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Organic—inorganic composite hydrogels:
compositions, properties, and applications in
regenerative medicine
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Hydrogels, formed from crosslinked hydrophilic macromolecules, provide a three-dimensional microenvi-
ronment that mimics the extracellular matrix. They served as scaffold materials in regenerative medicine
with an ever-growing demand. However, hydrogels composed of only organic components may not fully
meet the performance and functionalization requirements for various tissue defects. Composite hydro-
gels, containing inorganic components, have attracted tremendous attention due to their unique compo-
sitions and properties. Rigid inorganic particles, rods, fibers, etc., can form organic—inorganic composite
hydrogels through physical interaction and chemical bonding with polymer chains, which can not only
adjust strength and modulus, but also act as carriers of bioactive components, enhancing the properties
and biological functions of the composite hydrogels. Notably, incorporating environmental or stimulus-
responsive inorganic particles imparts smartness to hydrogels, hence providing a flexible diagnostic plat-
form for in vitro cell culture and in vivo tissue regeneration. In this review, we discuss and compare a set
of materials currently used for developing organic—inorganic composite hydrogels, including the modifi-
cation strategies for organic and inorganic components and their unique contributions to regenerative
medicine. Specific emphasis is placed on the interactions between the organic or inorganic components
and the biological functions introduced by the inorganic components. The advantages of these compo-
site hydrogels indicate their potential to offer adaptable and intelligent therapeutic solutions for diverse
tissue repair demands within the realm of regenerative medicine.

1. Introduction

Regenerative medicine aims to study the normal character-
istics and functions of body organs, mechanisms of tissue
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tiation to develop effective biotechnological treatments for
injured tissues and organs, thus maintaining or reconstructing
their native functions.' Regardless of whether it involves con-
structing new tissues and organs in vitro or direct therapeutic
interventions within the body, such as the administration of
drugs and active components, suitable material substrates are
essential for implementation.>* The use of hydrogels has gar-
nered significant attention in the field of regenerative medi-
cine owing to their distinct highly hydrated three-dimensional
network, versatile crosslinking techniques, diverse compo-
sitions, and exceptional biocompatibility. Common appli-
cations for hydrogels include hemostasis,> wound dressings,®
stem cell encapsulation,” and more. As scaffolds, hydrogels
can mimic the structure and function of the extracellular
matrix (ECM) existing in natural tissues, providing friendly
microenvironments for cell growth and differentiation,
helping to achieve the final tissue regeneration by regulating
cell behaviors with different designs.® As delivery carriers,
hydrogels can transport drugs and peptides to target tissues
and control their release profiles.” However, tissue regener-
ation is a complex dynamic process involving tissues with
different mechanical properties and ECM components.
Consequently, various demands have been proposed for hydro-
gel fabrication regarding their compositions, crosslinked net-
works, mechanical properties, degradation behaviors, and
tissue-guiding/inducing activities, etc. To meet these demands,
researchers have proposed various material systems, including
blends,'”®  copolymers,"" and graft modifications.'?
Simultaneously, several crosslinking strategies such as physical
interactions,"® covalent crosslinking,'* and dynamic cross-
linking,"® are properly combined to develop composite hydro-
gels with tailored biological functions. They provide vast feasi-
bilities for regenerating damaged tissues such as skin, carti-
lage, and bone tissues using the strategy of scaffold-based
tissue engineering.

In recent years, the incorporation of inorganic fillers into
polymeric hydrogels has been a highlighted topic in the field
of regenerative medicine.'® Primarily, native bone tissues are
composed of organic collagen proteins and inorganic hydroxy-
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apatite (HAp), which necessitates organic-inorganic compo-
sites, making them common choices in bone tissue engineer-
ing."” The inorganic fillers can be engineered in the forms of
nano/microparticles, rods, whiskers, fibers, and sheets, rein-
forcing the hydrogels with improved mechanical properties
and modulating the hydrogels with desirable tissue compat-
ibility. Apart from bone regeneration, bioceramic filler contain-
ing hydrogels are also applied in promoting the regeneration
of other tissues (e.g. skin, cartilage). Such filler can be
designed to supply therapeutic metallic ions such as mag-
nesium, iron, zinc, and copper, which play crucial roles in pro-
cesses such as immunomodulation, cell migration, angio-
genesis and neurogenesis, and so on."®' Inorganic fillers are
diverse and rich in compositions (e.g. carbon nanomaterials,*°
ceramics,”’ metal oxides®*) and forms (e.g. dense/porous, par-
ticulate/fibrous/sheet-like), and many of them exhibit mag-
netic, piezoelectric, conductive, photothermal properties that
responsive to external stimulus. These diversities associated
with inorganic fillers significantly broaden the functionality
and smart responsiveness of composite hydrogels, providing a
powerful toolbox to address the complexity of tissue/organ-
specific repair. The ability to control therapeutic methods is
particularly important when treating tissue defects in the pres-
ence of symbiotic abnormalities such as infections,”® inflam-
mation,>* diabetes,*® and tumors.>® Multifunctional composite
hydrogels offer viable solutions in such scenarios, wherein
anti-bacteria, anti-inflammation, and tissue growth promotion
effects can be integrated into a single material system by
selecting proper combinations of inorganic and organic com-
ponents, enabling the design for personalized medicine and
precision therapeutics.

