Review

Advances in the Development of Nano-Engineered Mechanically
Robust Hydrogels for Minimally Invasive Treatment of

Bone Defects

Kulwinder Kaur -2 and Ciara M. Murphy 13:4-*

check for
updates

Citation: Kaur, K.; Murphy, C.M.
Advances in the Development of
Nano-Engineered Mechanically

Robust Hydrogels for Minimally

Invasive Treatment of Bone Defects.

Gels 2023, 9, 809. https:/ /doi.org/
10.3390/ gels9100809

Academic Editor: Guilhem Godeau

Received: 10 September 2023
Revised: 30 September 2023
Accepted: 3 October 2023
Published: 10 October 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

Tissue Engineering Research Group, Department of Anatomy & Regenerative Medicine, RCSI University of
Medicine and Health Sciences, D02 YN77 Dublin, Ireland; kulwinderkaur@rcsi.com
School of Pharmacy and Biomolecular Sciences, RCSI University of Medicine and Health Sciences,
D02 YN77 Dublin, Ireland
3 Advanced Materials and Bioengineering Research (AMBER) Centre, Trinity College Dublin (TCD),
D02 PN40 Dublin, Ireland
4 Trinity Centre for Bioengineering, Trinity College Dublin (TCD), D02 PN40 Dublin, Ireland
Correspondence: ciaramurphy@rcsi.ie

Abstract: Injectable hydrogels were discovered as attractive materials for bone tissue engineering
applications given their outstanding biocompatibility, high water content, and versatile fabrication
platforms into materials with different physiochemical properties. However, traditional hydrogels
suffer from weak mechanical strength, limiting their use in heavy load-bearing areas. Thus, the
fabrication of mechanically robust injectable hydrogels that are suitable for load-bearing environments
is of great interest. Successful material design for bone tissue engineering requires an understanding
of the composition and structure of the material chosen, as well as the appropriate selection of
biomimetic natural or synthetic materials. This review focuses on recent advancements in materials—
design considerations and approaches to prepare mechanically robust injectable hydrogels for bone
tissue engineering applications. We outline the materials—design approaches through a selection of
materials and fabrication methods. Finally, we discuss unmet needs and current challenges in the
development of ideal materials for bone tissue regeneration and highlight emerging strategies in
the field.

Keywords: injectable hydrogels; bone regeneration; nanoengineering; mechanically robust hydrogels;
minimally invasive

1. Introduction

The reparation and regeneration of bone tissue remain an important challenge in the
field of orthopaedic and craniofacial surgery. Traumatic injuries and pathological diseases,
including osteoporosis, can impair the fracture repair process, leading to non-union or
delayed fractures, immobility, severe pain and deformity [1]. Such defects require clinical
mediation if functional restoration and complete healing of the bone are to be achieved.
The demand for bone grafts represents the second most common tissue transplantation
procedure after blood. The current market in the EU for bone graft substitutes is estimated
to be worth USD 4.15 billion by 2026 [2]. Currently, the gold standard of treatment for
non-union and critical-sized bone defects is the use of bone grafts, which perform as a
framework for new bone ingrowth. The most commonly used bone grafts are autografts,
taken from the patient itself or allografts taken from an organ donor. However, both
methods have confirmed and well-documented limitations including restricted donor
supply and alteration of the material properties as a result of processing. The use of
autografts is an invasive procedure, requiring two surgeries, one for harvesting bone and a
second to treat the affected area. The consequence of these surgeries often results in further
pain and complications for elderly patients and patients with pre-existing conditions. One
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of the most common post-operative complications following implantation is infection,
which, in extreme cases can lead to loss of the affected limb [3]. Another challenge with the
use of implantable bone grafts is their application in irregular or atypical-shaped defects.
Grafting bone into defects with a complex geometry may result in improper defect margin
adaptation, which can cause numerous complications such as improper vascularization and
directional repair, leading to further pain and post-operative complications for the patient.
As such, there is a clinical need for injectable bone graft substitutes that can overcome the
limitations of implantable bone grafts.

1.1. Overview of Bone Physiology at Defect Site

It is essential to create a conducive physiochemical environment at a bone defect
site to support the natural healing processes and enhance the chances of successful bone
regeneration. Bone healing is a complex and dynamic process that occurs naturally in
the body when a bone is broken [4]. The process involves several stages and typically
takes several weeks to months, depending on the severity, location of the fracture, the
individual’s age and overall health, and the treatment received. Three main stages of the
bone defect healing process are inflammation, bone formation and remodelling [5].

