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Abstract

Bone is a calcified tissue composed of 60% inorganic compounds, 30% organic compounds,
and 10% water. Bone exhibits an intrinsic regenerative capacity, enabling it to heal after
fractures or adapt during growth. However, in cases of severe injury or extensive tissue
loss, this regenerative capacity becomes insufficient, often necessitating bone graft surgeries
using autografts or allografts. Conventional grafting approaches present several limitations,
driving the development of alternative strategies in tissue engineering. The system of
hydrogel-nanoparticles (NPs) represents a new class of biomaterials designed to combine
the advantages of both materials while mitigating their drawbacks. This review focuses
on a combination of nature-based hydrogels with different types of nanoparticles and
discusses their potential applications in bone regeneration.

Keywords: biomaterials; hydrogel systems; nanoparticles; bone

1. Introduction

Bone is a calcified tissue that is composed of 60% of inorganic compounds (hydroxya-
patite), 10% water, and 30% of organic compounds (proteins) [1,2]. Its primary function
includes providing support to the musculoskeletal system, protecting vital organs such
as bone marrow and brain, maintaining mineral homeostasis, and serving as a source of
calcium and bone marrow storage [3]. The cells present within the extracellular matrix
(ECM) enable the tissue to self-regenerate and adapt as necessary [1].

It is a highly vascularized tissue with physiological functions such as detoxification,
maintaining body structure, and acting as an endocrine organ to produce and sustain
mineral substances [4,5]. One of the main characteristics of bone is its ability to regenerate
in response to an injury or during growth [4]. However, this regenerative process may be
impaired when the level of damage is significant [5].

The four most important bone cells are osteoblasts, osteoclasts, osteogenic cells, and
osteocytes (Figure 1A). Osteoblasts play a key role in creating new bone tissue by produc-
ing essential components of the ECM, such as collagen, proteoglycans, non-collagenous
proteins, and cell adhesive proteins. Additionally, vesicles secreted by osteoblasts, which
are localized in the ECM, create a nourishing environment for the nucleation of calcium
phosphate to occur [3,6].
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Figure 1. Structure and cellular composition of bone tissue: (A) overview of the major bone cell types;
(B) structural morphology of the bone.

Osteoclasts are multi-nucleated cells provided by monocytes, responsible for the
reabsorption of bone in response to local stimuli. This process is fundamental to maintain
the calcium levels in the blood. Osteocytes are osteoblast cells surrounded by mineralized
bone tissue, where their location and interconnectivity make them ideal for detecting and
translating mechanical stress into a physiological response. Lastly, the osteogenic cells
create a thin layer of bone tissue acting as a protective layer against osteoclast activity. In
general, all types of cells are responsible for preserving and repairing bone tissue, so the
supply of oxygen and nutrients must occur to ensure their survival [3].

Regarding the structural morphology of the bone tissue, presented in Figure 1B, the
bone is divided into osteons, lamellae, collagen fibers, and fibrils. The collagen fibrils
consist of collagen type I molecules of subnanometer size, separated by crystal plaques like
hydroxyapatite and other impurities such as phosphoric acid, sodium, magnesium, and
potassium. These fibrils self-assemble in packs and align in specific directions, forming
collagen fibers with diameters ranging from 3 to 7 um. The concentric assembly of these
fibers forms osteons, a structure that, when involving the Haversian canals, forms the
Haversian system [3].

The different types of compounds inside the bone can create two different types of
bones: cortical and trabecular. The cortical bone is the denser external bone part due to the
concentric distribution of the osteons. The trabecular bone consists of a more open network,
where the free spaces are occupied by the blood vessels and the bone marrow [3,7].

2. Healing Process of Bone Fractures

The natural healing process of bone fractures is a complex physiological process
involving diverse cell types and cellular responses. It is divided into two groups: primary
or direct treatments of cortical fractures and indirect or secondary healing treatment [8].

The primary healing process, Figure 2A, occurs when there is an anatomic reduction
of the fracture fragments and an interfragmentary reduction [8]. If these requirements are
achieved, the bone can heal by remodeling the lamellar bone and Haversian channels [9].
This process is characterized by the fact that callus formation does not occur due to the lack
of periosteal response. Instead, there is a cortex activity of trying to replace mechanical
continuity by re-establishing a new Harversian system [8]. One side of the cortex must
connect with another bone to establish mechanical and physical continuity. Cutting cones
are formed at the end of the osteons, near the fracture site, crossing the fracture line,
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creating longitudinal cavities, via osteoclasts, which are then filled with bone matrix, via
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Figure 2. (A) Primary healing process: (1) bone fracture; (2) formation of cutting cone at the end
of osteons that will cross the fracture site, creating cavities with the help of osteoclasts; (3) vessel
creation with the presence of osteoclasts and endothelial and mesenchymal cells that will help bone
regeneration; (4) final step, bone completely regenerated. (B) Secondary healing process: (1) bone
fracture; (2) formation of the hematoma and infiltration of inflammatory cells; (3) release of TGF-§3,
PDGF, GFG, VEGF, and angiopoietins 1 and 2, which will help the angiogenesis process of creating
new blood vessels; (4) formation of soft callus surrounding the wound; the mineralization process
starts when it is stabilized; (5) hard callus formation; (6) regenerated bone.

On the other hand, the secondary healing process (Figure 2B) is characterized by
the formation of a hematoma and micromotion, relying on the formation and dynamic
deconstruction of the wound site. It is divided into subsets based on the two types of bone
formation that occur: intramembranous and endochondral. The process is distinguished
by the involvement of four different structures, the cortex, periosteum, bone marrow, and
external soft tissue [8]. This is the most frequent type of healing process [9].

The bone healing process is a multi-tasking procedure that requires the presence of
multiple cells. It can be divided into three phases: inflammation, repair, and remodel-
ing [10].

The healing typically starts with hematoma formation with the entrance of blood in
the wound area that is reabsorbed through the hours. This is followed by the infiltration
of inflammatory cells, such as macrophages, granulocytes, lymphocytes, and monocytes,
to prevent infections and release growth factors and cytokines, initiating the coagulation
process [8]. These cells are also responsible for eliminating necrotic tissue, inducing angio-
genesis, and recruiting progenitor cells [10]. Degranulating platelets are also present in the
clot, which may release transforming growth factor beta (TGF-beta) and platelet-derived
growth factor (PDGF), a process that can trigger angiogenesis and chemotaxis. Additionally,
bone morphogenetic proteins (BMPs) are also released from the bone matrix area, primarily
expressed by the recruited stem cells to facilitate the ossification process, playing a role in
the mesenchymal stem cell (MSC) differentiation [8]. The exposition of MSCs to osteogenic
BMPs results in the augmentation of the expression of specific osteoblast markers, like
alkaline phosphatase (ALP), osteocalcin, osteopontin, and connective tissue growth factor
(CTGF) [11,12]. In this phase, the wound site contains high levels of pro-angiogenic factors,
including fibroblast growth factor (FGF), vascular endothelial growth factor (VEGF), and
angiopoietins 1 and 2. It is believed that angiopoietins have an important role in the
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beginning steps, while VEGF has an important role during the formation of endochondral
bone [8].

