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Articular cartilage exhibits a limited capacity for self-repair, prompting extensive research into advanced bioma-
terials that can support tissue regeneration. Among these, injectable hydrogels have gained attention for their
minimally invasive delivery and suitability for bioprinting applications. However, conventional nanoporous bulk
hydrogels often lack the necessary microporosity and architectural complexity to fully support effective tissue
regeneration. To overcome these shortcomings, recent innovations have turned toward granular hydrogels—
injectable materials fabricated by dense packing of hydrogel microparticles into cohesive, microporous bulk
hydrogels. These granular systems offer improved injectability, superior microporosity, and the ability to form
heterogeneous bioinks/injectables that better replicate the natural extracellular matrix, thereby promoting more
efficient regeneration. This review delves into the advancements in granular hydrogel technology, with a focus
on the fabrication of hydrogel microparticles and the jamming strategies used to assemble them into granular
injectables/bioinks. It further explores their potential in cartilage tissue repair, emphasizing the benefits of such
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emerging microporous bulk assemblies in minimally invasive procedures (MIPs) or as smart bioinks for fabricat-
ing patient specific implants. Finally, the review outlines key opportunities and challenges in translating these
innovative materials into clinical applications, highlighting the growing promise of granular hydrogels in addres-
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1 Introduction

Cartilage tissue engineering remains one of the most demand-
ing areas within biomaterials research, primarily due to the
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sing current limitations in cartilage regeneration.

inherent difficulty of replicating the complex architecture and
function of native cartilage." Initial strategies in this field
have largely focused on direct cell delivery and organoid-based
approaches,® where chondrocytes or stem cells are introduced
into the damaged area in hopes of promoting tissue
regeneration.”” While promising in theory, these methods
have encountered several major hurdles in practice. Most
notably, delivering cells at high densities—a necessity for
effective cartilage regeneration—can inadvertently lead to
undesired differentiation pathways.®” Instead of forming
hyaline cartilage, which is critical for smooth joint function,
stem cells often take on osteogenic or fibroblastic fates,
resulting in the formation of less durable fibrocartilage.®®
Moreover, organoid systems and spheroid-based methods,
though they offer improved cell-cell communication compared
to single-cell dispersions, often fail to generate the mechanical
strength required for load-bearing applications. Without
additional material support, these systems are generally too
fragile for use in high-stress environments like articular
cartilage.

In parallel, conventional tissue engineering approaches
have relied heavily on bulk hydrogels composed of natural
biomaterials'®"* such as hyaluronic acid,'® collagen," silk
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fibroin,"> and chitosan’® among widely utilized hydrogel
systems. These hydrogels offer biocompatibility and support
cell viability, and they can mimic some aspects of the extra-
cellular matrix. However, they frequently fall short when it
comes to recapitulating the densely packed, organized struc-
ture of native cartilage. A major limitation lies in the low cell
density typically used within bulk hydrogels, which impairs
cell-cell interactions that are critical for maintaining chondro-
cyte phenotype and promoting the expression of cartilage-
specific markers. Furthermore, culturing chondrocytes on 2D
plastic surfaces—still a standard step in many hydrogel-based
strategies—tends to induce de-differentiation, turning the cells
into fibroblast-like cells that lack the ability to form true
hyaline cartilage. As a result, these bulk hydrogel systems
often fail to replicate the mechanical robustness and biological
fidelity needed for functional cartilage repair. Despite recent
advancements leading to sophisticated versions of bulk hydro-
gel systems,'” their full potential remains limited due to per-
sistent challenges such as poor conformability, limited adapta-
bility, lack of structural heterogeneity, and insufficient
nanoporosity.

In response to these limitations, granular hydrogels have
emerged as a next-generation material platform with signifi-
cant promise for cartilage tissue engineering."® These hydro-
gels are created by jamming together hydrogel microparticles
into a porous, yet cohesive, structure. This granular architec-
ture offers several compelling advantages. For one, the
jammed microgel environment allows for high cell densities
while simultaneously facilitating enhanced cell-cell contact
and communication. This mimics the cellular organization
found in native cartilage and promotes the appropriate differ-
entiation of stem cells into chondrocytes, avoiding the pitfalls
seen in bulk hydrogels or cell-only approaches.”® Additionally,
the mechanical stability of granular hydrogels is substantially
improved, making them more suitable for load-bearing appli-
cations. They also offer a unique advantage in terms of versati-
lity and application: their injectability and printability enable
the creation of patient-specific constructs®*>*
sions minimally invasive delivery through robotic surgical
techniques.

Given these favorable characteristics, granular hydrogels
have garnered significant interest in recent years for use not
only in cartilage repair but also in the regeneration of other
complex tissue types (Scheme 1). The current review aims to
provide a thorough overview of granular hydrogel fabrication
methods, particularly the strategies used to induce jamming
and build stable constructs. Special attention is given to
their application in cartilage tissue engineering, including
their translational potential and the remaining scientific and
clinical challenges that must be addressed to bring these
materials from the research lab to clinical use. By highlighting
the shortcomings of current regenerative therapies and under-
scoring the transformative features of granular hydrogels, this
review supports their development as a minimally invasive,
clinically relevant solution for effective cartilage repair and
regeneration.

and even envi-
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1.1 Structural characteristics of cartilage, pathogenesis, and
current tissue engineering strategies