When a bone is broken, the body’s natural inflammatory response is triggered. In-
flammatory cells, such as cytokines, macrophages and white blood cells, infiltrate bone
defect sites to clean bone-tissue debris and form vascular tissue and granulation tissue [6,7].
Macrophages under the stimulation of a hypoxic environment and cytokines polarized
towards M1. They secrete a series of pro-inflammatory cytokines (IL-1, IL-6) which help
to recruit mesenchymal stem cells and establish an osteogenic environment for tissue
repair [4,5]. There are two repair mechanisms after that depending on the location of
the bone defect: endochondral and intramembranous ossification [6]. Firstly, soft callus
tissue is formed which is composed of collagen and cartilage, which helps stabilize the
fracture site [8]. This soft callus is temporary but is crucial in bridging the gap between the
broken bone ends. Mesenchymal stem cells along with endothelial cells and chondrocytes
secrete matrix metalloproteinases to degrade cartilage matrix followed by maturation of
chondrocytes into osteoblasts, which gradually replace soft callus with hard callus [9,10].
This process strengthens the fracture site (Figure 1). The final and longest stage of bone
healing is bone remodelling. During remodelling, excess bone material is resorbed by
osteoclasts, while osteoblasts continue to deposit new bone [11]. The crosstalk between
osteoblasts and osteoclasts plays an important role in the remodelling process. The main
goal of remodelling is to restore the bone’s strength, function and geometry as closely as
possible to its pre-injury state [6].

1.2. Minimally Invasive Bone Graft Substitutes Commercially Available for Bone Repair

The most common injectable bone graft substitute used in clinics is polymethyl
methacrylate (PMMA), the first generation of bone cement. It was first used by doc-
tors as a dental material in the 1930s and was later used for femoral head replacement
in 1953 and hip replacement in 1964 [4]. A number of PMMA cement-based injectable
biomaterials have come onto the market, including Stryker’s Simplex® (Kalamazoo, MI,
USA), DePuy Synthes SMARTSET™ (Wayne, IN, USA) and Heraeus PALACOS® (Hanau,
Germany), ensuring PMMA remains the most commonly used injectable grafting material
in orthopaedic surgery. PMMA has good plasticity and mechanical properties, widely used
in the clinical treatment of spinal degeneration and osteoporotic vertebrae. However, there
are certain limitations associated with PMMA, as it is non-biodegradable, non-resorbable
and does not possess bioactive behaviour. Therefore, it does not facilitate bone regeneration
and is not suitable for use as a bone regenerative platform. In addition, a number of
clinical complications have been reported as a result of cement leakage into surrounding
tissues [5]. The commercial space for injectable bone graft substitutes has expanded beyond
PMMA (Table 1) to improve bioactivity. Calcium phosphate cement (CPC) was the first
material approved by the Food and Drug Administration (FDA) for human use for the
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treatment of craniofacial defects and bone fractures. CPCs are defined as a combination of
one or more calcium phosphate powders, which, upon mixing with a liquid phase, form
a paste able to self-set and harden in situ in the bone defect site to form a scaffold. Since
their discovery in the 1980s, there has been extensive research and development in CPC
formulations. With an emphasis on mechanical properties, the majority of these products
are calcium phosphate (CaP)-based bioceramics such as tricalcium phosphate (TCP) or
hydroxyapatite (HA). The use of these bioceramics as bone defect substitutes for repair is
inspired by the composition of bone, where these bioceramics are present in high ratios and
possess biocompatibility, biodegradability, osteoconductivity and mechanical properties.
Therefore, CPCs are promising for clinical application; however, despite the extensive
range and longstanding use of these products, there is limited clinical data for supporting
their efficacy in the context of fracture management and bone healing [6,7]. As such, there
remains a need within the biomaterial research field for mechanically competent minimally
invasive therapeutic biomaterials, capable of supporting load-bearing defect repair with
fully functional regenerated bone tissue.
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Figure 1. Schematic representation of different processes involved in bone healing.