In the repair phase, the progenitor cells, like MSCs and skeletal stem cells (55Cs), will
have the potential to expand and undergo chondrogenic and osteogenic differentiation
to form a fracture callus. The fracture space is linked by cartilaginous tissue, formed by
chondrocytes, which become hypertrophic, and the cartilage is converted into bone. In
these processes, cartilage absorption and chondrocyte apoptosis are crucial to allow the
ossification by the invasion of progenitor cells. It is also suggested that some chondrocytes
can directly differentiate into osteoblasts and promote bone formation [10].

The process of bone regeneration culminates in the bone remodeling stage, which
involves the fusion of the hard callus from intramembrane ossification and the soft callus
from endochondral ossification. Bone remodeling is essential for the bone to maintain
its ability to bear weight, and it entails the use of osteoclasts to reabsorb the mineralized
bone in the hard and soft callus. During this reabsorption process, osteoblasts deposit new
bone, forming lamellar bone with the ability to support weight, ultimately resulting in
the restoration of the cortical structure [8]. This stage can take months to years to be fully
completed [9].

3. Bone Regeneration Strategies

Millions of people suffer from bone defects due to traumas, diseases, congenital
malformations, and cancer. One study in 2019 showed that approximately 178 million
persons (53% men and 47% women) suffer from bone fractures, for which worldwide, close
to 2.2 million bone grafting surgeries are performed every year [4], making it the second
most transplanted tissue in the world [13].

The traditional treatment for patients with low or incomplete bone healing of fractures
is the use of bone grafts, using either autografts or allografts. However, there are some
limitations when using bone grafts [13-16].

The use of bone from the patient, autograft bone, presents diverse advantages, mainly
due to being immunocompatible with the patient, a source rich in BMPs, fibroblast growth
factors, VEGEF, growth factors derived from platelets, and insulin-like growth factors. They
present osteogenic, osteoinductive, and osteoconductive properties, with reduced risk of
rejection and transmission of diseases. Nevertheless, it is necessary to be taken out of places
that do not support large quantities of weight, and there is also a limited graft supply,
donor site morbidity, and the possible development of chronic pain and infections. The
techniques used to remove the autologous bones significantly affect cell viability, bone
integration, and their regenerative capacity [17].

The allografts are derived from live donors or cadavers. They are considered a source
of collagen type I and BMPs, which give them osteoinductive properties. However, as they
are not from the patient, they possess different genetic compositions leading to concerns
about immune rejection, blood compatibility, and disease transmission [18]. Compared
to the autografts, they present a higher failure rate due to their immunogenicity, possibly
being rejected due to antigen activation [17].

Since traditional treatments have diverse disadvantages, tissue engineering has
emerged as a viable approach for treating high-grade fractures when the self-repair capacity
is insufficient to repair the damage by creating new devices/materials for regeneration [5].
In particular, this review will focus on the use of natural-origin hydrogels combined with
nanoparticles for bone regeneration applications.

Hydrogels have gained more attention from bone tissue engineering (BTE) because
of the possibility of designing biomaterials where the matrix is charged with molecules to
induce osteogenesis [4] and for presenting a porous structure similar to the ECM, having
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good biocompatibility, and having a smooth structure that reduces the inflammatory
response of the cells in the surrounding tissue [13,19].

Hydrogels are a macromolecular network capable of withholding a large amount
of water, where 99% of their weight can be water, making them highly compatible with
biological environments abundant in water, such as the human body [20], a capability
provided by the hydrophilic groups in the structure [21]. The gelation process could occur
before being introduced in the biological system or in situ after administration, and such
processes could be triggered by different stimuli in the human body, such as temperature,
pH, or ionic charges [20].

The interaction between hydrogels and cells is a complex and dynamic process, im-
pacting the physiology of the tissue (e.g. proliferation, migration, differentiation, and
cell spreading) and pathological processes (e.g. cell apoptosis, fibrosis, and immunologic
rejection). In general, when exposed to the hydrogel matrix, cells respond to the hydrogel’s
physical and chemical characteristics, porous size, stiffness, viscoelasticity, degradability,
and microarchitecture. According to these properties, cells will adapt to regulate their
biology and homeostasis [22]. Hydrogels can be implantable, sprayable, and injectable, as
shown in Figure 3 [20].

Figure 3. Types of hydrogels: (A) implantable; (B) injectable; (C) sprayable.

Implantable hydrogels are 3D hydrogels with sizes typically ranging from millimeters
to centimeters, where the polymeric chains are cross-linked through physical and chemical
interactions. Chemical cross-linking results in permanent junctions within the polymeric
network, and physical cross-linking occurs due to the interconnection of polymeric chains
or through physical interactions such as hydrogen bonding, hydrophobic interactions, and
ionic bonding. They are normally implanted surgically or in direct connection with the
human body [23].

Sprayable hydrogels are highly promising because of the number of advantages when
compared with traditional hydrogels. They are easily sprayed on irregular surfaces, creating
thin and clear films, giving better coverage and conformability in the target area, providing
a moist environment that supports the formation of new tissue. They can be modified
to retain a large variety of physical, chemical, and biological properties, such as stiffness,
porosity, bioactivity, and biodegradability properties, modified for each type of tissue. For
their application to be effective, the materials must exhibit shear-tinning properties, which
allow them to be delivered in a “sol-like” state and then change in situ to a gel form after
the cross-linking process [24].

Lastly, injectable hydrogels are hydrogels with physical-chemical properties that
allow them to be injected into the human body in a liquid state and gelify after contact
with the interior of the body [25,26]. They undergo gelling in situ to permit irregular
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spaces in wounds to be filled, causing less damage [26]. They have been highly used in
biomedical applications because of their biocompatibility, biodegradable capacity, and
reduced secondary effects [27].

Despite their advantages, hydrogels have some limitations when applied to bone
regeneration. They may trigger inflammatory and immune-mediated responses, as well as
local and systemic adverse reactions. This material exhibits reduced mechanical properties,
elasticity, stability, and toughness, along with rapid degradation. Moreover, hydrogels
are unable to replicate the complexity of the biological environment, showing limited
durability at the injury site, because they cannot bear the same load that natural tissue
normally supports [25,28-34].

The use of nanomaterials has been adopted as a strategy for bone regeneration.
Nanoparticles (NPs) can be combined with different biomaterials, offering adjustable
mechanical strength and stimulating the differentiation of stem cells into osteoblasts, and in
some cases, NPs on their own can enhance osteogenesis [35]. In the last years, the possibility
of incorporating NPs in hydrogels for applications in tissue engineering, drug delivery,
wound treatment, immune modulation, and detoxification has been evaluated [36]. For
example, the utilization of NPs as an antimicrobial agent is appealing due to their small
size, large surface area, and distinctive physico-chemical properties, allowing for improved
drug bioavailability and target delivery [36].