1.1.1 Structure of cartilage. Articular cartilage is a hyaline
cartilage found between the bones that acts as a load-bearing
site and helps in lubrication to provide a cushioning effect
during movements. Unlike most tissues, cartilage is devoid of
vascular, lymphatic, and nerve supply.?* Hence, it relies on the
diffusion of nutrients from the surrounding tissue. The hetero-
geneity and anisotropy of this stratified tissue are always
depth-dependent and are categorized into four different
zones.”>>! The zones are superficial, middle, deep, and calci-
fied, characterized by variations in collagen fibers and ECM
content alignment. The superficial zone is a densely packed
region with collagen fibers parallel to the cartilage surface,
occupying 10-20% of the complete cartilage. The zone has the
lowest glycosaminoglycan (GAG) level, and the chondrocytes
here are flat, compact, and densely packed.>® The middle zone
comprises 40-60% of the cartilage and is distinguished by ran-
domly arranged collagen fibers. It has a high GAG content,
and chondrocytes are distributed randomly across the collagen
fibers. The deep zone holds 30-40% of the cartilage thickness,
characteristic of radially arranged collagen fibers and chondro-
cytes. This zone has the highest GAG content.>**® The calcified
zone is adjacent to the subchondral bone, in which the col-
lagen fibers arborize with little organization and mineraliz-
ation.”” This stratified structural arrangement endows unique
properties and functions to each layer of the -cartilage
(Scheme 2). The superficial region possesses excellent tensile
strength due to collagen fibers. Further, a transition towards
increasing compressive strength is observed towards deeper
zones due to increasing GAG content.”® These physicochemical
properties of the cartilage result from highly enriched ECM,
which contains cartilage collagen, hyaluronic acid, proteogly-
cans, and water.

1.1.2 Overview of cartilage pathogenesis. Due to the load-
bearing function, cartilage tissue is susceptible to injury and
degeneration owing to extensive physical activity or trauma.>®
Osteoarthritis is a major cause of cartilage pathology arising
from the disturbed homeostasis between the cells and the
ECM. The catabolic activities surpass the anabolic activities,
further deteriorating cartilage health upon biomechanical
loading.*®*" During the initial phase of osteoarthritis, the
chondrocytes become metabolically hyperactive, and the ECM
is swollen due to excessive hydration.?? This leads to the devel-
opment of fissures on the cartilage surface. Concomitantly,
remodeling changes are also seen in the subchondral bone.
During the progression of the pathogenesis, the loss of proteo-
glycans results in the disruption of the collagen network, and
delamination of the cartilage occurs, exposing the deeper
zones of the tissue and the bone (Scheme 2).*’ The inflamma-
tory load orchestrates the disease severity in the synovial
cavity, and the cytokines are the main contributors to the pro-
gression of osteoarthritis.>* Depending on the depth involved,
the defects are categorized as: i: partial thickness chondral
defect, ii: full-thickness chondral defect, and iii: osteochondral
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Scheme 1 Emerging trends of granular hydrogels for biomedical application. (A) Exponential growth in the research of granular hydrogels. The
data is obtained from the ISI Web of Science using keywords, “granular hydrogel” OR “granular polymers”. (B) Publications related to granular hydro-
gels in various biomedical fields. Data obtained from ISI Web of Science using “granular hydrogel or granular polymer” AND “skin OR heart OR carti-
lage OR bone OR brain” (March 2025). (C and D) Fabrication process and potential utilization of granular hydrogels as injectable biomaterial in

various field of tissue engineering. Created with BioRender.com.

defect (involves subchondral bone).>®> The success of clinically
available regenerative treatments is greatly affected by the
extent of the defect involved, and in many cases, it is very chal-
lenging to achieve good clinical outcomes.

1.1.3 Challenges in current cartilage tissue engineering
strategies. As discussed above, pathological conditions such as
osteoarthritis resulting in cartilage injury and degeneration
often lead to chronic disability in otherwise healthy popu-
lations. The extent of cartilage tissue involved in the pathogen-
esis can significantly affect the repair mechanisms and pose a
major clinical challenge. Furthermore, cartilage lacks inherent
vascular and lymphatic supply and progenitor cells. The scar-
city of chondrocytes and their localization in the superficial
and deep zones also limits the repair of cartilage injury. The
clinically available regenerative modalities for cartilage tissues
still remain ineffective as they require an extensive duration
for healing, which relies on the integrity and support of the
underlying bone.’*?” The modern cartilage regenerative thera-
pies, such as autologous chondrocyte implantation (ACI) and

4918 | Biomater. Sci., 2025, 13, 4916-4951

matrix-associated ACI (MACI), face clinical challenges as these
treatments face to recapitulate long-term cartilage healing,
donor site morbidity, multiple surgeries, tissue loss, etc.' The
viscosupplementation treatment, which includes injecting hya-
luronic acid into the joints to alleviate pain and inflammation,
requires multiple injections as the hyaluronic acid is not
retained at the site for a long duration.?® Therefore, there is a
primary need for newer and more effective cartilage regener-
ation therapies. Cartilage tissue engineering using biomater-
ials has been significantly explored and holds promise to
provide better healing strategies for cartilage. Specifically,
injectable hydrogels have gained a lot of attention as they can
be delivered in a minimally invasive manner and/or can be 3D
bioprinted to develop patient specific implants, that can easily
fit defects.>® Granular hydrogels, which are microporous ver-
sions of traditional bulk hydrogels have evolved as emerging
alternatives due to their superior and tuneable properties such
as microporous structure, pores interconnectivity, injectability,
and self-healing properties. Cell-to-cell communications can

This journal is © The Royal Society of Chemistry 2025
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Scheme 2 Overview of cartilage physiology, pathogenesis, and tissue engineering approaches. (A) Schematic illustration of the structural arrange-
ment of articular cartilage and degenerating changes occurring during cartilage pathogenesis, like in the case of osteoarthritis. (B) Current regenera-
tive therapies as a treatment modality for osteoarthritis. Created with BioRender.com.

be easily achieved through granular hydrogels, thereby acceler-
ating chondrogenesis.*® Thus, the building evidence suggests
that granular hydrogels can be very useful in the repair and
regeneration of complex biomimetic tissues like cartilage.