1.3. Biomaterial-Based Bone Graft Substitutes and Mechanical Considerations

Next-generation manufacturing and materials approaches have been used in the devel-
opment of biomaterials that mimic the native bone environment and modulate the healing
process, through structure and composition. Traditionally, the design and fabrication of
biomaterial-based bone regenerative technologies have been based on the well-established
tissue engineering triad, centred on three main components considered essential for tissue
regeneration: (1) biomaterial to provide a structural and signatory platform for tissue in-
growth and formation; (2) a targeted source of cells to regenerate new tissue; (3) regulatory
signals to drive cell proliferation and differentiation, and ultimately tissue regeneration.
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Table 1. Commercially available minimally invasive bone graft materials.

Product Name Brand Type Composition Components Bioactive Properties Reference Website
P Beta-bsm® Injectable Paste conerystalline Osteoconductive o b 303
ZIMMER BIOMET phosp P :
. ® (Wayne, IN, USA) . . . https:/ /www.zimmerbiomet.com/
Equivabone Moldable/Injectable Paste DBM and calcium phosphate Osteoconductive (accessed on 29 September 2023).
Nano-structured hydroxyapatite https: / /surealien.com
nanOss® Surgalign (Deerfield, IL, USA) Mouldable/Injectable Putty granules and an open-structured Osteoconductive ps: sa gt
. (accessed on 29 September 2023).
engineered collagen
. . . Demineralized Bone . https:/ /www.exac.com/
® 1%
Optecure® +ccc Exactech (Gainesville, FL, USA) Injectable Paste Matrix (DBM) Osteoconductive (accessed on 29 September 2023).
. . . Calcium sulfate, calcium https:/ /www.wright.com/
-STIM® ' P g
PRO-STIM Injectable inductive Paste phosphate and DBM (accessed on 29 September 2023).
. . Calcium sulfate and . https:/ /www.wright.com/
PRO-DENSE™ WRIGHT Medical Group Injectable Paste . Osteoconductive
(Memphis, TN, USA) calcium phosphate and osteoinductive (accessed on 29 September 2023).

ALLOMATRIX™

Mouldable/Injectable Putty

DBM, calcium sulfate
hemihydrate and
carboxymethylcellulose

https:/ /www.wright.com/
(accessed on 29 September 2023).

Actifuse Flow

Baxter (Deerfield, IL, USA)

Implantable Solid /Paste

Silicate substituted
calcium phosphate

Osteoconductive,

osteostimulative, and provides

accelerated bone growth

https:/ /advancedsurgery.baxter.com/
(accessed on 29 September 2023).

Mouldable/Injectable and

40% hydroxyapatite, 60% calcium

CERAMENT™ BoneSupport Drillable Synthetic Bone sulfate and the radio-contrast Osteoconduc'tlve, promoting https://www.bonesupport.com/
(Wellesley, MA, USA) o - bone ingrowth (accessed on 29 September 2023).
Void Filler agent iohexol
Norian®SRS® Synthes (Wayne, IN, USA) Cement Calcium phosphate - https://www.rch.org.au/
4 yne, LN phosp (accessed on 29 September 2023).
HydroSet™ Stryker (Kalamazoo, MI, USA) Cement Calcium phosphate Osteoconductive https://emf stryker.com/
¥ y T phosp (accessed on 29 September 2023).
. https:/ /www.strykermeded.com/
® _ p )
Simplex Stryker (Kalamazoo, MI, USA) (accessed on 29 September 2023).
SMARTSET™ DePuy Synthes (Wayne, IN, USA) Cement PMMA _ https:/ /5.imimg.com/
VY yne, BN, (accessed on 29 September 2023).
PALACOS® Heraeus (Hanau, Germany) - https://www.heraeus.com/