The formation of hydrogels typically involves physical inter-
actions (e.g. hydrogen bonding,>” chain assembly®®) and
chemical bonds (e.g. covalent, ionic bonds***°). Dynamic
crosslinking introduces unique reversible connections; among
them, host-guest interactions and click reactions are popular
choices.*' In some cases, enzyme-responsive hydrogels can be
prepared using peptides to crosslink polymeric chains, and
the peptides are sensitive to enzymes (e.g. metalloprotease)
located on cell membranes.*” All these crosslinking strategies
can be applied to fabricate composite hydrogels containing in-
organic fillers, while the difference lies in the dispersibility,
size, morphology, and surface groups of the fillers, as well as
their interactions with the polymer networks. Compared to
simple mixing, if inorganic fillers can act as rigid crosslinkers
in polymer networks, it will undoubtedly create more possibili-
ties in constructing hydrogel systems with intelligent, pro-
grammable, and adaptive properties depending on the nature
of the fillers and the polymers. This characteristic presents an
excellent opportunity to expand the flexibility and customiz-
ability of composite hydrogels suitable for different appli-
cations, specifically, meeting the complex situations for
diverse regenerative needs of injured tissues. Thus, it is inter-
esting and necessary to know more about organic-inorganic
composite hydrogels in the field of tissue regeneration, while
the current reviews on hydrogel-based composite materials
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mainly emphasize the advantages of using hydrogels for cell
encapsulation, biomanufacturing, and injectable
materials.*>?* There are few systematic reviews summarizing
the component selection and network construction strategy in
fabricating organic-inorganic composite hydrogels.

In this review, we aim to provide an in-depth and cutting-
edge summary of the organic-inorganic composite hydrogels
for regenerative medicine. The listed outcomes are closely
linked to the inorganic components and the characteristics of
the resulting composite hydrogels, with particular emphasis
on the dispersion of the inorganic fillers within the hydrogel
matrix and their integration with polymer networks.
Considering the significant disparity between organic and in-
organic components, merely blending these elements without
elucidating their interactions may lead to filler precipitation
and aggregation, substantially compromising their effective-
ness in tissue repair. Accordingly, this review will specifically
highlight the functions of inorganic components and the
methods applied to build the organic-inorganic composite
systems via interfacial construction through physical inter-
actions and chemical bonds (Scheme 1). In sections with
corresponding subtitles, we particularly underscore the unique
functionalities brought by incorporated inorganic fillers, item-
ized as mechanical reinforcement, supplier of therapeutic
ions, delivery carriers for bioactive substances and responsive
modules. These diverse functionalities empower composite
hydrogels, endowing them with superior compatibility,
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enhanced biological activity, and intelligent therapeutic solu-
tions, thereby substantially improving the efficiency in the
treatment of wounds and defects. In the last part of this
review, comprehensive perspectives are provided for future
studies on organic-inorganic composite hydrogels targeting
regenerative medicine by looking into the challenges associ-
ated with the material preparation and their shortcomings as
advanced tissue-inducing biomaterials, providing a roadmap
for future research endeavors in this promising field.

