall, the combination of NPs and
hydrogels has led to two main achievements: i) the acquisition
of further properties, from the hydrogel point of view; and ii)
the colloidal stabilization and spatial restriction in a confined
region, from the NPs side instead. The published results have
led to beneficial outcomes in drug delivery, tissue engineering,
biosensing, and cancer treatment. Organic NPs incorporation
has led to final formulations exhibiting higher stability, stronger
mechanical properties, controlled therapeutics co-delivery,
improved  target treatments, and decreased burst
release.?*'3”38 The amphiphilic nature of these nanocarriers
allowed the delivery of hydrophilic as well as hydrophobic
drugs, creating physical compartments inside the hydrogel for
improved control of the drug delivery mechanisms.®

On the other hand, inorganic NPs incorporation has
imparted the HNCs with external light and/or magnetic field
responsivity, optical properties, antibacterial activity, and
improved mechanical stability. These results have produced
valuable effects within drug, protein and gene delivery, tissue
engineering and biosensing.

The presence of ceramic-based NPs has provided enhanced
mechanical properties, augmented drug encapsulation and
stimuli-responsiveness, e.g., pH. Noble metal NPs have been
instead responsible for the modification of the optical proper-
ties and thermal phenomena occurring in the final formulation.
Specifically focusing on Au NPs loaded HNCs, they have been
extensively exploited for photothermal therapy and localized
temperature increase after light irradiation, which causes
beneficial effects in drug delivery and cancer treatment.

HNCs containing all the aforementioned nanostructures
have been studied both invitro and in vivo, demonstrating
acceptable cytotoxicity, good biocompatibility and potential
immunotherapy effects as well as the ability to lower tumor
volumes. Notwithstanding the late studies, new perspectives on
these highly promising materials could include the under-
standing of the principles of assembling and formation of
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HNGs. In this way, it would be possible to develop better
tailored-to-application solutions. Furthermore, as a large variety
of NPs has been described, the use of different NPs together
inside the hydrogel could be investigated. Early studies
presented some examples using liposomes with Au NPs, Au NRs
with Au NPs or core-shell noble metal NPs to tune the
properties.®>’*""* Fyture directions on the combination of
different NPs inside hydrogels could give rise to cascade
reactions in response to constructive interfering stimuli, for the
design of multi-purpose systems.

Besides, the use of ultrasmall or fast degrading NPs in HNCs
would be beneficial to avoid accumulation, obtaining faster NPs
body clearance. For the specific case of Au NPs loaded HNCs,
recent works studied the thermal performances of the nano-
composite. However, information regarding the NPs architec-
ture-dependent thermal heating of the HNCs is lacking. Indeed,
a better clarification of the physical phenomena together with
mathematical models to predict the photothermal heating of
such structures would be beneficial to precisely design HNCs
with specific drug delivery behaviors, based on the thermal
heating knowledge.

This field is still under continuous evolution, therefore
advances in this area would conduct to well-designed complex
systems for additional research and to reach the clinical stages.
The interdisciplinary coupling of material science and nano-
medicine is indeed a promising strategy to build up the future
of human health and tackle the most severe diseases of the
current society.
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This review aims to give an overview
of the current advances in hydrogel
composite materials with nanopar-
ticles (NPs). It focuses on the limita-
tion of plain hydrogels, proposing the
nanocomposites as a solution to
overcome the limits. Then it lists and
describes the main NPs used for fabri-
cation of nanocomposites fabrication,
focusing on gold nanoparticles (Au
NPs) and their application fields.
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