(accessed on 29 September 2023).
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However, the triad concept has been re-defined over the past few decades as biomaterial-
based regenerative technologies have advanced. For bone regeneration and orthopaedic-centred
clinical applications, a key component has been incorporated. In 2007, Giannoudis et al. intro-
duced mechanical properties as a crucial fourth element in the development of biomaterial-based
bone graft substitutes, proposing a diamond concept to replace the triad (Figure 2). Mechanical
and structural functionality is essential for bone repair. From a healing perspective, it is neces-
sary for early callus formation to bridge the fracture site and allow transmission of mechanical
loading across the fracture line. The progressive maturation of the fracture callus from woven
to lamellar bone is dependent on a mechanically stable fracture site. Furthermore, long bones
of limbs and spinal vertebrae typically experience torsional and compressive loads during
everyday activities [8-10] and injectable biomaterials developed for application in these bones
must be able to both support the damaged architecture of the defect and withstand significant
mechanical loads during the healing process. In load-bearing environments, the mechanical
properties of biomaterials should be in close association with the mechanical properties of
the surrounding tissue. In the case of biodegradable biomaterials, the variation in mechanical
properties due to the degradation should also be compatible with the bone healing process.
Advancement in biomaterial fabrication and processing techniques is driving a new era of bone
graft materials with defined mechanical properties, and biological and structural properties to
help bone remodelling, compared to traditional strategies. However, the number and type of
commercially available biomaterial-based bone grafting materials are currently disproportion-
ate to the volume of published scientific work on these innovative biomaterial platforms for
bone healing [11]. In particular, there is a distinct lack of injectable biomaterials available for
minimally invasive procedures with the requisite mechanical properties to successfully replace
bone cements currently used in clinics. Developing advanced minimally invasive or injectable
biomaterial strategies to safely and successfully fill complex bone defects and regenerate bone
tissue in load-bearing environments is of significant clinical interest.

1. Biomaterials

Tissue Engineering )

2. Cell Source
G

3. Regulatory Signals

4. Mechanical Stability

Figure 2. Illustration depicting the diamond concept for bone tissue engineering. The tissue triad

contains the three essential components for developing tissue regenerative technology: (1) biomateri-
als; (2) cell source; (3) regulatory signals. A fourth component, mechanical stability, is essential for
developing regenerative biomaterial platforms for bone repair.

1.4. Challenges in Developing Mechanically Robust Injectable Biomaterials

Hydrogels are 3D porous networks with high water content that are formed via
crosslinking among amphiphilic polymers. They have been widely researched and applied
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as biomaterial platforms in regenerative medicine applications, including cartilage, nerve,
skin and bone, as they have a structural similarity to natural extracellular matrix (ECM),
promoting cell survival, proliferation, and differentiation by providing microenvironment
cues similar to ECM in terms of mechanics and architecture. Furthermore, they can be
engineered for injectable applications, as hydrogels with in situ gelation properties have the
ability to turn from a liquid state to a solid gel state (sol-gel transition). This characteristic
is extremely favourable for the repair of atypical-shaped bone defects as the hydrogels have
the potential to fill geometrically complex and irregular spaces. However, the development
of injectable hydrogels for bone repair has proved extremely challenging, particularly
developing injectable hydrogels that have rapid gelation rates to avoid the leakage of
materials to the surrounding tissue, are biocompatible and biodegradable, with structural
properties to withstand the significant and complex mechanical forces in bone [12].

Various mechanisms such as chemical, physical, catalysed crosslinking, in situ double
network formation and the incorporation of particulate reinforcing agents, such as nano-
particles/nano-fillers, have been applied in the development and structural enhancement of
injectable hydrogels for application in load-bearing environments [13]. However, increasing
stiffness through crosslinking and the incorporation of nano-fillers has been shown to
significantly alter the shear-thinning potential of the hydrogels, making it complicated to
deliver them in an injectable manner. This drawback confines the utilization of hydrogels
in clinics and has motivated researchers to design new hydrogels that can be delivered
in an injectable manner. Specifically, mechanically robust injectable hydrogels require the
hydrogel solution to be stable in the pre-injection state but provide the required mechanical
reinforcement after injection without additional mechanical inputs.

Degradation and resorption of hydrogels is also an important consideration in me-
chanically robust hydrogel design parameters. Time-dependent degradation is desirable
in many applications whereby the degradation rate of hydrogel should match the rate of
tissue regeneration. In addition, the by-products of degradation must be non-toxic. Many
hydrogels degrade rapidly, especially in electrolyte solutions, with degradation often being
accompanied by the generation of acidic by-products [14,15]. These restrictions have drawn
attention to designing hydrogels with enhanced toughness and stretchable physiochemical
properties. However, fabricating mechanically robust injectable hydrogels that are chemi-
cally and morphologically stable for clinical use remains a challenge. For example, tailoring
the material characteristics by the adjustment of polymer content and the crosslinking
density can limit the nutrient and ions transport throughout the matrix in physiological
conditions [16-18], which can lead to unwanted swelling and reduction in mechanical prop-
erties. Indeed, many mechanically robust hydrogels reported to date cannot maintain their
mechanical properties during tissue culture or after implantation [19-21]. Thus, there re-
mains a need to develop high-water-content, mechanically robust injectable hydrogels that
can extend the lifetime of clinically suitable materials by dependably avoiding degradation
under aggressive in vivo conditions.