2. Materials for constructing
composite hydrogels

Hydrogels are polymers that can absorb a significant quantity
of water while retaining a three-dimensional network.>® The
gelation of precursor solutions can occur through various inter-
actions, including covalent bonds, hydrogen bonds, electrostatic
interactions, and ligand binding. These interactions distinguish
themselves in strength and stability, allowing hydrogels to
exhibit diverse properties and functionalities, even they may
contain similar polymeric components.®® Using gelatin as an
example, the hydrogel constructed through hydrogen bonding
exhibits thermosensitivity, whereas the covalently crosslinked
hydrogel created through photo-induced polymerization pos-
sesses a stable network. In organic-inorganic composite hydro-
gels, the inorganic fillers typically serve as a functional core,
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Scheme 1 Schematic diagram showing the interaction and functionalization of two constituent components within organic—inorganic composite
hydrogels that they exhibit a diverse range of interactions and modulations on hydrogel performances from respective aspects.
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imparting controllable characteristics like photothermal conver-
sion, magnetothermal conversion, excellent conductivity, and
tumor-targeting specificity. One simple example is that cellulose
was combined with black phosphorus (BP) nanosheets to
prepare injectable nano-composite hydrogels, which exhibit
photothermal properties and can efficiently kill tumors.”” In
the following subsections, we will briefly introduce the main
polymers and inorganic components usually used in fabricating
organic-inorganic composite hydrogels.

2.1 The organic part - polymers

The fundamental properties of organic-inorganic composite
hydrogels, such as swelling behavior, degradation, and
mechanical performance, are tunable due to the diverse
polymer compositions forming the hydrogel networks. These
polymers can be broadly categorized into natural polymers
and synthetic polymers.*® Natural polymers are derived from
abundant natural sources, exhibiting excellent biocompatibil-
ity and biodegradability (Table 1). Common examples of poly-
saccharide-based hydrogels include chitosan, hyaluronic acid,
and alginate. These hydrogels offer advantages such as high-
water absorption and network tunability. Protein-based hydro-
gels, like gelatin, collagen, and silk fibroin (SF) hydrogels,
possess biochemical properties resembling human tissues,
containing specific amino acid sequences conducive to cell
adhesion, proliferation, and differentiation. In regenerative
medicine, these natural polymer-derived hydrogels are
employed as scaffold materials to provide growth support for
cells and facilitate tissue regeneration, widely used in wound
healing, cartilage and bone repair. The main disadvantages of
natural polymeric hydrogels are low mechanical properties,
complex molecular chain structure, and risk of immunogeni-
city depending on sources. Synthetic polymers have well-
defined chemical structures and molecular weights, and the
corresponding hydrogels have controllable degradation beha-
viors and adjustable mechanical properties. Common
examples include polyethylene glycol (PEG),*® polyacrylamide
(PAM),*® and polyvinyl alcohol (PVA) hydrogels.*' However,
these synthetic polymers lack biological activity, and some are
non-degradable in vivo, which brings obstacles to broadening
their applications in regenerative medicine. Both natural and
synthetic polymers have unique characteristics in hydrogel
preparation, studies to combine them together suggest poss-
ible solutions to tackle their individual limitations.**> In
Table 1, a brief summary of these polymers is provided in
terms of chemical structures, key features, and crosslinking
methods to form hydrogels, as well as, their potential bio-
medical applications.

Three-dimensional networks are formed through the inter-
actions of functional groups on polymer chains via physical
forces and chemical bonds. Different preparation strategies
lead to diversity in physicochemical properties, swelling beha-
viors, and degradation performance of the resulting hydrogels.
Selecting appropriate polymer matrices and corresponding
crosslinking methods are crucial for the construction of highly
cell and tissue-compatible hydrogels. The physical interactions
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in hydrogel formation are typically polymer chain entangle-
ment, ion interactions, metallic coordination, hydrogen
bonding, hydrophobic interactions, and crystallization. Among
them, ionic interactions occur under relatively mild conditions
for polymers containing cationic/anionic units. Alginate hydro-
gels are commonly prepared by mixing sodium alginate (SA)
solution with CaCl, solution via the ionic interaction between
carboxyl and Ca**.”> PVA solution can form elastic gel due to
crystallization after several circles of freeze-thaw process.
Hydrogels formed through physical crosslinking often possess
reversibility.”® These methods eliminate the need for toxic
small-molecule crosslinking, offering the advantages of good
biocompatibility and degradability. Due to the relatively weak
forces associated with physical interactions crosslinking,
nevertheless, these hydrogels may exhibit insufficient mechan-
ical strength and stability for tissue repair.