For bone regeneration applications, nanoparticles (NPs) also present certain limitations,
such as low osteoinductive potential and poor mechanical strength. Additionally, their
biodistribution, size uniformity, and tendency to agglomerate within tissues are challenging
to control, which raises the risk of systemic toxicity and inflammation [37-40].

The NP-hydrogel systems represent a new class of biomaterials drawn to combine
the advantageous properties of every material type while mitigating their drawbacks.
These systems can be utilized in different biomedical applications, including tissue en-
gineering, drug delivery, immune modulation, antibacterial resistance reduction, and
wound treatment [36]. The incorporation of NPs in the hydrogel enhances the mechanical
force, stiffness, swelling, stability, and biocompatibility. It also increases the antibacterial
properties, bioactivity, and biological properties with the improvement of cell adhesion,
osteodifferentiation, and stimulation of new bone formation [41-47]

This system promotes cell viability, proliferation, and differentiation because it pro-
vides a microenvironment similar to the ECM regarding its mechanical properties and
architecture. The presence of NPs allows for higher cell adhesion by providing a higher
surface area, higher roughness, and hydrophilicity. The release of ions from the NPs en-
hances the cellular response, permitting their adhesion, proliferation, and differentiation,
also augmenting the expression of genes associated with bone [48-52].

Next, we present an overview of natural polymers and their combinations with various
nanoparticles to create hydrogel systems with enhanced properties for bone regeneration.

4. Nature-Based Hydrogels Combined with Nanoparticles
4.1. Collagen

Collagen is a glycoprotein obtained from different types of animals. It is one of
the principal compounds of the ECM, being the most abundant protein in the human
body [53], essential to bone tissue, cartilage, tendons, and blood vessels [54]. It is the bone’s
principal compound, making it ideal for developing new scaffolds for bone applications.
It is biocompatible, bioactive, and rich in binding sites on the surface, stimulating cell
adhesion, proliferation, and differentiation [53].

Montalbano et al. [55] and Borciani et al. [56] produced collagen-based hydrogels with
bioglass nanoparticles for bone regeneration applications. They have been strongly studied
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due to their osteoconductivity, osteostimulation, and degradation rate. They have the
ability to form strong interfacial connections between the bone and the material, creating a
hydroxyapatite layer and releasing ions that induce bone formation [57,58].

Montalbano et al. [55] studied the possibility of applying collagen hydrogels with
mesoporous bioglass nanoparticles with 4% strontium (MBG_Sr4%) in bone tissue engi-
neering. It was observed that the incorporation of NPs influenced osteoblast activity and
osteogenic differentiation. These hydrogels were also viable for MG-63 cells and allowed
for cell adhesion.

Borciani et al. [56] also proposed the use of collagen-based hydrogels with mesoporous
bioglass nanoparticles with 4% strontium (Coll/MBG_Sr4%) or with nanohydroxyap-
atite (Coll/nano-HA) (Figure 4). After 21 days, they observed that the hydrogels with
MBG_5Sr4% exhibited higher osteoblast viability compared to Coll/nano-HA. For PBMCs,
the Coll/nano-HA hydrogel showed a more significant increase in cell viability, although it
declined over time in both hydrogels. Live/Dead staining reflects the previously reported
results. ALP activity was also measured, registering an increase in both hydrogels after
14 days, with higher expression in the Coll/MBG_Sr4%.

Coll/MBG_Srd% Coll/nano-HA Strontium ions (Sr)

Mesoporous bioactive
. glasses (MBG)

.. Rod-like hydroxyapatite
o Nanoparticles (nano-HA)

Peripheral blood mononuclear
cells (PBMCs)

#  Osteoblasts (OBs)

Figure 4. Co-culture set-up. Reprinted from [56].

4.2. Silk Fibroin

Silk fibroin is a natural material renowned for its high tensile strength and stiffness [59].
Derived from silkwormes, it has become a focal point in the field of biomaterials due to its
biocompatibility, excellent mechanical properties, low degradation rate, non-toxicity, and
non-immunogenic nature [59,60].

Silica, nanohydroxyapatite, silver, and gold nanoparticles have been gaining more
attention for bone treatments due to their important characteristics. For silica NPs, it has
been described that they activate, both in vitro and in vivo, the formation of bone cells
like osteoblasts while inhibiting bone reabsorption and reducing osteoclast activity [61].
Nanohydroxyapatite has the advantages of small particles, high surface area, and high
surface energy, which promote cell adhesion and proliferation, leading to strong osteo-
conduction and biomineralization capacity. It is commonly used in bone applications due
to its chemical similarities with inorganic compounds of bone matrix and because of its
osteoinduction, osteoconductive, and osteointegration capacity [62-64]. Regarding silver
and gold nanoparticles, they have gained attention in biomedical applications mainly due
to their antimicrobial activity against a series of bacteria [65,66].

Cheng et al. [67] studied silk fibroin (SF) hydrogel with silica nanoparticles (SINPs@NFs)
(Figure 5) for bone applications. They tested four different SINP concentrations: 0%, 1%,
3%, and 5%. The SiNPs@NFs5%-SF showed higher viability than the other concentrations;
nevertheless, all concentrations demonstrated better viability than the control. For the



J. Funct. Biomater. 2025, 16, 317

8 of 25

Electrospinning

-

S

l OH ¢
9 HoO "

/
/£
Composite Hydrogel

Yo/
Froo
radical

<@ "HRP/H,O,

37°C Incubation
/

in vitro tests, an MC3T3-E1 cell line was used, and it was observed that the hydrogels with
5% SiNPs presented enhanced adhesion, proliferation, and osteogenic differentiation of
preosteoblasts. In vivo studies in a cranial fracture model in rats revealed that the group
with 5% SiNPs formed bone more rapidly than the other groups.
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Figure 5. Representation of the composite hydrogel. Reprinted with permission from Ref. [67].
Copyright 2021 John Wiley and Sons.

Additionally, Ribeiro et al. [62] produced silk fibroin hydrogels with hydroxyapatite
nanoparticles (NnHA) at concentrations of 0 wt%, 10 wt%, and 15 wt%. Some of the hydrogels
were frozen at —20 °C to assess whether this would affect their characteristics. In vitro
studies, using osteoblast-like cells (MG63 cell line), were conducted with 15 wt% nHA
hydrogels because those with 10 wt% exhibited lower compression moduli due to their
higher porosity. The metabolic activity of both frozen and unfrozen hydrogels increased
over time, with higher levels observed in the frozen samples. In terms of ALP activity, the
increase was more pronounced in the frozen hydrogels. Compared to silk fibroin hydrogels,
the composite hydrogels with nHA were more favorable for bone tissue engineering
applications due to improved cell metabolism and ALP activity.