This review presents current advances and available tools in the field of nano-engineered
mechanically robust injectable hydrogels for minimally invasive bone regenerative applica-
tions while highlighting barriers in translating such materials for use in the clinic. We begin by
introducing commonly employed strategies to mechanically strengthen injectable hydrogels
and go on to discuss the promising advances in nanotechnology that are paving the way for
mechanically robust injectable hydrogels for bone regenerative applications. While many
of the technologies discussed are not yet feasible for clinical applications, this review aims
to present the promising in vitro and in vivo data available in the literature to highlight the
potential use of nano-engineered mechanically robust hydrogels to tackle the challenging and
pressing clinical orthopaedic needs.

2. Design and Materials Considerations for Mechanically Robust Injectable Hydrogels

To design mechanically robust injectable hydrogels with precisely tuned properties,
assessing the clinical requirements, experiment designs and procedures are critical to
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determine which basic factors lead to material failure in conventional hydrogels. In the
design of nano-engineered injectable hydrogels, the most important considerations are
delivery and retention within a specific site, mechanical properties comparable to native
bone, controlled degradation and biocompatibility (Figure 3).

In Situ Gelation

2 o
3 g
g AN 8
o O =
£ Q o] e [6) g
o ° o
0 =
9 o
m =)

Nano-engineered Hydrogels
for Bone Repair

Mechanical Functionality

Figure 3. Key hydrogel properties required for bone repair applications.

2.1. In Situ Gelation and Biocompatibility

Upon injection, it is essential that injectable hydrogels solidify rapidly to avoid un-
necessary diffusion into the surrounding tissues. Furthermore, the materials used and
by-products released must be biocompatible to minimize cell toxicity. Injectable hydrogels,
in rheological terms, behave as a fluid while injecting (i.e., elastic modulus (G’) < storage
modulus (G”)), and turn into a solid (G’ > G”) post injection, to retain the hydrogel within
the desired region. Crosslinking between functional groups of different polymers or com-
ponents in hydrogels is an important and responsible factor for thermally driven sol-gel
transition. The addition of crosslinking agents between the polymer chains to produce
the hydrogel affects the sol-gel transition of the hydrogels, depending upon the type and
degree of crosslinking. In situ gelation of the hydrogels can be obtained by either physi-
cal or chemical crosslinking through polymerization of monomers, or through covalent
bonding in between polymer chains. Crosslinking modifies the microstructure, mechanical
properties and biocompatibility of the hydrogels. The degree of modification is determined
by the extent and type of crosslinking used. Physical crosslinking creates hydrophobic
interactions within polymeric chains and is generally responsible for thermally driven
gelation of hydrogels. Chemical crosslinking occurs through chemical moieties. Some of the
most important and rapid reactions are click chemistry, Schiff base, Michael addition and
enzyme-catalysed reactions. Alternatively, sol-gel transition of hydrogels can be initiated
by UV light polymerization of polymeric chains, in the presence of free-radical groups
and a photo initiator. An ideal crosslinking reaction must produce hydrogels that exhibit
good structural properties with minimal toxic reaction byproducts. Additionally, it is
essential to consider whether the crosslinking techniques used are suitable for the required
in vivo application, specifically the retention and stability of the material post injection.
For example, mixing-induced two-component hydrogels (MITCH) formed through tran-
sient, non-covalent crosslinking, produce hydrogels with shear-thinning properties ideal
for minimally invasive applications. However, these hydrogels lack long-term stability
post injection due to the non-covalent crosslinks formed [22], rendering this crosslinking
approach unsuitable for long-term hydrogel applications, particularly in bone. In 2018,
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Lou et al. used a biocompatible benzimidazole-based organocatalyst to chemically crosslink
hyaluronic acid (HA), producing hydrogels for encapsulated cell delivery, with temporally
modulated high stability. The hydrogels produced demonstrated enhanced injectability
and long-term stability tailored for cell delivery at various time-points of application [23].
In 2006, Zanello et al. reported the use of carbon nanotubes (CNTs) for osteoblast growth
and bone formation. They concluded that CNTs having neutral electric charge leads to
the highest rate of cell growth [24]. In 2015, Cai et al. developed an injectable double
network hydrogel, which goes through two different physical crosslinking procedures, to
deliver human adipose-derived stem cells. The first crosslinking involves ex vivo encapsu-
lation of cells through peptide-based molecules into weak polyethylene glycol (PEG)-poly
N-isopropyl acrylamide homopolymer (PNIPAm-P)-based hydrogel that dissipates force
while injecting. The second step of crosslinking facilitates the in situ formation of a re-
inforced polymeric network that significantly delays the biodegradation of material and
extends cell encapsulation time compared to single network hydrogels [25].