Chemical crosslinking refers to the formation of covalent
bonds between polymer chains. This process may involve
polymer modification to introduce crosslink units, addition of
reactive molecules crosslinking, or applying high-energy radi-
ation to initiate addition and condensation reactions, resulting
in the formation of a robust polymeric network. Covalently
crosslinked hydrogels have higher mechanical strengths and
network stability than those physically crosslinked ones, with
slower hydrolysis rates if no enzymatic degradation is pre-
sented. The introduction of small molecule crosslinking
agents, such as glutaraldehyde, genipin, dopamine, and
tannic acid, into hydrogels enables the concurrent modulation
of the hydrogel’s mechanical characteristics. Nevertheless, it is
important to acknowledge that chemical crosslinking agents,
such as glutaraldehyde, can exhibit cytotoxic effects on cells
and tissues, hence restricting their usage within specific con-
centration ranges.”” To exclude the concern of using toxic
small molecular reagents, crosslinking via thermal-, catalytic-,
and photo-polymerization are regarded as mild reactions to
conduct the crosslinking. Photopolymerization refers to the
formation of hydrogels through covalent bond crosslinking
between chains under specific light sources with the aid of
photo initiators, such as using acrylated gelatin, alginate, and
HA, showing less crosslinking biocompatibility problems.

It is not an easy work to directly blend inorganic fillers into
these hydrogel systems, because their densely arranged poly-
meric networks hinder the homogeneous dispersion within
the organic matrix. Aggregation and settling may occur, par-
ticularly, for nano-scaled inorganic fillers due to their high
surface areas, thus compromising the performance of the com-
posite hydrogels for use. This necessitates those studies on
proper inorganic filler selection, surface modification, and
strengthening the interfacial interactions between the poly-
mers and the inorganic components.

2.2 The inorganic part - rigid fillers

The introduction of inorganic fillers into polymeric hydrogels
brings new chances to expand material performance, with a
higher potential to meet the requirements of tissue repair in
diversely complex situations. The sources of inorganic com-

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3bm01766d

Published on 10 January 2024. Downloaded on 10/4/2025 12:41:42 PM.

View Article Online

Biomaterials Science Review
Table 1 Commonly used polymers for hydrogel fabrication
Polymer Dominant units Properties Crosslinking Applications Ref.
Chitosan (CS) Glucosamine and Amino and hydroxyl Chemical Wound healing, cell 43-46
acetylamino units functional groups; crosslinking: amide carrier, drug delivery,
antibacterial, cell adhesion, bonding, double bone repair, cartilage
good water absorption and bond crosslinking repair, etc.
o water retention, degradable, Physical crosslinking:
» o non-toxic, ionic crosslinking,
HO” N, /n electrostatic
interaction, and
hydrophobic
interaction
Hyaluronic acid ~ N-Acetylglucosamine Hydroxyl and carboxyl Chemical Soft tissue engineering, 47-49
(HA) and p-gluconic acid functional groups; the main crosslinking: Schiff wound and burn repair,
units component of ECM, regulate  base, borate ester drug delivery, etc.
cell adhesion migration, bond, mercaptan,
proliferation, and double bond
differentiation; good water crosslinking
0 OHyg M absorption and water Physical crosslinking:
s ‘;H cé%ﬁo} retention, degradable, non- hydrogen bonding,
e, toxic ionic crosslinking,
electrostatic and
host-guest
interactions
Sodium alginate p-Glucuronic acid and Hydroxyl and carboxyl Chemical Drug delivery, cancer 50-52
(SA) t-glucuronic acid units functional groups; rapid crosslinking: Schiff therapy, wound healing,
gelation with divalent base, double bond bone repair, cartilage
cations; good water crosslinking repair, etc.
OO e oy absorption and water Physical crosslinking:
‘(Jééf%?t’} retention, non-toxic, hydrogen bonding,
ona £ degradable, reactive handles  ionic crosslinking,
for functionalization host-guest
interactions
Heparin Monosaccharide units Aldehyde sulfate group, Chemical Anti-inflammation, anti- 53 and 54
such as glucosamine carboxyl group and sulfate crosslinking: amide coagulation, drug
and gluconic acid group; good water bonding, disulfide delivery, wound healing,
absorption, and water bond, double bond cartilage repair, etc.
retention, degradable, non- crosslinking
§o0 omoso; toxic, inhibit platelet Physical crosslinking:
{ﬁ’gﬁv\o;ﬁ vy | adhesion and aggregation hydrogen bonding,
both in vivo and in vitro, electrostatic
promote cell proliferation interaction
and tissue
Collagen/ Glycine, proline and Amino and carboxyl Chemical Cell carrier, bone repair,  55-58
Gelatin hydroxyproline, etc. functional groups; crosslinking: amide cartilage repair, drug
biocompatible, good water bonding, double delivery, wound healing,
absorption and water bond crosslinking revascularization, etc.
retention, degradable, non- Physical crosslinking:
. A A toxic Hydrogen bonding,
electrostatic
o~ S interaction, and
hydrophobic
interaction
Chondroitin N-Acetylgalactosamine Sulfate group; anti- Chemical Cartilage repair, anti- 59-61
sulfate and glucuronic acid inflammatory; bioactive and crosslinking: amide inflammation, wound
units biocompatible, good water bonding, double healing, drug delivery,
ozt absorption and water bond crosslinking etc.
o g retention, degradable, non-
S o toxic; binds growth factors
T and cytokines
Silk fibroin (SF)  Glycine, alanine and Amino and carboxyl Chemical Cell carrier, bone repair, 62-64