1.1.4 Minimally invasive strategies for cartilage tissue
engineering. The existing treatment modalities for cartilage
treatment do not demonstrate long-term efficacy, and newer
tissue engineering approaches are needed to address the
unmet clinical needs. Injectable hydrogels have shown tremen-
dous improvement in cartilage regeneration administered via
minimally invasive procedures (MIPs). MIPs remains the first
clinical choice of treatment for patients who cannot withstand
invasive surgical procedures like osteoarthritis surgical treat-
ments. Biomaterial delivery using this approach has several
advantages, like minimal blood loss, rapid recovery, short pro-
cedure time, and less trauma.’”*" Injectable hydrogels have a
certain viscosity or fluidity, allowing their injection at the
desired site and the in situ gelling properties to form a 3D
network for cellular repair. The use of injectable hydrogels for
drug delivery and tissue engineering applications, including
cartilage tissue engineering hydrogels, have been exclusively
studied due to features like biocompatibility, tuneable physical
and mechanical properties, ECM mimicking ability, ease of
handling, and minimally invasive delivery.*> Recent studies
have constituted evidence about the limitations of such bulk
and traditional hydrogels. They introduce barriers to cellular

This journal is © The Royal Society of Chemistry 2025

infiltration and tissue ingrowth that can diminish the hydrogel
integrity with the host tissues. This is due to the covalently
bonded polymer chains resulting in the nanoporous hydro-
gel.** Upon loading the cells with the bulk hydrogels, they
tend to agglomerate due to low cell-to-cell communication,
which can impede their function, particularly for cartilage
regeneration.*>*> The encapsulated cells further cannot
survive for a long duration due to the scarcity of diffused nutri-
ents. The cell-free approach cannot recruit cells and allow
their infiltration for tissue regeneration. Considering these
aspects, though traditional hydrogels are biocompatible with
tuneable biodegradability and can be delivered through a
minimally invasive approach, the aforementioned limitations
can be a bottleneck for the clinical translation of bulk hydro-
gels in the clinics.*®*” Another class of injectable hydrogels,
granular porous hydrogels, have emerged as a new biomater-
ial-based tissue regenerative strategy to address the limitations
of bulk hydrogels. Granular hydrogels with microporosities
ranging between 10-300 pm offers several advantages, allowing
them to be delivered using MIPs.*® Cell-laden granular hydro-
gels can facilitate cell-cell contact, which enhances chondro-
genesis, an efficient supply of nutrients, and the clearance of
wastes, leading to cell proliferation, migration, and differen-
tiation. The micro-scale pores formed by the granular hydrogel
enable tissue ingrowth, ensuring proper integration with the
host tissues. In addition, the biodegradation, mechanical, and

Biomater. Sci,, 2025, 13, 4916-4951 | 4919
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biological properties can be significantly tuned as per the host
tissue by tuning properties of microgels.**™>?

1.1.5 3D bioprinting approaches for cartilage tissue engin-
eering. The extent of cartilage involved in osteoarthritis varies
depending on the disease state and progression. The cartilage
defects are divided into partial-thickness and full-thickness
defects. It would be more beneficial to design the treatment
strategy for cartilage defects according to the defect size and
shape.”®>® The technical difficulty in regenerating full-thick-
ness cartilage defects is to simulate the structural, mechanical,
and biological properties, which are different in each phase
(layer) of cartilage.>® Utilizing 3D (bio)printing technology to
fabricate mechanically resilient and sufficiently larger
scaffolds for full-thickness cartilage defects would be more
advantageous and clinically relevant. This section highlights
the potential of 3D bioprinting techniques to fabricate tissue-
specific scaffolds with outstanding structural precision for
complex cartilage defects.

3D bioprinting utilises cell-biomaterial composite-based
bioinks to develop scaffolds with remarkable biomimicry. The
technology enables controlled deposition of cell-laden hydro-
gels in a desired fashion to achieve morphological and cellular
gradients present in natural cartilage tissue.’>® The current 3D
bioprinting approaches that can be leveraged to fabricate
tissue prototypes include extrusion-based, droplet-based 3D
printing, and light-based approaches such as Digital Light
Processing (DLP), Stereolithography (SLA), two photon
polymerization, and laser-induced forward transfer bioprint-
ing. Among these, extrusion-based bioprinting is a widely pre-
ferred technique as it offers the ease of using a variety of bio-
materials and cell types and enables 3D printing of complex
geometries.’® During extrusion, the hydrogel bioink must
undergo a viscoelastic transition where it assumes a fluidic
state upon applied pressure so that it extrudes as a continuous
filament and solidifies after deposition on the printing bed.
For extrusion-based bioprinting, this balance between the ink
solidification and deposition rate is crucial to fabricate tissue-
mimetic scaffolds.”’”® However, the traditional bioinks pre-
pared from bulk hydrogels pose significant challenges during
3D bioprinting procedures, impeding their translation into the
clinics. For example, a highly viscous bioinks prepared from
dense polymer concentrations provide optimal printability,
shape fidelity, and stability of the constructs. But it fails to
prevent cellular damage caused by shear stress during extru-
sion, and it further inhibits cell growth and differentiation due
to a sub-optimal microenvironment. Another challenge is to
bioprint a tissue construct of a desired height due to uneven
hydrogel crosslinking and their mechanical insufficiency.’
Also, traditional bioinks show a decrease in overall porosity
and pore interconnectivity of the scaffolds, which will even-
tually compromise the cellular and biological functions of the
scaffolds.*%*"

Due to their dynamic rheological behaviour, granular
hydrogels are emerging as potential alternatives for extrusion-
based 3D bioprinting compared to traditional hydrogels. As
granular hydrogels show excellent structural, shear-thinning,
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and self-healing properties, they extraordinarily exhibit a tran-
sition from solid to liquid state upon applied stress and thus
are the most suitable bioinks for extrusion-based 3D
bioprinting.®*®* The exceptional rheological properties of the
granular hydrogels may establish a new paradigm for the bio-
printing of a set of polymers and cells, which are challenging
to print using traditional bioprinting methods for cartilage
regeneration. Another distinct advantage of granular hydrogel
bioinks over traditional bioinks is the ability to tune the
scaffold porosities by manipulating the size and shape of the
hydrogel microparticles. This feature can affect the cell
migration and alignment drastically, along with optimal cell-
cell interactions, which are desired for chondrogenesis. This
unique class of granular hydrogel-based bioinks offers
improved biofabricated structures to recapitulate tissue-
mimicking architecture for enhanced cellular functions and
integration with the host tissues.