2.2. Degradation and Mechanical Properties

Hydrogels provide support as an extracellular matrix (ECM) framework for the prolif-
eration and differentiation of cells, and tissue formation. Furthermore, they can be tailored
to have biodegradable profiles that facilitate and match the ingrowth of newly regenerated
tissue, such that the gradual decrease in structural support provided by the degrading
hydrogels is compensated by the gradual increase in mechanical support provided by the
new tissue [26]. It is essential that the by-products released during the degradation process
do not interfere with the process of cell differentiation and tissue formation. For example,
the biodegradation of hydrogels developed for bone regeneration should not significantly
alter the local pH, which could weaken the mineralization process [27-29]. Most hydrogels
are designed to degrade with water diffusion; however, there are materials that break
down in the presence of external stimuli including pH, temperature, redox reactions and
enzymatic activity [29]. Achieving optimal degradation profiles that facilitate the ingrowth
of new tissue is a major challenge in developing hydrogels suitable for minimally invasive
bone applications.

Biomaterial-based bone graft substitutes require mechanical functionality to support
the diseased or damaged bone during the healing process. While the specific mechanical
properties will vary depending on the site and application of the bone graft substitute,
they are generally required to bear local compressive loads to prevent the collapse of the
growing new bone tissue [30,31]. For example, biomaterials developed for vertebral bone
applications must have mechanical properties suitable to withstand at least 200 N load
experienced in the lumbar vertebrae while standing [32]. Injectable hydrogels, due to their
high water content and soft structural properties, have inadequate mechanical properties
for bone applications, which has significantly hindered their translation to the commercial
and clinical arena.

To date, increased mechanical properties in hydrogels can be achieved by increasing
the degree of crosslinking or reinforcing the polymeric matrix with nanofillers. Phys-
ical crosslinking interactions between polymeric chains and nanofillers, or in between
nanofillers, have been exploited to form composite hydrogels or improve the mechan-
ical properties of existing hydrogels [33-37]. In 2018, Wang et al. studied the effect
of photoactive bis (acyl) phosphane functionalized cellulose nanocrystals (CNCs) with
mono-functional methacrylate on improving elastic modulus and shape persistence of
free-standing 3D structures. They reported that by increasing the content of functionalized
CNCs from 3.27 to 6.14 wt%, elastic modulus increased from 2.5 to 5.5 kPa [38]. In 2011,
Gaharwar et al. demonstrated the effect of combining PEG with nano-hydroxyapatite in
photo-crosslinked hydrogels and reported an increase in Young’s modulus from 3.7 kPa
to 15.1 kPa with the addition of nano-hydroxyapatite from 0 to 15 wt% in hydrogel net-
work [39]. Eslahi et al. (2016) showed a 6-fold increase in storage modulus with the addition
of nanoclay in their hydrogels. Nanoclay leads to the formation of physical crosslinks
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between the polymer matrix and nanoclay, which greatly enhances the mechanical prop-
erties [40]. Demirtas et al. (2017) reported the improvement of elastic modulus with
incorporation of nano-hydroxyapatite in 3 w/v% alginate matrix from 3.5 to 18.8 kPa and
in 2 w/v% chitosan from 4.6 to 15.0 kPa [41]. Another interesting example is the use of
bi-functional silica nanoparticles (NPs) that are able to crosslink via amine groups and
conventional covalent crosslinking through acrylate groups in the hydrogel network. In
2020, Sujan et al. showed a significant increase in mechanical properties of poly (acrylic)
acid hydrogels, whereby their tensile strength (275 kPa) was found to be ~8 times greater
than conventionally crosslinked hydrogels through N,N’-methylene bisacrylamide (MBA)
that have a tensile strength of 43 kPa. It was also reported that the temporary crosslinked
hydrogels have high swelling capacity due to the breakdown of temporary crosslinking
on immersing in aqueous media, leading to the absorption of large amounts of water
without degrading the hydrogels [42]. In 2012, Shin et al. found that reinforcement of
carbon nanotubes (CNTs) in GelMA resulted in a remarkable increase in the compressive
modulus of ~300% and that of tensile modulus to ~400% without affecting cellular ingrowth
driven by the formation of well-organized nanofibre network inside the hydrogel [43]. Our
research group incorporated carboxylic acid functionalized single wall carbon nanotubes
(COOH-SWCNTSs) into chitosan—collagen hydrogel matrices to successfully formulate me-
chanically robust injectable hydrogels. Incorporation of COOH-SWCNTs increased the
crystallinity of the hydrogels, leading to aligned structure and ultimately increasing the
Young’s modulus of the hydrogels by 63%, up to ~4 MPa, which is coming close to that of
trabecular bone [44].