serine, etc.

Gly-Ala-Gly-Ala-Gly-Ser,,

functional groups; high
mechanical strength and
elasticity; cell adhesive; low
immunogenicity; good water
absorption and water
retention, degradable, non-
toxic

This journal is © The Royal Society of Chemistry 2024

crosslinking: amide
bonding, double
bond crosslinking

Physical crosslinking:

hydrogen bonding,
electrostatic
interaction, and
hydrophobic
interaction

cartilage repair, drug
delivery,
revascularization, wound
healing, etc.
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Polymer Dominant units Properties Crosslinking Applications Ref.
Polyethylene -CH,CH,0- Linear polymer; hydroxyl Chemical Cell carrier, drug 39, 65 and 66
glycol (PEG) functional group; crosslinking: ureyl delivery, wound healing,
polyhydroxy functional functional groups, cartilage repair, etc.
groups; anti-protein double bond
adsorption and adhesion, crosslinking
H(O\/}‘O/H good water a}bsorption and Physical crosslipking:
J water retention, degradable, hydrogen bonding,
non-toxic electrostatic
interaction, and
hydrophobic
interaction
Polyacrylamide =~ -CH,CHCONH,- Acrylamide functional group;  Chemical Cell carrier, drug 67 and 68
(PAM) good water absorption and crosslinking: double delivery, wound healing,
water retention, degradable, bond crosslinking cartilage repair, etc.
o non-toxic Physical crosslinking:
%zj hydrogen bonding,
0w electrostatic
interaction, and
hydrophobic
interaction
Polyacrylic acid ~ -C;H40,- Carboxyl function group; Chemical Drug delivery, wound 69-72
(PAA) good water absorption, ionic  crosslinking: double healing, cell culture, etc.
crosslinking, degradable, bond crosslinking,
non-toxic Esterification reaction
HOYOH Physical crosslinking:
% Ll Hydrogen bonding,
boh ionic interaction
Polyvinyl -C,H,O- Hydroxyl functional group; Chemical Cell carrier, drug 41,73 and 74
alcohol (PVA) excellent biocompatibility, crosslinking: ether delivery, wound healing,
mechanical properties good linkage cartilage repair
H OH water absorption and water Physical crosslinking:  revascularization, etc.
%E_E% retention, degradable, non- hydrogen bonding,
" toxic electrostatic
interaction, and
hydrophobic
interaction

ponents are extremely richer than hydrophilic polymers. They
can be briefly categorized into metal-based powders, com-
pounds or oxides, and inorganic nonmetal materials, and the
latter typically contains ceramics and carbon nanomaterials.
Different material types combined with unique characteristics
have generated composite hydrogels possessing distinguished
natures in microstructure, rheological/mechanical properties,
bioactivity, and inherent responses to various factors. These in-
organic fillers are also flexible in morphology depending on
synthesis techniques; in short, they can be presented in par-
ticles, rods, whiskers, fibers, and sheet-like, imparting compo-
site hydrogels with desirable strengths and thermal/electrical/
optical properties. Apart from only acting as reinforcement,
the functions of inorganic components in composite hydrogels
can be extended to drug delivery carriers, therapeutic ion sup-
pliers, and smart modules responsive to environmental or
external stimuli. In Table 2, inorganic fillers with different
compositions and morphology are summarized from reports
concerning composite hydrogels for biomedical applications.
2.2.1 Acting as reinforcement. Hydrogels are extensively uti-
lized in biomedical fields owing to their water retention capa-
bility, biocompatibility, biomimetic microstructure resembling
ECM, and strong flexibility in function modulation."*® Due to
their swollen status, hydrogels made of only polymers are likely