2 Granular hydrogels: An overview of
microparticle design strategies and
jamming mechanisms

2.1 Granular hydrogel vs. bulk hydrogels

Articular cartilage regeneration heavily depends on the ability
of hydrogels to facilitate efficient nutrient diffusion and cell
survival for both encapsulated and migrated cells. Bulk nano-
porous hydrogels, however, often struggle to provide sufficient
microporosities and pore interconnectivity necessary for
efficient diffusion and nutrient exchange. These limitations
can result in low cell survival rates and hinder the migration of
surrounding cells, which is crucial for effective tissue regener-
ation. Also, when bulk hydrogels are utilized for developing
patient specific implants using 3D bioprinting approaches,
their nano porosities hinder efficient maturation of cells due
to diffusion limitations. In contrast, granular hydrogels, with
their enhanced microporosity, offer significant advantages in
supporting cell survival, migration, and the development of
neo-vasculature, which is essential for long-term tissue
regeneration.

Granular hydrogels not only provide better pore connec-
tivity but also support more effective cell recruitment. Their
increased microporosity creates a conducive environment for
the migration of cells into the hydrogel matrix, aiding in the
formation of new tissue. This property is particularly beneficial
in cartilage tissue engineering, where the ability to recruit host
cells and support blood vessel formation is crucial for repair-
ing damaged cartilage. Moreover, granular hydrogels exhibit
increased potential as injectable materials, enabling their
delivery via minimally invasive procedures, which is a signifi-
cant advantage in clinical applications.

One of the key benefits of granular hydrogels lies in their
injectability. Their granular structure allows them to be easily
injected into the site of injury or degeneration, where they can
expand and integrate with the surrounding tissue, forming a

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5bm00801h

Published on 31 July 2025. Downloaded on 6/20/2026 11:02:54 PM.

Biomaterials Science

stable scaffold for tissue regeneration. This injectability not
only minimizes the need for invasive surgery but also allows
for precise targeting of the damaged tissue, reducing recovery
times and complications associated with traditional surgical
approaches. This feature makes granular hydrogels particularly
attractive for treating cartilage defects, where minimizing the
invasiveness of treatment is essential for patient recovery.

In addition to injectability, granular hydrogels offer excel-
lent printability for developing in situ cartilage implants. By
leveraging advances in 3D printing technology, granular hydro-
gels can be precisely printed to create customized, patient-
specific cartilage implants. The design flexibility of granular
hydrogels, combined with their structural stability, makes
them ideal candidates for 3D printing, allowing for the devel-
opment of implants that can be tailored to the exact shape and
size of the cartilage defect. This capability ensures a better fit
and more effective integration of the implant with the sur-
rounding tissue, leading to improved outcomes in cartilage
repair and regeneration.

Furthermore, the regenerative potential of granular hydro-
gels can be enhanced by controlling microgel design para-
meters such as particle size, shape, and mechanical pro-
perties. These parameters can be optimized to tailor the hydro-
gel’s behavior to specific tissue engineering needs. The
jamming behavior of the hydrogel particles can also be finely
tuned to improve the mechanical properties, providing
additional support to the regenerating tissue while maintain-
ing the hydrogel’s injectability and printability. By manipulat-
ing these factors, granular hydrogels offer a high degree of
control over the scaffold’s performance, which is crucial for
the success of cartilage tissue engineering.

In summary, granular hydrogels offer several advantages
over bulk hydrogels in the context of cartilage tissue engineer-
ing. Their superior microporosity, ability to support cell
migration and neo-vasculature development, and potential for
injectability make them highly suitable for minimally invasive
treatments. Additionally, their printability allows for the cre-
ation of customized, in situ cartilage implants, further enhan-
cing their clinical applicability. The ongoing exploration of
granular hydrogels holds great promise for advancing the field
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of cartilage regeneration, with the potential for developing
clinically translatable injectable materials that can provide
more effective, personalized treatments for cartilage defects.
Table 1 below summarizes the potential advantages of granu-
lar hydrogels over bulk hydrogels, necessitating their explora-
tion in cartilage tissue engineering.

2.2 Hydrogel microparticles design considerations for
cartilage tissue engineering

Recent studies on utilization of granular hydrogels for bio-
medical applications indicate a plethora of advantages over bulk
hydrogel owing to its microporous nature. The choice of bioma-
terial for synthesizing microgels with specific design character-
istics and functions is very complex, and it needs meticulous
consideration of various factors. An appropriate microgel com-
ponent that can positively manipulate granular hydrogel’s
mechanical and biological properties can effectively orchestrate
cartilage regeneration.'* Microscale interconnective pores are
important for the efficient flow of nutrients, waste, and tissue
formation. The granular hydrogel shows abundant voids and
interconnected micropores, which can be tuned by tailoring the
size and shape of microgels to promote chondrocyte
adaptation.’”** Compared with bulk hydrogels, which consist of
densely packed polymer chains, the interconnected microscale
void spaces can facilitate the diffusion and flow of nutrients and
signaling molecules for cellular functions.®® The void spaces
also provide the passage for cell and tissue infiltration, which in
other cases is only possible after hydrogel degradation.®® The
elastic nature of articular cartilage provides smooth and friction-
less movement between the bones and helps distribute the
forces due to its load-bearing and lubrication properties.®” The
microgels should be mechanically sound to withstand the load
and resist deformation under stress to match the native carti-
lage.®® The bulk hydrogels impose challenges during injection at
the defect site. In most scenarios, the precursor hydrogel solu-
tions are injected which exhibit liquid-like rheological pro-
perties, and then subsequently crosslinked to form a gel. This
approach can either result in an incomplete crosslink (inefficient
penetration depth of the light for photo crosslinker) or can

Table 1 Advantages of granular hydrogels over bulk hydrogels for cartilage tissue engineering