While these studies are examples of the different types of nano-agents that can be used
to reinforce hydrogel matrices to enhance mechanical properties, other studies have shown
the importance of balancing both the interactions between the nanoscale reinforcing agents
themselves, as well as with hydrogel matrix to achieve the required stiffening effect. In
2012, Liu et al. synthesized polyacrylamide (PAM)/graphene oxide (GO) nanocomposite
hydrogels with GO nanosheets as crosslinkers [45] and investigated the mechanical proper-
ties of these hydrogels compared to conventional PAM hydrogels crosslinked chemically
with N,N’-methylenebisacrylamide. While the mechanical properties of the hydrogels were
measured via the type and content of crosslinkers, the authors demonstrated a 4.5-fold
increase in tensile strength in the hydrogels crosslinked with GO nanosheets. However,
in 2021, Ligorio et al. prepared physically crosslinked self-assembled peptide hydrogels
reinforced with GO sheets. They reported a storage modulus of ~1.7 kPa with 0.5 wt%
GO, a 2-fold increase over peptide-only hydrogels without GO [46] due to hydrophobic
interactions between GO and the self-assembled peptides.

3. Approaches to Fabricate Nano-Engineered Mechanically Robust Injectable Hydrogels

The formulation and fabrication process can significantly influence the physicochem-
ical properties and structure of hydrogels. As such, there is a large volume of research
published on the use of different materials and crosslinking techniques to achieve improved
mechanical properties in hydrogels, which are traditionally weak. They are summarized in
Figure 4 given below.

(1) Homogeneous hydrogels formulated using chemical crosslinking including click
chemistry, Michael additions, dynamic covalent bonding and enzymatic crosslinking;

(2) Spontaneously formed hydrogels using physical crosslinking, specifically tempera-
ture, pH-sensitive hydrogels, interpenetrating network (IPN), double network (DN) and
fibre-reinforced hydrogels;

(3) Hydrogels formulated using multifunctional crosslinkers.
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Figure 4. Strategies for preparing mechanically robust hydrogels.

3.1. Homogeneous Hydrogels Formulated Using Chemical Crosslinking

Conventional hydrogels usually have heterogeneous polymeric networks due to
poorly controllable crosslinking methods. If hydrogels are synthesized under controlled
conditions and environment, it will improve network connectivity and the resulting hy-
drogels would have improved mechanical properties with evenly distributed load over
polymeric network chains. Here, we do not aim to give a full summary of mechanically
robust hydrogels, but introduce mechanically robust and biodegradable hydrogels that
have had attention recently. The section given below discusses some approaches typically
employed to synthesize homogeneous hydrogels with superior mechanical properties for
application in the repairing of bone defects.