1084 | Bjomater. Sci, 2024, 12,1079-1M4

insufficient in strength to match the mechanical properties of
native tissues (e.g. bone repair), so researchers usually consider
increasing crosslinking densities to make up this disadvantage.
As known, however, a dense network is not good for cell spread-
ing, migration, proliferation, and differentiation in the hydro-
gels, actually leading to poor tissue regeneration as cells are
entrapped or hard ingrowth."**'*! It urges some new ways to
improve the mechanical properties of polymeric hydrogels, that
the introduction of reinforcements can be a potential solution.
In composite fabrication, inorganic components are popu-
larly applied reinforcement to enhance the mechanical pro-
perties of materials, which is also suitable for the preparation
of composite hydrogels. Compared to polymer networks, in-
organic fillers inherently have higher stiffness, enabling them
to withstand greater external forces upon compression or
stretching. Of note, their reinforcement effect depends signifi-
cantly on how they interact with polymer chains, that chain
entanglement, physical interactions, and chemical bonds are
all possible for the two components to make the composite
systems tougher.””> When subjected to external forces and
deformation, the inorganic phase may help to disperse stress
concentration and preserve the structural integrity of the
primary polymeric network. Specifically, nano-scaled fillers
can inhibit the generation and propagation of cracks to avoid

This journal is © The Royal Society of Chemistry 2024
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Table 2 The summary of inorganic fillers used in the fabrication of composite hydrogels
Physical

Materials parameters Dispersion/Crosslinking  Functions Applications Ref.

Hydroxyapatite Nanoparticles Blending, co- Mechanical reinforcement, Bone repair, cartilage 69, 78

(HAp) (oD) precipitation, electro- osteogenic differentiation repair, etc. and 79
deposition method

Nanowires, Blending, surface Mechanical reinforcement, bone Bone repair, cartilage 16, 80
nanorods (1D) deposition, regeneration, osteochondral repair ~ repair, drug delivery, etc.  and 81
mineralization, covalent
bonding
B-Tricalcium Nanoparticles Blending Osteogenic differentiation, anti- Bone repair, cartilage 82 and
phosphate (8-TCP)  (0D) tumor repair, cancer therapy, 83
etc.

Montmorillonite Nanosheets (2D)  Blending, hydrogen Mechanical reinforcement, cell Drug delivery, bone 27 and
bonding, electrostatic recruitment, drug carrier repair, wound healing, 84
interaction etc.

LAPONITE® Nanosheets (2D)  Blending Mechanical reinforcement, Drug delivery, bone 85 and
promoting cell adhesion and repair, revascularization, 86
proliferation, vascular regeneration ~ wound healing, etc.

Carbon materials Carbon Blending Mechanical reinforcement, Bone repair, cartilage 87 and
nanospheres, lubrication, osteogenic repair, drug delivery, etc. 88
carbon dots (0D) differentiation
Carbon Blending, covalent Conductive, mechanical Drug delivery, bone 89 and
nanotubes (1D) bonding reinforcement, drug carrier, tumor  repair, cancer therapy, 90

therapy etc.
Graphene oxide Blending Conductive, antibacterial, Bone repair, 91-95
(2D) mechanical reinforcement, revascularization, wound
crosslinker, healing, etc.

Silicon dioxide Nanoparticles Blending, hydrophobic  Surface functionalization, Bone repair, cartilage 96-99

(Si0y) (oD) association, covalent mechanical reinforcement, drug repair, drug delivery, etc.
bonding, carrier, anti-tumor, cartilage

regeneration
Nanowires, Blending, silane Mechanical reinforcement, Bone repair, drug 100
nanorods (1D) coupling conductive delivery, neural
restoration, etc.