Hydrogel parameters for

cartilage tissue engineering  Granular bulk hydrogel

Traditional bulk hydrogel

Porosity control
shape, size, and jamming mechanisms

Cell Infiltration

Control on angiogenesis

Heterogeneity
properties

As injectables for MIPs

loaded cells
As bioinks for 3D Shear thinning properties allows efficient
bioprinting
tissue maturation

This journal is © The Royal Society of Chemistry 2025

Easily achievable by controlling micro-particle
Microporosities allow efficient cell infiltration
Controlled angiogenesis prevents hypertrophy
Easily achievable through variation in microgel
Good shear thinning properties allowing easy

injections with low shear induced damage to

printability with microporosities enhancing

Controlling porosities is difficult to achieve. Often nanoporous
compromising their performance

Nano porosities hinder cell infiltration

Limited control often leads to fibrotic capsules development
Difficult to achieve

High extrusion forces might lead to compromised cellular
viability

Poor printability, often requires addition of shear thickeners.
Further, diffusion limitations in bioprinted constructs hinders
tissue maturation.
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damage the host tissues while crosslinking it using chemicals.®
In contrast, granular hydrogels developed from cross-linked
hydrogel microparticles offers improved injectability and
enhanced flowability allowing easy injections at the desired
location. The reduced shear stress in the granular hydrogels
during injection can increase cell viability. Introducing dynamic
bonds within the microgel can endow good stability and self-
healing properties post-extrusion from the syringe.”® Most tissue
regeneration applications, including cartilage regeneration,
require the implanted material to be degraded once the function
is achieved with minimal or no cytotoxicity. An implanted bio-
material can undergo various mechanisms of biodegradation,
such as hydrolytic cleavage, enzymatic attack, oxidation and
reduction reactions, etc.”’> The degradation profile of the
microgel will be dependent on the chemical structure, degree of
interparticle crosslinking, and swelling capacity of the microgel,
as it will impact the diffusion kinetics of molecules and
enzymes. Therefore, an appropriate choice of biomaterial and
crosslinking mechanisms should be employed to program the
degradation rate of microgels for a particular application. Many
of the granular hydrogel systems for cartilage tissue engineering
have been loaded with cells, including stem cells and chondro-
cytes. Encapsulating cells in the granular hydrogels can protect
them from oxidative stress and increase long-term efficiency.
Thus, microgel components mimicking extracellular matrix can
promote cell viability, adhesion, and proliferation. RGD peptides
can be introduced in microgels made from biomaterials that do
not support cellular adhesions.”>”””

2.2.1 Fabricating hydrogel micro particles. Granular hydro-
gels are developed by compacting hydrogel particles into
tightly packed assemblies, which are distinguished by their
high extrudability and the presence of micro-porous
structures.’®’® These densely packed assemblies can be
injected in a minimally invasive manner or can be utilized as
bioinks, offering a promising approach for the repair of
damaged tissues or defects. Compared to their bulk counter-
parts, the presence of microporosities in granular hydrogel can
enhance their performance by allowing effective infiltration of
host cells, altering macrophage phenotype, allowing effective
vascularization deep into constructs, and ensuring long-term
survival of loaded/migratory cells at the site of injury.”” Over
the years, various strategies have been developed to fabricate
hydrogel particles that can be subsequently jammed into gran-
ular hydrogels. These strategies encompass a broad range of
techniques, each of which comes with their unique advantages
in terms of their production rate, scalability, and ability to
generate micro-particles of different shapes and dimensions,
which can greatly impact the performance of granular hydro-
gels. Herein, a brief overview of techniques utilized to produce
micro-particles from bulk hydrogel materials, along with
advantages and challenges of each technique are discussed
with insights on future possibilities.

2.2.1.1 Mechanical fragmentation. Fragmentation is a widely
utilized technique for generating microparticles from bulk
hydrogels, particularly favoured for its simplicity and
efficiency.”®”® This process involves the mechanical force
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applied to crosslinked bulk hydrogels, which are pushed
through sieves or needles, or simply blended breaking them
into microparticles.®® The size of these microparticles can be
meticulously controlled by adjusting the pore size of the sieve
or the diameter of the needle or by controlling the blending
speed/time, with typical particle sizes ranging up to several
hundred microns. Once formed, the microparticles are usually
suspended in physiologically compatible solvents, such as cell
culture media or saline, to facilitate their collection and sub-
sequent separation.’' Techniques like filtration or centrifu-
gation are then employed to isolate the microparticles from
the surrounding solvent, ensuring that they are recovered
intact and ready for use. These microparticles can then be
jammed through various mechanisms into granular hydrogels
that are highly injectable and can be utilized for various appli-
cations in biomedicine, including tissue repair,®* drug deliv-
ery,® and as bioinks for 3D bioprinting (Fig. 14).5%%

Fragmentation technique allows fabrication of injectable
granular hydrogels from their non-extrudable bulk counter-
parts, extending their application for minimally invasive thera-
peutic applications.®® For instance, zwitterionic hydrogels,
known for their excellent non-immunogenic®” and anti-fouling
properties,®® are especially valuable for injectable therapies
aimed at treating cartilage injuries. However, these hydrogels
often suffer from poor extrudability, which limits their clinical
applicability. By applying extrusion fragmentation, the bulk
hydrogels can be transformed into granular forms, signifi-
cantly improving their extrudability and enabling their use in
cartilage tissue engineering (Fig. 1B).%® This approach has also
been applied to alginate-based hydrogels, which, when frag-
mented into granular forms, exhibit enhanced thixotropic pro-
perties, improved extrudability, and increased chondrogenic
potential (Fig. 1C).5%°® While bulk alginates lack the desirable
injectable properties for clinical use, their granular variants
address this challenge, offering enhanced mechanical and bio-
logical performance.

Despite its many advantages, extrusion fragmentation is
not without its limitations. One key issue is the generation of
microparticles with irregular shapes and inconsistent sizes,
often resulting from the high shear forces required to break
down the bulk hydrogels. This lack of uniformity can compli-
cate the process, especially when aiming for particle sizes con-
sistently below 100 microns, which can lead to issues like
nozzle blockage during injection. To achieve more homo-
geneous microparticles, additional filtration steps may be
needed, introducing extra complexity and time into the
process. Moreover, the technique lacks full automation and
provides limited control over the fine-tuning of microparticle
properties, which can constrain its scalability and precision.