In 2017, Ribeiro et al. [65] produced silk fibroin hydrogels with nanohydroxyapatite,
which were combined with either silver or gold nanoparticles. Gold (AuNPs) and silver NPs
(AgNPs) were added at different concentrations: 0%, 0.1%, 0.5%, and 1%. In vitro studies
demonstrated that when added at concentrations higher than 0.5% AgNPs, the hydrogels
were toxic to MG63 cells. Regarding the concentrations of AuNPs used, no toxicity was
observed in the same cells, with similar viability values across all three concentrations
tested. Both types of hydrogels supported the adhesion and spreading of osteoblasts.

In another study, Daneshvan et al. [68] produced pluronic grafted silk fibroin hydro-
gels incorporating hydroxyapatite nanoparticles (nHA) at three different concentrations:
5%, 10%, and 20%. The addition of these nHA promoted osteogenesis and enhanced
cytocompatibility compared to the hydrogels without nHA; however, the percentage of
20% of nHA reduced cell proliferation. The addition of 10% of nHA showed better results
with higher values of ALP activity, more calcium deposition, and the highest cell viability
of MG-63 cells. These results indicated that the use of concentrations higher than 20% nHA
was toxic to MG-63 cells.
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MeHA

4.3. Hyaluronic Acid

Hyaluronic acid is a hydrophilic ECM compound [22] that is widely distributed
throughout various tissues [34]. It features binding sites that assist in cell migration and
differentiation [22], enhancing cell survival and supporting angiogenesis [34]. It has a
remarkable ability to retain water in wound areas, preventing dryness and promoting rapid
healing [21]. Its hydrophilic nature promotes the adsorption of BMPs and growth factors
that are involved in bone formation and regeneration. The presence of these growth factors
can enhance the osteogenic differentiation of MSCs and promote the formation of new
bone [69].

Bisphosphonate-magnesium NPs could be used as bone regeneration material because
they present a variety of bioactive and excellent ligation sites with affinity for multivalent
cations like Mg?*. The release of the cations Mg?* increases cell adhesion and spreading,
possibly promoting osteogenic differentiation [70].

Zhang et al. [70] produced hydrogels based on methacrylated hyaluronic acid (MeHA)
and acrylate biphosphate nanoparticles (Ac-BP), without and with magnesium (BP-Mg)
(Figure 6). They produced three different hydrogels, one without BP (MeHA), one with-
out magnesium (MeHA+BP), and one with magnesium (MeHA+BP-Mg). The formed
hydrogels facilitated cell adhesion and spreading, promoting hydrogel mineralization and
osteogenic differentiation of hMSCs and in situ bone regeneration. When comparing the
three types of hydrogels, it was concluded that the MeHA+BP-Mg system presented higher
expression of osteogenic markers and a more elevated number of cells per mm?. In vivo
studies in a calvarial defect model in rats showed that this hydrogel formed more new bone
compared to other hydrogels. These results revealed that the incorporation of Mg in the BP
allowed bone regeneration to occur more rapidly.

HA backbone

Chain of polymerized
methacrylate

Chain of polymerized
methacrylate with Ac-BP co-
monomers

Multivalent Crosslinking
domain

MeHA-BP MeHA-BP-Mg

Figure 6. Scheme representation of the different hydrogels. Reprinted with permission from Ref. [70].
Copyright 2017 Elsevier.

4.4. Fibrin

Fibrin is an important protein in the construction of the ECM [34] with an important
role in orthopedic surgeries, acting as a sealant and adhesive agent, promoting angiogenesis
and osteogenesis, while having the capacity to retain various cells [71].

Fibrin-based hydrogels are utilized in tissue engineering and clinical applications
because of their excellent biocompatibility, elasticity, adhesive properties, and the fact that
their degradation products are non-toxic [72].

Graphite oxide NPs are obtained by the reaction of graphite and oxidation reagents
using the modified Hummers” method. Due to their properties of easy dispersion in
aqueous solutions, degradability, mechanical stability, and elevated surface area, these
materials are promising for bone regeneration. They promote osteogenic cells” adhesion
and proliferation [71,73].
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Pathmanapan et al. [71] produced fibrin hydrogels with nanohydroxyapatite and
graphene oxide nanoparticles (GO). These hydrogels showed enhanced viability in NIH-
3T3 and MG-63 cells at 40 mg/mL. They also improved biocompatibility, augmented
ALP activity, and increased osteogenic differentiation. In vivo studies showed progress
in the healing treatment with the composite formed. In fact, these hydrogels created a
microenvironment conducive to the intra-chondral formation of MSCs, facilitating the
effective formation of new bone tissue through indirect ossification. So, these hydrogels
hold great potential for bone regeneration applications.

4.5. Alginate

Alginate is a bioinert material [22] found in the cellular wall of the brown algae [34].
It is widely used in the biomedical field due to its biocompatibility and bioabsorbable
properties [21]. The material has a simple gelation process and is a cross-linkable, injectable
polymer that can be easily functionalized. Alginate is resistant to acidic conditions and
carries a negative charge. However, it has low mechanical properties, uncontrolled degrada-
tion kinetics, and challenges with sterilization and handling, which can lead to the leaching
of the entrapped drugs [53].

Due to their ability to absorb large amounts of water, alginate-based hydrogels can
effectively remove secretions from wound sites, controlling bacterial growth [21]. This type
of hydrogel exhibits tunable viscoelasticity and stress relaxation time, which enhances the
cell contraction force and improves interaction with cell ligands [22].

Selenium biphasic calcium NPs (Se-BCP) are advantageous for tissue engineering
applications due to their controlled bioactivity, progressive degradation, promoted os-
teoconductivity, and presented equilibrium between reabsorption/solubilization. These
characteristics make them ideal for promoting bone growth. Selenium is an essential ele-
ment for all living organismes, critical for antioxidant defense. It can support immunologic
surveillance, cell proliferation, and differentiation. These Se-BCP present osteoconductive
and immunomodulation actions, crucial for bone regeneration [74].

Singhmar et al. [74] proposed hydrogels based on alginate (Alg) and polyvinyl alcohol
(PVA) combined with Se-BCP (Figure 7). Four different compositions were studied: a
control formed with Alg and PVA, a second solution formed with BCP, a third formed with
Se-BCP, and a fourth formed with Se-BCP + 0.1% retinoic acid (RA), a compound that stimu-
lates osteogenic differentiation, proliferation, and migration. All hydrogels produced were
bioactive, allowing for the formation of hydroxyapatite after being immersed for 14 days in
fetal bovine serum. However, differences were observed in the viability and proliferation of
MC3T3-E1 cells. The control group showed the lowest viability and proliferation, followed
by the hydrogels + BCP and then the hydrogels + Se-BCP, with the hydrogels + Se-BCP +
RA exhibiting the highest viability and proliferation. It was concluded that the addition
of Se-BCP enhanced viability and cell proliferation and that the addition of RA augments
these characteristics.