Silicon (Si) Nanoparticles Blending, covalent Mechanical reinforcement, Bone repair, drug 101 and
(oD) bonding crosslinker delivery, etc. 102

Silver (Ag) Nanoparticles Blending, hydrogen Mechanical reinforcement, Wound healing, drug 70,

(oD) bonding conductive, antibacterial, pressure-  delivery, bone repair, etc. = 103-106
responsive, antibacterial

Nanowires, Blending Conductive, electro-responsive, skin ~Wound healing, drug 91, 107

nanorods (1D) repair, sensors delivery, etc. and 108

Gold (Au) Nanoparticles Blending, Michael Photothermal effect, anti-tumor, Cancer therapy, etc. 109 and
(oD) addition reaction crosslinker 110
Nanowires, Blending Mechanical reinforcement, Cancer therapy, etc. 26, 111
nanorods (1D) photothermal response, anti-tumor and 112

Magnesium oxide = Nano-particles Blending, electrostatic Release of Mg®", mechanical Bone repair, 22,113

(MgO) (oD) interaction, metal- reinforcement, crosslinker, antibac- revascularization, wound and 114
ligand supramolecular terial properties, skin repair, osteo-  healing, etc.
binding genic differentiation, vascular

regeneration
Iron oxide (Fe,O;/  Nanoparticles Blending Cartilage regeneration, magnetic Cartilage repair, drug 115 and
Fe;0,) (oD) response, photothermal response delivery, tissue 116
engineering, etc.
Nanorods (1D) Blending, covalent Mechanical reinforcement, Cartilage repair, drug 117 and
bonding crosslinker, conductivity, magnetic  delivery, 118
response. magnetothermal therapy,
etc.

Metal-organic Nanoparticles Blending, ion Drug loading, photothermal Drug delivery, anti- 119-122

frameworks (oD) coordination binding response, nerve regeneration, infection,

(MOFs) antibacterial, anti-inflammatory, revascularization, cancer
vascular regeneration, anti-tumor therapy, etc.

Molybdenum Nanosheets (2D)  Blending, host-guest Mechanical reinforcement, drug Biosensor, drug delivery, 123 and

disulfide (MoS,) connection delivery, antibacterial photothermal therapy, 124

etc.
Black phosphorus ~ Nanosheets (2D)  Blending Ion and drug delivery, Drug delivery, 120,
(BP) photothermal response, photothermal therapy, 125-128
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antibacterial, osteogenic
differentiation, vascular
regeneration, nerve regeneration

bone repair, wound
healing, etc.
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Fig. 1 The schematic showing the manner in which inorganic components contribute to the improvement of mechanical characteristics in hydro-
gels. (a) The introduction of both rigid and flexible silica nanofibers, which are covalently attached to the polymer chains of the PAM hydrogel, leads
to the formation of robust interfacial chemical bonds, thereby greatly enhancing the mechanical properties of the hydrogel.X°® Copyright 2021,
Wiley-VCH. (b) The incorporation of NPs containing catechol groups into PAA hydrogel results in improved tensile properties due to the formation
of hydrogen bonding interactions.”® Copyright 2019, Springer Nature. (c) The dispersion of two-dimensional nanosheets within the covalently cross-
linked network of the hydrogel leads to an increase in its Young’s modulus and a decrease in its degradation rate.®* Copyright 2019, Springer Nature.
(d) The simultaneous addition of nanowires and nanosheets to PAM hydrogel significantly enhances its mechanical properties.*> Copyright 2020,

Springer Nature.

material damage due to their stronger interactions with polymer
chains for their high specific surface area.'® It was found that
nanoclay can remarkably enhance tensile modulus and elonga-
tion at the break of nanocomposite hydrogels at a relatively low
addition fraction. The incorporation of nanoclay at 0.03 wt%
into polyacrylic acid (PAA) hydrogel could make the composite
hydrogel exhibit an elongation exceeding 1000%, and have the
ability to endure 90% compressive deformation.”* Lu et al'*
incorporated silica nanofibers and vinyltriethoxysilane into SA/
PAM hydrogels, and the vinyltriethoxysilane binds the nano-
fibers and PAM chains together via its coupling agent nature
(Fig. 1a). This composite hydrogel exhibited high elastic
modulus (0.11 MPa), high toughness (2.98 MJ m~>), and high
elongation at break (close to 2000%). A stronger interfacial
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bonding between the inorganic fillers and the polymer chains,
like covalent bond vs. physical interaction, will lead to more
effective reinforcement since the integrity of the organic-in-
organic hybrid network was enhanced.