Nonetheless, extrusion fragmentation remains an invalu-
able technique for bridging the gap between laboratory
research and clinical application. Its simplicity, cost-effective-
ness, and ability to operate without the need for complex
setups or organic solvents make it a promising approach for
high-throughput production of injectable hydrogels. Moreover,
non-spherical flaky particles generated using this technique
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Fig. 1 Utilization of mechanical fragmentation approach for creating hydrogel microparticles for cartilage tissue engineering. (A) Dynamic granular
hydrogel based on hydrazone chemistry can be developed from chondroitin sulfate microparticles fabricated using mechanical fragmentation. (i)
Schematic illustration demonstrating functional modification of chondroitin sulfate methacrylate (CSMA) with aldehyde and hydrazide groups that
can be utilized for annealing of fragmented microgel particles using hydrazone chemistry, (ii) the process of mechanical fragmentation wherein the
bulk hydrogels from CSMA-ALD or CSMA-ADH are first formed using photo crosslinking of precursors within the cartridge and the subsequently
fragmented using different needle gauge to obtain microparticles, (iii) microscopic images of generated particles post fragmentation, reproduced
from ref. 85 with permission. Copyright©2023, American Chemical Society. (B) Zwitterionic bulk hydrogels can be fragmented to generate micropar-
ticles using mechanical fragmentation. (i) Schematic representation demonstrating generation of microparticles from bulk hydrogels that can be
mixed with cells (chondrocytes or stem cells) and annealed into granular hydrogels using enzymatic driven jamming which can be then utilized as
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illustration demonstrating mechanism of particle jamming to obtain granular hydrogels from fragmented zwitterionic microparticles, reproduced
from ref. 86 with permission. Copyright©2024, Wiley-VCH GmbH. (C) Jammed alginate based granular hydrogel bioink developed using extrusion
fragmentation approach can be utilized for 3D/4D bioprinting applications, reproduced from ref. 90 with permission. Copyright©2022, Wiley-VCH
GmbH.

provides larger surface area for jamming, ensuring efficient
and stable granular injectables. Despite its current challenges,
the continued development of this method holds great poten-
tial for advancing biomedical applications, particularly in the
field of regenerative medicine, where the demand for versatile,
injectable hydrogel-based systems continues to grow.

2.2.1.2 Emulsification. Emulsification represents a well-
established and widely employed bottom-up technique for the
fabrication of microparticles from bulk hydrogel
precursors.”™®> This approach generally involves two immisci-
ble phases: a dispersion phase, typically composed of oil and
surfactants, and a dispersed phase containing hydrogel precur-
sors that include photo-initiators or crosslinkers. The two
phases are mixed in specific ratios, with the oil phase usually

This journal is © The Royal Society of Chemistry 2025

present in volumes 5 to 10 times greater than the hydrogel
phase.”*® Through agitation, this results in the formation of
droplets of the hydrogel precursor. These droplets are sub-
sequently crosslinked to form microparticles. The hydrogel
microparticles are then separated from the oil phase via cen-
trifugation, followed by washing with solvents, such as PBS or
cell culture media, to remove residual oil. These microparticles
can be used immediately, especially when cell-loaded for appli-
cations such as cell encapsulation, or they can be stored for
later use. The size of the droplets can be easily controlled by
adjusting several parameters, including the agitation speed,
the ratio of oil to hydrogel phases, the concentration of surfac-
tants, as well as factors like reaction temperature and mixing
duration. Emulsification is particularly advantageous in creat-
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ing microparticles of uniform size, typically in the micron
range (50 microns), in contrast to extrusion-based fragmenta-
tion methods, where particle size is more difficult to control,
allowing fabrication of injectable granular assemblies that can
be utilized for minimally invasive cartilage regeneration
(Fig. 2A).°® This uniformity is key in ensuring consistent pro-
perties across fabricated granular hydrogels.””

Compared to granular bioinks made by fragmentation
methods, which often result in irregularly sized and larger par-
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ticles, emulsification enhances the injectability and regenera-
tive performance of the resulting granular hydrogels.”® For
example, emulsions have been utilized to generate microgels
from hydrogel precursors such as oxidized alginate or hydra-
zide-modified gelatin methacryloyl (GelMA),** which exhibit
excellent injectability and self-healing properties. By exploiting
hydrazone bonds, these microparticles can be fused to form
granular bioinks, suitable for 3D or 4D bioprinting appli-
cations.®* Similarly, thiol-ene chemistry has been used to
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create granular hydrogels from hyaluronic acid-based hydro-
lytic microgels. When cultured with mesenchymal stem cell
(MSC) spheroids, these microgels can give rise to dynamic car-
tilage tissue constructs (Fig. 2B).>” More recently, temperature-
responsive granular hydrogels have been developed using
emulsification techniques, where norbornene-modified hya-
luronic acid precursors were combined with a temperature-
responsive crosslinker (dithiol-functionalized pNIPAM) to fab-
ricate microparticles that exhibit dynamic shape changes post-
3D printing, showing promise for cartilage tissue engineering
(Fig. 2C).*%°

Although emulsification provides more precise control over
particle size compared to extrusion fragmentation, it is not
without its limitations. A significant drawback of the emulsifi-
cation process is the involvement of oil and surfactants during
particle formation. As a result, additional washing steps are
often necessary to remove the oil phase, which can complicate
the process. Furthermore, the technique depends heavily on
surfactant concentrations and other fabrication parameters to
achieve particles of the desired size. Although there is a clear
correlation between surfactant concentration and particle size,
excessive surfactant can lead to the formation of micelles,
which are difficult to separate during washing stages. Also,
emulsification is largely restricted to photopolymerizable
hydrogels, making it less suitable for ionic crosslinked hydro-
gels. Tonic hydrogels are highly relevant in tissue engineering
due to their unique stress-relaxation properties,'*"'%* which
more closely mimic the mechanical behaviour of biological
tissues. Moreover, limited control on particle shape further
limits the application of this particle generation approach to
create granular hydrogels with
architectures.