Also, Barros et al. [64] produced alginate hydrogels incorporating nanohydroxyapatite
(nano-HA) at different concentrations of 0 wt%, 30 wt%, 50 wt%, and 70 wt%. The hydrogels
containing 30% wt% nano-HA supported enhanced the in vitro proliferation of osteoblasts
and human mesenchymal stem cells (hMSCs), as well as increased metabolic activity
and DNA content compared to the other concentrations. Ex vivo studies further showed
collagenase deposition and formation of trabecular bone.
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Figure 7. Alginate/PVA with SBVP/RA hydrogels. Reprinted with permission from Ref. [74].
Copyright 2024 Elsevier.

4.6. Chitosan

Chitosan is a natural polysaccharide derived from chitin [53], which can be produced
from crustaceans, insects, and some microorganisms, through various enzymatic and
chemical processes [4]. It has been utilized in wound treatment due to its antibacterial
properties [21], biocompatibility, biodegradation, non-toxicity, and non-antigenic properties.
Additionally, it is inexpensive [53] and positively charged, allowing it to better absorb
anionic metallic drugs [21]. Some studies also reported its osteoconductive properties,
which can promote the formation of new bone [4]. However, chitosan has limitations,
including both low mechanical strength and stability, immunogenicity, and a prolonged
time for bone formation compared to other polymers [53].

Magnesium oxide NPs can be used in bone regeneration applications due to their
biodegradability, minimal toxicity, biocompatibility, antimicrobial, and antioxidant prop-
erties. The incorporation of these NPs into scaffold structures enhances their mechan-
ical, osteogenic, angiogenic, and osteoconductivity properties, facilitating bone tissue
growth [75-77].

Chen et al. [78] produced methacryloyl chitosan with 3-phosphonopropionic acid
(CSMAP) hydrogels, with magnesium oxide nanoparticles (MgO NPs) incorporated at dif-
ferent concentrations (0.5%, 2.5%, 5%, and 10%). The incorporation of MgO NPs enhanced
the mechanical properties and stability of the hydrogels and conferred osteogenic capacity,
promoting in vitro mineralization when in contact with supersaturated calcium phosphate
solutions. The authors also demonstrated that these hydrogels promoted osteogenic differ-
entiation and mineralization of MC3T3-E1 cells, with increased capacity to promote the
formation of new bone in in vivo studies.

Also, Chen et al. [75] in 2022 produced methacryloyl chitosan with phosphocreatine
(CSMP) hydrogels incorporating MgO NPs at concentrations of 0, 0.5, 2.5, 5, and 10 mg/mL.
The different types of hydrogels produced promoted the deposition of calcium phosphate,
cell proliferation of MC3T3-E1, osteogenic differentiation, mineralization, and a high
expression of osteogenic genes (BSP and OPN). In vivo studies in a cranial defects model
in rats showed that using CSMP-MgO at a concentration of 5 mg/mL promotes better bone
regeneration with a higher reduction of fracture site size. The differences between the two
works developed by Chen et al. [75] are the hydrogels” compositions, where the second
study shows an optimization of the previous works.

4.7. Gelatin

Gelatin is a protein substance derived from the hydrolysis of collagen [79]. It is
biocompatible, biodegradable, has favorable cell recognition properties, and can be easily
modified to create new structures [53]. Chemically, gelatin contains a low quantity of
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aromatic groups, resulting in low immunogenicity [80]. It is composed of arginine-glycine—
aspartic acid peptides that promote cell adhesion, proliferation, and differentiation, making
it effective for stimulating ECM [80]. However, it has a low stability, which typically
requires chemical cross-linking [53].

Heo et al. [81] studied the possibility of applying gold nanoparticle (AuNP)-
methacrylated gelatin (GelMA) composite hydrogels for bone regeneration. Three dif-
ferent compositions were produced with varying AuNP concentrations: 0.014 pg/uL,
0.071 pg/uL, and 0.2 pg/uL. To compare the role of AuNPs with a growth factor that is
known to help bone grow and regenerate (BMP-2), a group was formed, consisting of
10 mg of BMP-2 and 10% GelMA. The results obtained showed that the hydrogels with
AuNPs promoted higher ALP and osteogenic differentiation of human adipose-derived
stem cells (ADSCs) in a similar manner to the ones with BMP-2. In vivo studies using a
rabbit skull defect model demonstrated that hydrogels containing higher concentrations of
gold nanoparticles (AuNPs) yielded more favorable outcomes, including enhanced new
bone formation and a reduction in wound size. These results suggest that AuNPs can be
applied as effective osteogenic promoters by stimulating osteogenic differentiation.

Another study by Ma et al. [63] analyzed the possibility of using hydrogels of gelatin
with catechol groups incorporating nanohydroxyapatite (nano-HA) and nano-HA modified
with polydopamine (PHA) (Figure 8). Chemical modifications of polymers like gelatin with
catechol groups allow for the development of a system with enhanced capacity to adhere to
wet environment. These hydrogels exhibited cytocompatibility with MC3T3-E1 cells, while
those incorporating both types of nanoparticles showed increased cell viability, with the
highest levels observed in the hydrogels containing PHA. In vivo studies using a femoral
defect in the rat model were performed to evaluate the formation of new bone. It was
observed that the hydrogel that incorporated nano-HA modified with PHA significantly
accelerated new bone formation.

7=

Bone regeneration GD-PHA hydrogel

/DHA /PHA /" \_“. Gel-pa @ Crosslinking point

Figure 8. Schematic illustration of the synthesis of the GD-PHA hydrogel. Reprinted with permission
from Ref. [63]. Copyright 2023 Elsevier.
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4.8. Gellan Gum

Gellan gum (GG) is a water-soluble polysaccharide produced by the fermentation of
Sphingomonas paucimobilis bacteria. It presents structural and biological properties similar
to those of the extracellular matrix [82]. It is a material that can be used in composite
development due to its biocompatibility, biodegradability and injectability. GG-based
hydrogels have been utilized in various applications within the tissue engineering field,
allowing for the incorporation of organic and inorganic compounds [82]. For bone ap-
plications, it can be reinforced with diverse materials such as bioglass nanoparticles or
nanohydroxyapatite [83].

Liu et al. [84] produced GG hydrogels with 1% w/w GG and 2.5 mM MgSO,4 and
with different nanohydroxyapatite (nano-HA) concentrations: 0%, 2.5%, 7.5%, and 10%.
Regarding the cell viability of these hydrogels, the ones with 5% nano-HA presented
the highest cell viability for BMSCs. In vitro studies with this condition showed that the
hydrogel did not inhibit cell proliferation or augment apoptosis. It exhibited good cell
adhesion and showed an increase in the expression of osteogenic genes, induced osteogenic
differentiation, and maturation of the extracellular matrix. In vivo studies were conducted
in a rat cranial bone defect model and showed that the GG/5%nHA /MgSO,4 hydrogel
stimulated vascularization and promoted new bone formation, with a more reduced wound
site after 8 weeks.