Inorganic materials used for mechanical enhancement are
normally in nano-scale, primarily classified into 0D nano-
particles (NPs), 1D nanomaterials (nanorods, whiskers, nano-
wires, nanofibers), and 2D nanomaterials (nanosheets).
Among them, the types of NPs are the richest, including metal,
metal oxide, and ceramic NPs. These NPs can interact with
polymers using the cationic ions on their surfaces through
ligand bonds, whose dynamic nature imparts the network with
high energy dissipation and reversible self-healing properties.
Surface modification of inorganic fillers is quite helpful to
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enhance their interactions with polymer chains, thereby pro-
viding stronger reinforcement effect properties. Lu et al’®
incorporated Ag-lignin NPs to create a dynamic pyrogallol
redox system, resulting in enhanced mechanical characteristics
and long-term adherence of the hydrogel (Fig. 1b). The
authors found that the presence of non-covalent interactions
among silver-lignin NPs, PAA, and pectin resulted in a sub-
stantial dissipation of energy. The fracture energy had a peak
value of 5500 ] m~>, significantly exceeding the fracture energy
of human skin (~2000 ] m™>).

Common 1D inorganic fillers include silicon dioxide (SiO,)
nanowires/fibers, boron nitride (BN) nanofibers, carbon nano-
tubes (CNTs), and metal nanorods/wires, among others.
Compared to NPs, 1D nanomaterials have a higher aspect ratio
and network-forming ability, effectively preventing gravita-
tional settling. When the aspect ratio of SiO, nanofibers was
increased from 50 to 400, studies have shown that the mechan-
ical strength of composite hydrogels significantly improved
from 0.11 MPa to 0.24 MPa.'® Chemical bonding and hydro-
gen bonding interactions are formed between the SiO, fibers
and PAM chains. This allows for fracture and recombination
during stretching and dissipating energy to enhance the hydro-
gel network’s strength. Molecular simulation results revealed
that the interaction energy between them increased from
1135 kJ mol™" to 2241 k] mol™" alongside the increasing L/D
ratios of the nanofibers, indicating the positive effect of fillers’
aspect ratios on the bonding at organic-inorganic interfaces.
Another specific feature of 1D fillers is their ability to form
aligned structures, whereas, highly ordered nanostructures are
characteristic in natural tissues to provide mechanical sup-
ports. Orientated 1D fillers will endow composite hydrogels
with even higher mechanical performance.'** Ahadian et al.®®
employed dielectrophoresis (DEP) as an effective tool to align
conductive CNTs within gelatin methacrylate (GelMA) hydro-
gels. Compared to hydrogels containing randomly distributed
CNTs, those hydrogels with alighed CNTs exhibited increases
in Young’s modulus from 20.3 + 1.4 kPa to 50.4 + 3.8 kPa.

2D materials such as graphene, montmorillonite
nanosheets, and silicate nanosheets have recently been high-
lighted as effective reinforcement for composite hydrogels due
to their large specific surface area, rich polar/ionic groups at
sheet edge or on the surface, high specific strength by them-
selves, thus may lead to even stronger interactions with poly-
meric matrix as compared to 1D nanofillers. Cui et al.®* incor-
porated layered nanoclay into photo-crosslinked chitosan solu-
tion, increasing the Young’s modulus of the hydrogel from the
original 10 kPa to 30 kPa (Fig. 1c), that the ionic/charge inter-
actions between the two components contributed to this ame-
lioration. Graphene oxide (GO), having reactive functional
groups like hydroxyl and carboxyl groups, renders them the
capacity to be utilized as crosslinkers for hydrogel formation
via both physical and chemical processes. Liu et al.>®> modified
GO with acrylate groups (mGOa), creating covalently cross-
linked hydrogels with poly(2-hydroxyethyl methacrylate-co-
acrylamide). Its compressive strength reached 2.3 + 0.8 MPa, as
compared to the 1.4 + 0.4 MPa of the hydrogel crosslinked
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with N,N-methylenebisacrylamide. At a fraction of 2 mg mL ™
mGOa and compressive strain of 90%, the composite hydrogel
showed compressive strength as high as 14.1 + 2.1 MPa. These
reports have primarily established the base for using 2D nano-
materials as reinforcements to improve the mechanical beha-
viors of soft hydrogels.

The diversities in the compositions and morphology of in-
organic materials show both advantages and downsides for
hydrogel reinforcement. NPs are characterized by a lack of an-
isotropy and no pulling-out effect, which makes them have a
ceiling effect in achieving high mechanical performance.
Nanofibers and nanosheets possess anisotropic character-
istics, interacting with polymer chains at improved bonding
strength, resulting in robust networks and higher strength.
The main challenge in preparing composite 