Despite these challenges, emulsification remains a widely
utilized and established method for the generation of micro-
particles, having been employed for several decades. The tech-
nique’s simplicity, ability to efficiently control particle size,
and compatibility with a wide range of both synthetic and
natural hydrogel precursors make it an attractive option for
the development of granular bioinks. Moreover, its high
throughput capabilities and potential for translation from the
laboratory to clinical applications are promising. The ability to
fabricate smaller, more homogeneous particles makes emulsi-
fication a more favourable approach compared to fragmenta-
tion methods, and it holds significant potential for advancing
the field of biofabrication, particularly for developing granular
hydrogels for minimally invasive cartilage regeneration.

2.2.1.3 Micro-fluidics. Traditional batch emulsion methods
for producing microparticles face several limitations, such as
poor control over particle size, difficulty in fabricating non-
spherical particles, and a heavy dependence on surfactant con-
centrations to regulate droplet size. These constraints spurred
the development of controlled emulsion techniques using
flow-focusing microfluidics in the early 2000s.'® In these
systems, oil and aqueous phases are guided to converge, where
shear forces and hydrophobic effects create uniform aqueous
droplets within the oil phase. By adjusting the geometry of the

unique micro-porous
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intersection and regulating the flow rates, highly monodis-
persed droplets can be produced. These droplets are then col-
lected and processed for further applications.'®"'%> Unlike tra-
ditional emulsion methods, which rely primarily on surface
tension to form droplets, microfluidic-based droplet gene-
ration offers a more precise approach. The ability to modify
microchannel dimensions and flow rates enables fine-tuning
of droplet size and particle shape,'°® including the creation of
non-spherical particles.'®”'°® For instance, microfluidic tech-
nique can be employed to obtain microparticles with different
shapes, including spherical and non-spherical microgels using
a microfluidic flow-focusing device (MFFD).'®® The shape of
microgels is determined by the volume of the droplet con-
trolled by the flow rate of the continuous and disperse phases
and the cross-sectional area of the outlet microchannel. The
height and width of the microchannel should be larger than
the diameter of the spherical droplets to obtain spherical
microgels. Conversely, diameter of the spherical droplets
being larger than any dimension of the outlet microchannel
leads to the formation of non-spherical microgels, such as
disk, ellipsoid, or rod-shaped.'® Furthermore, incorporating
multiple inlets into microfluidic devices allows for high-
throughput  generation of monodispersed particles
(Fig. 3A).110’111

Microfluidics-based droplet generation has significantly
advanced the manipulation of particle dynamics, allowing fine
tuning of developed granular injectables. This approach pro-
vides a high level of control on the porosity of developed gran-
ular hydrogels by varying particle aspect ratio, shape, and size;
a critical factor influencing the hydrogel’s performance in
regenerative medicine.""” Recent studies have shown that par-
ticle shape can play a pivotal role in regulating angiogenesis,
the process of new blood vessel formation.®” Specifically, gran-
ular hydrogels developed using high aspect ratio micro-par-
ticles have been shown to promote organized vasculature
growth, mimicking the structure of blood vessels in vivo and
facilitating efficient angiogenesis (Fig. 3B)."** This is a notable
achievement, as controlling aspect ratios using batch emulsion
techniques would be exceedingly difficult, if not impossible.
Although cartilage is avascular and relies on diffusion from
surrounding tissues for nutrient supply, damaged cartilage’s
regenerative capacity hinges on the ability of implanted
materials to support controlled vascular ingrowth.''* The
precise control of particle size and shape enabled by microflui-
dics presents a promising strategy to optimize vascularization
in cartilage repair, improving nutrient supply to chondrocytes
and enhancing tissue regeneration.

Through microfluidics, researchers can precisely vary par-
ticle size and aspect ratio by adjusting the flow rates, enabling
the development of granular hydrogels that are optimized for
controlled angiogenesis.®> Such controlled angiogenesis
ensures speedy tissue regeneration, especially in tissues like
cartilage, wherein extent of angiogenesis defines stem cell fate.
Additionally, by manipulating particle size, researchers have
been able to modulate the immune response to granular
hydrogels, improving their biocompatibility.’****® This level of

Biomater. Sci, 2025, 13, 4916-4951 | 4925


https://doi.org/10.1039/d5bm00801h

Published on 31 July 2025. Downloaded on 6/20/2026 11:02:54 PM.

Review

(A)
(i)

Crossllnker

Bioactive PEG oK @®Q

Crosslinking
Hs A~ @ RGD ol o
@ Fluor Bau
(pH 5) = Vinyl

200 Channel Device

T ARG SR B T ey =y

Initiate

View Article Online

Biomaterials Science

ii)

HGels in Oil

)QO0 D
O

Blue = DAPI Green = Actin
Red = Scaffold

25
- 4 Pnes
0‘\59,/5

bRy »?"u""(‘i ’r}r};{‘x

(i)
Spheres tight packing ®

Rods tight packing @

_ LAP,DTT 4
o :
W ouv o * R
[20 mW.cm?] <

Spheres loose packing A

Nor-HA

oil oil

+Surfactant l (+DTTHAP) 1 +Surfactant
—

wv
HA chain ) .... ] )
3

30 ns
§ S "
= by
s2 , A%y
s
»
® 10 A
=}
0 T;ghl Loose
packing  packing
15 ns
3
s 10 aa
Eg ®e e
Py Y
Q5
(&) | B ] :
0 Tight  Loose
packing  packing
30 el
3
© 20
+
Q 104 # aig
6]
5 H A
Tight Loose )

packing  packing

Fig. 3 Microfluidics-assisted microgel fabrication that can be utilized to develop granular hydrogel assemblies. (A) High-throughput particle gene-
ration using a parallelized step emulsification device. (i) Bioactive 8-arm PEG with dithiol, crosslinkers were utilized to fabricate microgels with on-
chip gelation utilizing pH via Michael addition reaction, (ii) fabricated microparticles post washing and suspending in PBS, (iii) annealed microparticles
into micro-porous assemblies allowing cell infiltration through micropores, reproduced from ref. 110 with permission. Copyright©2019, Wiley-VCH
GmbH. (B) Non-spherical particle generation using droplet-based microfluidics that can be utilized to control the performance of granular hydro-
gels. (i) Nor-HA microgels with different aspect ratios fabricated using microfluidics, (ii) performance of granular hydrogels based on particle shape
upon subcutaneous implantation, demonstrating efficiency of non-spherical particles in controlling host cell infiltration and modulating immune
response, reproduced from ref. 113 with permission. Copyright©2022, Wiley-VCH GmbH.