Douglas et al. [85] produced GG-based hydrogels incorporating bioglass nanoparticles
(BGNPs) with three different SiO,:Ca0:Na, O:P»Os formulations: A—40:54:0:6, B—80:16:0:4,
and C—46:27:24:3. Before adding the BGNPs into the hydrogel matrix, they were mixed
with MgCl, and then inserted into the hydrogel with the solution at 40 °C. In the end, the
hydrogels presented 0.7% w/v GG and 1% w/v for the three types of BGNPs, and these
samples were compared with a control solution formed with GG/MgCl,. The produced
hydrogels were bioactive, forming hydroxyapatite crystals after 21 days immersed in SBF,
where GG-A presented higher antibacterial activity against Methicillin-resistant Staphylo-
coccus aureus (MRSA) than the other systems. However, the GG-C hydrogels were the ones
with better biological results; namely, they enhanced MG-63 cell adhesion and osteogenic
differentiation markers (ALP). All the composite hydrogels supported the rat mesenchymal
stem cells” (rMSCs) growth.

5. Polymer Combination

Beyond being applied individually with nanoparticles, some researchers studied the
possibility of conjugating more than one natural polymer with nanoparticles for bone
applications.

For example, both Shahrebabaki et al. [86] and Chavez-Granados et al. [87] inves-
tigated the potential application of alginate—gelatin (Alg-Gel) hydrogels combined with
nanoparticles (NPs) for bone applications.

Shahrebabaki et al. [86] produced Alg-Gel hydrogels with bioactive glass nanoparti-
cles (BGNPs) and fragmented nanofibers of polycaprolactone (FNF(PCL)). Four different
compositions were analyzed: Alg-Gel (control), Alg-Gel + BG, and Alg-Gel + FNF(PCL)
with BG outside the fibers” matrix (Alg-Gel + FNF(PCL) + BG) or inside the fibers” matrix
(Alg-Gel + FNF(PCL + BG)) (Figure 9). It was observed that the presence of FNF(PCL)
facilitated the adhesion, growth, and proliferation of MG-63 cells. When comparing the
two types of hydrogels with FNF(PCL), ENF(PCL) + BG and FNF(PCL + BG), it was found
that the Alg-Gel + FNF(PCL) + BG allowed for enhanced cell differentiation and exhibited
lower toxicity, suggesting that the presence of BGNPs within the matrix produced better
results than when it was included in the fibers.
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Figure 9. Schematic representation of the hydrogel formation. Reprinted with permission from
Ref. [86]. Copyright 2024 Elsevier.

In the study developed by Chavez-Granados et al. [87], they incorporated silver
NPs (AgNPs) into the Alg-Gel hydrogels. Before adding the AgNPs into the hydrogels,
the cell viability was evaluated using different concentrations of AgNPs. It was found
that they were toxic to human exfoliated deciduous teeth cells (SHEDs) at concentrations
superior to 269.6 pg/mL. A concentration of 4 ug/mL was selected to be incorporated
into the hydrogels for the in vitro tests, which was the one corresponding to the highest
viability. The composite hydrogels demonstrated cell viability when compared to the
hydrogels without AgNPs, promoting osteogenic differentiation, as shown by the increase
in ALP expression.

Selenium NPs have emerged as a promising material for bone regeneration due to
their anti-inflammatory, antioxidant, and immune-modulator properties. They can enhance
bone remodulation and support cell adhesion and proliferation, matrix mineralization, and
osteogenic differentiation [88,89].

In the case of Alajmi et al. [88] and Kaur et al. [90], both produced collagen—chitosan
(Coll-Chi) hydrogels with NPs (Figure 10). Alajmi et al. incorporated selenium nanoparti-
cles (SeNPs) into the Coll-Chi hydrogels. They analyzed three different compositions: a
control with just collagen and chitosan and two solutions with a concentration of 0.575 mM
and 1.154 mM of SeNPs, respectively.

B-Glycerophosphate

>

4°C, pH ~7.30

Hydrogel at 37 °C

Chitosan-Collagen
98:02

Figure 10. Synthesis of Se-doped hydrogel. Adapted from [88].
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Regarding MSC proliferation, viability, and osteogenic differentiation, the samples
with SeNPs presented better values than the control group. However, the results obtained
were concentration dependent. Although both SeNP formulations allowed for cell prolif-
eration and osteogenic differentiation, the samples with 2.56 mM affected negatively cell
proliferation and cell viability, with results lower than the group with 0.575 mM SeNPs [88].

The possibility of applying carbon nanotubes in biomedical applications has been stud-
ied due to their elevated strength, elasticity, fatigue resistance, and antimicrobial activity.
They can have a positive effect not only by stimulating cell adhesion but also by regulating
cell morphology and accelerating stem cell differentiation, osteoblast differentiation, and
apatite mineralization [90-92].

Regarding Kaur et al. [90], they produced Coll-Chi hydrogels with carboxylated
single-walled carbon nanotubes (COOH-SWCNTs) with concentrations of 0.5, 1, 3, and
5 w/t% NPs. The addition of COOH-SWCNTs on the hydrogels enhanced MC3T3-E1 cell
proliferation; however, the groups with higher concentrations showed lower proliferation,
and the groups with 0.5% of COOH-SWCNTs were the ones with both higher proliferation
and DNA concentration throughout time. Comparing the control group (without COOH-
SWCNTs) with the hydrogels containing 0.5% and 5% COOH-SWCNTs, an increase in the
expression of early osteogenic genes (RUNX2) and late osteogenic expression genes (OCN)
was observed. This expression was reduced in the control group and more elevated in the
hydrogels with COOH-SWCNTs, where the ones with 5% COOH-SWCNTs had a higher
expression. It also evaluated the expression of calcium and ALP throughout the 14 days;
the hydrogels with higher COOH-SWCNT concentrations were the ones with more ALP
activity and more calcium deposition.

Graphene is a material that possesses excellent electrochemical properties, high ther-
mal and electrical conductivities, infrared absorption, impermeability to gases, a high
surface area, strong mechanical strength, porous structure, biocompatibility, bio-adhesion,
and antibacterial activity. These properties make it suitable for various applications in
fields such as electronics and biomedicine [93,94].

Seifi et al. [93], Wang et al. [95], Hia et al. [96], and Kasi et al. [97] produced hydrogels of
chitosan combined with other natural polymers and NPs for bone regeneration applications.

Seifi et al. [93] produced chitosan (Chi) + alginate (Alg) + polyvinyl alcohol (PVA)
filled with either carbon nanotubes (CNTs) or graphene nanoplatelets (GNP), respectively.
They formed five different hydrogels composed of PVA, CS, and Alg with different ratios
(4:6:4, 4:6:6, 4:6:8, and 4:6:10), with 1% (w/w) NPs and a control without NPs. The hydrogels
formed presented values for the Young’s modulus, swelling, and degradation that were
favorable for bone tissue engineering, as hydrogels with excessive degradation values
would not support bone and cartilage repair. The hydrogels formed with the ratio 4:6:6
were selected for the in vitro tests because they presented better mechanical properties,
swelling ratios, and degradability. The cell viability of MG63 cells increased in all hydrogels,
and the addition of NPs further enhanced this increase. However, the hydrogels with CNTs
were the ones that presented the highest percentages of cell viability after 7 days.