3.1.1. Click Chemistry

A protocol to synthesize hydrogels with enhanced mechanical properties via controlled
design is known as “click chemistry”. It refers to a synthetic concept involving reactions
that are rapid in kinetics, proceeded through the connection of small units, high yielding,
high selectivity, wide in scope, stereospecific and generate non-toxic by-products that are
less reactive towards cellular components [47]. Reactions involving click chemistry include
nucleophilic ring opening, non-alkyl carbonyl [48,49], Diels—Alder [50], copper-catalysed
azide-alkyne cyclo-addition [51,52], tetrazine-norbornene chemistry [53], thiol-epoxy [54],
carbon-carbon multi bond addition, thiol-ene [55,56] and thiol-maleimide couplings [57].
These reactions usually need a catalyst or initiator but the use of these can inhibit the
bioactive potential of hydrogels [48]. In 2019, Hu et al. prepared mechanically robust
injectable hydrogels by using hydroxyapatite and pH-sensitive bi-functional acetylated (3-
cyclodextrin NPs through Diels—Alder click chemistry and dynamic covalent. The storage
modulus of the developed hydrogel was 3000 Pa with the addition of the acetylated f3-
cyclodextrin NPs [58]. In 2017, Buwalda et al. reported copper (I)-catalysed cycloaddition
reaction, diacetylene functionalized and tetra-azide-functionalized PEG derivatives were
used to form a mechanically robust PEG-based hydrogel with an organized network
structure [59].

In 2016, Kaga et al. developed an injectable hydrogel based on dendron—polymer—
dendron conjugates via radical thiol-ene “click” reaction. In this reaction, the dendron—
polymer conjugates were prepared via an azide-alkyne “click” reaction of alkene-containing
polyester dendron, having an alkyne group at their endpoint, with linear PEG-bisazides.
The sequential thiol-ene “click” reaction uses a tetra thiol-based crosslinker to crosslink
these alkene-functionalized dendron—polymer conjugates, thus resulting in clear and trans-
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parent hydrogels [60]. However, despite controlled crosslinking and rapid gelation times
achieved using thiol-ene and thiol-yne click chemistry reactions, potential toxicity from
photoinitiators and radicals, along with cross-reactivity with thiols, remains concerning
in the resultant hydrogel [60]. Therefore, it is important to develop initiator and catalyst-
free reaction systems for the preparation of biocompatible injectable hydrogels [61,62] as
reported by Hunag and Jiang [63]. They developed the catalyst-free injectable hydrogel
by varying the concentration of carboxymethyl chitosan (CMC) and using amino-yne
click chemistry. The benefit of click chemistry for developing injectable hydrogels is the
likelihood of tailoring the properties of the materials for highly crosslinked regimes to get
full-interpenetrated hydrogels, allowing for chemical modification to result in a diverse
collection of mechanically robust injectable hydrogels. Overall, complex synthesis routes
and impending side reactions between biomolecules and the hydrogels should be consid-
ered when selecting click chemistry protocols for preparing nano-engineered mechanically
robust injectable hydrogels for biomedical applications.

3.1.2. Michael Addition

The Michael addition is one of the in situ reactions that involves the conjugate addition
reactions of a nucleophilic negative carbon ion (electron donor) with an electrophilic con-
jugated ion (electron acceptor) and vice versa. It is a commonly used method to fabricate
injectable hydrogels, due to high selectivity under ambient conditions and controllable
reaction time [64-68]. In 2020, Zhu et al. developed nano-engineered injectable shear-
thinning hydrogels by using the Michael addition. They used nanosized cationic micelles
of methoxyl PEG-block-poly (e-caprolactone) and poly (e-caprolactone)-block-poly (hex-
amethylene guanidine) hydrochloride-block-poly (e-caprolactone) and added sodium car-
boxymethyl cellulose into the micellar solution, resulting in a homogenous shear-thinning
electrostatic hydrogel for medical applications [69]. In 2020, Rajabi et al. developed a nano-
engineered mechanically robust injectable hydrogel for tissue engineering applications
by using gelatin methacrylate and thiolated gelatin with polydopamine functionalized
Laponite®. This hydrogel was fabricated via the Michael addition in between gelatin
methacrylate and thiolated gelatin, and covalent crosslinking with polydopamine func-
tionalized Laponite® which improved mechanical properties (tensile strength 22-84 kPa
and compressive strength 54-153 kPa) of the resulted hydrogel [70]. In 2015 and 2016,
Rodell et al. used the same host—guest chemistry with Michael addition crosslinking to pre-
pare mechanically robust HA injectable hydrogels with a compressive modulus of ~230 kPa
by altering the concentration of the host—guest network and the ratio of methacrylate: thiol
groups. They found a ~100-fold increase in compressive modulus as compared to the
modulus accomplished with single network gel [71,72].

3.1.3. Dynamic Covalent Bonding

Dynamic covalent bonding was used for developing nano-engineered mechanically
robust injectable hydrogels which include Schiff base, hydrozone, borate and oxime re-
actions [73]. These 