Wang et al. [95] produced hydrogels based on sulfated chitosan and oxidized
hyaluronic acid-encapsulated mesoporous bioactive glass doped with copper (Cu) and
strontium (Sr) (CuSrMBG) and loaded with bone morphogenetic protein-2 (BMP-2)
(CuSrMBGgwmp-2) (Figure 11). The hydrogel without CuSrMBGgpp., was designated as SO;
the hydrogel with CuSrMBG was designated as SO/CuSrMBG. The in vitro and in vivo
studies were performed using four different compositions: control, SO, SO/CuSrMBG,
and SO/CuSrMBGgpp.; hydrogels, respectively. Cell migration studies were per-
formed using human umbilical vein endothelial cells (HUVECs) with SO/CuSrMBG and
50 /CuSrMBGgmp-2 hydrogels, which demonstrated enhanced migration rates and pro-
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moted vascularization compared to the SO and control groups. Osteogenic differentiation
was assessed in human bone marrow mesenchymal stem cells (hBMSCs). Comparing the
control with the SO group, there were no differences between the two groups, showing the
limited capacity of SO to promote ALP expression. Between the SO, SO/CuSrMBG, and
50O/CuSrMBGgpmp-», the ALP expression was significantly higher in the last two groups,
demonstrating the role of CuSrMBG in promoting ALP expression. However, the expres-
sion was even higher in the SO/CuSrMBGgwp-2 because of the addition of BMP-2, a bone
growth factor that promotes bone formation.
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Figure 11. Schematic representation of the produced hydrogel. Reprinted with permission from
Ref. [95]. Copyright 2024 Elsevier.
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In vivo studies in an infected rat bone defect model showed better results in the
50/CuSrMBG and SO/CuSrMBGgwmp-2 groups, with good antibacterial activity against S.
aureus and regenerative capacity with the decrease in the bone defect site compared to the
other groups. Nevertheless, it was observed that new bone formation and osseointegration
were higher in the SO/CuSrMBGgpp-» group, demonstrating their potential in promoting
bone regeneration [95].

Hia et al. proposed hydrogels composed of chitosan and poly(ethylene gly-
col)diacrylate (PEGDA) with copper-doped mesoporous silica nanospheres (Cu-MsNss).
The NP concentrations added were 25, 50, 100, 150, and 200 ng/mL. Hydrogels with just
PEGDA were used as a control. All the hydrogels presented good MC3T3-E1 cell viability;
however, after 7 days of culture, the hydrogels with Cu-MsNs concentrations superior
to 150 pg/mL showed a reduction in cell viability percentage. The hydrogels with a Cu-
MsNs concentration of 100 pg/mL were the ones with a higher cell viability after 7 days
in culture. In general, the hydrogels presented higher mechanical stability, cell viability,
biodegradability, and osteogenic differentiation [96].

Cellulose is a natural polymer produced in plants or by bacteria [98] that is non-toxic,
allowing it to be used in humans [99]. However, it is a natural polymer that requires
chemical modification due to its high content of hydroxyl groups, unlike other natural
polymers [99]. As it is produced in plants and bacteria, it exhibits intrinsic biocompatibility,
biodegradability, and non-toxicity [98].

Titanium oxide NPs have been used in bone implants due to their mechanical proper-
ties, biocompatibility, low cytotoxicity, good permeability, and body fluid stability. Their
structure causes positive effects in molecular response and osseointegration, stimulating
bone formation. It has been suggested that it is material that can carry cells in its structure,
where its properties can enhance cell viability [97,100].

Kasi et al. [97] prepared hydrogels based on chitosan, polyvinyl alcohol (PVA), mi-
crocrystalline cellulose (MC), and titanium dioxide NPs (TiO,NPs) with concentrations
of 0.05, 0.1, 0.5, and 1%. MG-63 cells” adhesion was higher in the hydrogels with a 1%
concentration of TiO,NPs, compared to the other groups. These composite hydrogels
allowed cell adhesion, spreading, and osteoblast differentiation, making it possible to be
applied in bone regeneration applications.

Lastly, Rubina et al. [101] suggested e-polylysine and hyaluronic acid hydrogels for
bone regeneration. Sr-substituted hydroxyapatite nanoparticles (Sr-HAp) with concentra-
tions of 0, 40, 50, and 60 wt% Sr-HAp were incorporated in the system. For ALP expression
quantification and cell proliferation, two different types of cells, MG-63 and MC3T3-E1,
were used. For MC3T3-E1, the ALP expression values decreased when increasing the
percentage of Sr-HAp; the samples formed with 0% Sr-HAp were the ones that showed
higher ALP expression. In the MG-63 cells, the samples with 40% and 50% Sr-HAp had
higher ALP values than 0% and 60% Sr-HAp, indicating that concentrations higher than
60% and lower than 40% reduce osteogenic differentiation.

Regarding cell proliferation, the results were similar in both cell types. The hydrogels
with 0% Sr-HAp were the ones that allowed for higher cell proliferation. However, after
5 days in culture, their values were lower than the control group. These results indicate
that even though the NPs used stimulate osteogenic differentiation, they do not support
cell proliferation [101].

Table 1 summarizes the main composite hydrogels filled with distinct nanoparticles
studied for bone regeneration applications and their features.
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Table 1. Composite hydrogels used in bone regeneration.
Composite Features Reference
. . Increase in cell proliferation and osteogenic
Collagen—chitosan + selenium NPs differentiation of MSCs [88]
Osteogenic differentiation
Gelatin + gold NPs ADSC mineralization [81]
In vivo new bone formation
Chitosan/collagen + carboxylated Inc.:rease n MC3T.3 El cell prohferat.lon .
. Augmentation of osteogenic markers expression, calcium, [90]
single-walled carbon nanotubes
and ALP
Alginate + selenium doped with biphasic Bioactive hydrogel with formation of HAp crystals [74]
calcium phosphate NPs + retinoic acid Increase MC3T3-E1 cell viability and proliferation
PVA + chitosan + sodium alginate + Augmentation of MG-63 cell viability
carbon nanotubes or graphene Swelling and degradation are favorable for bone tissue [93]
nanoplatelets engineering
Increase cell viability and proliferation of BMSCs
Good cell adhesion
Gellan gum + nanohydroxyapatite + Increase in the expression of osteogenic genes
. - - [84]
magnesium sulfate Osteogenic differentiation
In vivo stimulated vascularization and new bone
formation
Pluronic grafted silk fibroin hydrogel + Osteogenic promotion [67]
hydroxyapatite NPs Cytocompatibility and cell proliferation of MG-63
Gelatin (catechol) + hydroxyapatite NPs Cytocompe.mbﬂlty o MC3T.3_E1 cells [63]
In vivo bone formation
Promotes osteogenesis and osteogenic differentiation of
Chitosan (sulfated) + oxidized hyaluronic hBMSCs
acid + CuSrBG mesoporous bioactive Increase in hBMSC viability [95]
glass dopes In vivo bone regeneration and antibacterial activity
against S.aureus
Silk fibroin/nanohydroxyapatite + silver Increase in MG-63 cell viability [65]
NPs + gold NPs Allowed osteoblast adhesion and spreading
In vitro mineralization
Chitosan (modified) + MgO NPs Increase in osteogenic differentiation of MC3T3-E1 [78]
In vivo bone formation
Increase in cell adhesion and spreading of hMSCs
Hyaluronic acid + Promoted mineralization and osteogenic differentiation [70]
biphosphate-magnesium NPs In situ bone regeneration
In vivo bone formation
In vitro osteoblast proliferation of hMSCs
Alginate + nanohydroxyapatite Ex vivo studies showed collagenase deposition and [64]
trabecular bone formation
Alginate-gelatin + fragmented nanofiber Supported cell growth and proliferation of MG-63 [86]
of polycaprolactone + bioactive glass NPs Allowed cell adhesion
Increased cell proliferation of MC3T3-E1
Chitosan phosphocreatine (functionalized) Osteogenic differentiation [75]

+ MgO NPs

Elevated expression of osteogenic genes
In vivo bone regeneration
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Table 1. Cont.
Composite Features Reference
Poly (ethylene glycol) diacrylate (PEGDA) Elevated mechanical stability
+ chitosan + copper-doped mesoporous Increase MC3TE-E1 cell viability [96]
silica nanospheres Osteogenic differentiation
Increase the cell viability of SHEDs
Alginate-gelatin + silver NPs Promotes osteogenic differentiation, with an increase in [87]
ALP activity
Enhanced cell viability at concentrations of 40 mg/mL
Fibrin + graphene oxide NPs Increased ALP activity and osteogenic differentiation [71]
In vivo bone healing
Silk fibroin + hydroxyapatite NPs Increase in the ALP activity [62]
Enhanced cell adhesion and proliferation of MC3T3-E1
Silk fibroin + silica NPs In vitro osteogenic differentiation [67]
In vivo bone formation in cranial fractures
Collagen + strontium-containin Osteogenic differentiation
nanosizged mesoporous bioglass I\%Ps Viable to MG-63 cells [55]
p & Allow cell adhesion to the hydrogel structure
Collagen + stljontlum—enrlch?d Increase in PBMC viability
mesoporous bioglass or rod-like . [56]
. Increased values of ALP activity
hydroxyapatite
Chitosan + cellulose hydrogels + titanium  Allowed cell adhesion, spreading, and MG-63 osteoblast
.. . . [97]
dioxide NPs differentiation
e-polylysine + hyaluronic acid + Osteogenic differentiation [101]
Sr-substituted hydroxyapatite NPs Increase the cell proliferation of MC3T3-E1 and MG-63
Bioactive hydrogels with the formation of HAp crystals
Gellan gum + bioglass nanoparticles Antibacterial activity against MRSA [85]

Cytocompatibility and supported MG-63 cell growth

6. Conclusions and Future Perspectives

Bone is a vital organ that provides structural support, protects essential organs, and

maintains mineral homeostasis. It can self-regenerate in cases of minor fractures; however,
more severe injuries often require medical intervention. This typically involves the use of
bone grafts: autografts or allografts. While these materials offer numerous advantages,
such as osseointegration, osteoinductivity, and osteoconductivity, they also present some
disadvantages, primarily rejection, antibacterial infections, patient discomfort, pain, and the
potential need for multiple surgeries to complete treatment. Due to these drawbacks, tissue
engineering has emerged as a promising approach to develop safer materials for treating
bone fractures utilizing biomaterials. Among various types of biomaterials, hydrogels have
gained popularity because they allow for the easy production of scaffolds using different
polymers tailored to specific applications. There are several types of natural polymers
capable of being used in the development of hydrogels for bone regeneration. These
polymers will help the cell proliferation process, angiogenesis, and the new bone formation.

Nevertheless, the use of hydrogels alone may present challenges related to mechanical
strength and infection control. In recent years, the incorporation of nanoparticles into
hydrogel systems has shown great potential to overcome these limitations. Nanoparti-
cles can provide antimicrobial properties and enhanced mechanical performance. Their
incorporation into hydrogels may reduce the risk that is typically associated with free
NPs in biological systems. The resulting NP-hydrogel composites represent an emerging



J. Funct. Biomater. 2025, 16, 317

20 of 25

class of multifunctional biomaterials capable of promoting bone regeneration, improving
wound healing, and minimizing infection. Furthermore, these systems can mimic the ECM,
enhance mechanical strength, improve wound treatment, reduce the risk of infections, and
stimulate tissue regeneration.

Although progress has been made, further investigation is required to achieve the full
clinical potential of NP-hydrogel systems. Future efforts should focus on the development
of more efficient, minimally invasive delivery methods, such as injectable formulations,
which enhance patient comfort, reduce the risk of infections, and improve treatment efficacy.
Furthermore, the development of bioadhesive hydrogels combined with NPs offers a
promising strategy to improve fixation at defect sites, strengthen interfacial bonding with
native bone tissue, and potentially eliminate the need for additional fixation hardware.

Advancements in the design and functionalization of NP-hydrogel composites could
enable the development of next-generation therapies that provide safer and more effective
treatments for complex bone injuries and regenerative medicine.
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Abbreviations

The following abbreviations are used in this manuscript:

Ac-BP Biphosphate nanoparticles
AgNPs Silver nanoparticles

Alg Alginate

ALP Alkaline phosphatase
AuNPs Gold nanoparticles
BGNPs Bioglass nanoparticles
BMPs Bone morphogenetic proteins
BTE Bone tissue engineering
Chi Chitosan

CNTs Carbon nanotubes

Coll Collagen

COOH-SWCNTs Carboxylated single-walled carbon nanotubes
CTGF Connective tissue growth factor
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Cu-MsNs Copper-doped mesoporous silica nanospheres
ECM Extracellular matrix
FGF Fibroblast growth factor
GG Gellan gum
GNPs Graphene nanoplatelets
GO Graphene oxide nanoparticles
hMSCs Human mesenchymal stem cells
MBG Mesoporous bioglass nanoparticles
MC Microcrystalline cellulose
MeHA Methacrylated hyaluronic acid
MgONPs Magnesium oxide nanoparticles
MSCs Mesenchymal stem cells
nHA Hydroxyapatite
NPs Nanoparticles
PDGF Platelet-derived growth factor
PEGDA Poly(ethylene glycol)diacrylate
PVA Polyvinyl alcohol
Se-BCP Selenium biphasic calcium NPs
SF Silk fibroin
SiNPs Silica nanoparticles
TGF-beta Transforming growth factor beta
TiO2NPs Titanium dioxide NPs
VEGF Vascular endothelial growth factor
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