control has led to improvements in the injectability and overall
performance of these hydrogels, ensuring homogeneity in the
formulation of granular hydrogels and making them more
suitable for clinical applications.

Despite these advancements, microfluidics-based droplet
generation does have certain limitations that hinder its wide-
spread application. One of the main drawbacks is the relatively

4926 | Biomater. Sci,, 2025, 13, 4916-4951

low throughput of most microfluidic droplet generation
systems, which limits their scalability for the large-scale pro-
duction of granular hydrogels. Furthermore, although particle
aspect ratios can be controlled to some extent, the precision in
shaping microparticles remains a challenge. Most systems still
predominantly produce spherical particles, which restricts the
exploration of the full potential of microfluidics for producing
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diverse particle shapes. Given the significant impact of particle
geometry on the performance of granular hydrogels, this limit-
ation prevents the technique from being fully exploited.

Although some challenges exist, microfluidics remains one
of the most precise methods for generating homogeneous
microparticles. Its capability to produce heterogenous granular
hydrogels has made it the most widely explored approach for
such applications. Microfluidics is particularly advantageous
due to its ability to control particle size and generate droplets
from ionically crosslinked hydrogels. Additionally, the high
biocompatibility of microfluidics-assisted droplet generation
facilitates cell encapsulation during the droplet formation
process. This allows for the creation of cell-encapsulated gran-
ular hydrogels, which can be further mixed with secondary cell
types, facilitating the development of co-culture systems for
advanced tissue engineering applications. Furthermore, with
the advent of state-of-the-art additive manufacturing tech-
niques, researchers can now design custom microfluidic
devices with unique channel geometries, enabling the gene-
ration of microparticles with tailored shapes and sizes, thereby
opening new possibilities for fabricating functional biomater-
ials with precisely controlled properties.

2.2.1.4 Other approaches. Microfluidics-based methods
have demonstrated the ability to generate microparticles with
varying aspect ratios; however, their limitations in precisely
controlling particle shape and size, coupled with low through-
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put production rates, have prompted researchers to explore
alternative bottom-up fabrication strategies. In recent years,
techniques such as complex coacervation, in-air microfluidics,
and electrohydrodynamic (EHD) spraying have been widely
employed to produce microgels. For example, in-air microflui-
dics enables the formation of granular alginate-based hydro-
gels and offers higher particle production rates, which have
shown great promise in applications such as 3D bioprinting
and minimally invasive injectable therapies (Fig. 4A).""7"'® 1t
involves the collision of two streams, one with the hydrogel
precursor and the other with the crosslinker in air, which
leads to the formation of droplets in air. EHD spraying oper-
ates by the application of voltage to the hydrogel precursor
while it extrudes through a nozzle, leading to a jet of charged
droplets collected over a grounded bath and later crosslinked
to form microgels. It can generate monodisperse microgels
with fine control over particle uniformity and composition and
is compatible with cell encapsulation. For example, alginate
microgels can be fabricated by jetting into a calcium chloride
bath (Fig. 4B).'*® Additionally, complex coacervation, which is
based on the principle of phase separation of two oppositely
charged polymers in an aqueous solution, has been employed
to fabricate composite microparticles. For instance, GelMA was
combined with modified alginate, wherein the charge differen-
tial-induced phase separation leads to formation of microdro-
plets that can be crosslinked to form microgels (Fig. 4C)."*°
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Fig. 4 Generation of microgels using other approaches. (A) In-air microfluidics jetting approach to generate uniform alginate beads that can be uti-
lized for developing granular hydrogels, reproduced from ref. 118 with permission. Copyright©2014, Wiley-VCH GmbH. (B) Electrohydrodynamic
spraying approach to create uniform microparticles from hydrogel precursors, reproduced from ref. 119 with permission. Copyright©2021, Wiley-
VCH GmbH. (C) Complex coacervation approach to create uniform GelMA droplets, reproduced from ref. 120 with permission. Copyright©2015,
Wiley-VCH GmbH. (D) Layer-by-layer fabrication of non-spherical microgels using a DLP 3D printer. (i) Possible dimensions of microgels that can be
fabricated, (i) injectability of microgel assembly showing easy extrusion through a 21G nozzle, (iii) microgel assembly allowing efficient vascular
infiltration compared to bulk counterparts (monolith), whereas no host cell infiltration was observed in empty cavities, demonstrating the potential
of microgel assemblies in accelerating the new vascularization and tissue infiltration, reproduced from ref. 125 with permission. Copyright©2023,
Wiley-VCH GmbH. (E) Micro-strands shaped high aspect ratio microparticle generation using simple pressing of bulk hydrogels through microgrids,
reproduced from ref. 130 with permission. Copyright©2020, Wiley-VCH GmbH.
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These bottom-up fabrication methods provide enhanced
material versatility and have expanded the design space for
microgel-based systems. However, while they enable some
degree of customization in microparticle synthesis, they often
face challenges in achieving precise and consistent control
over both particle morphology and size at scale. This has
fueled ongoing efforts to refine these techniques and combine
them with advanced engineering strategies for improved
microparticle production. Stereolithography has emerged as a
versatile technique to generate non-spherical microgels using
templated molds and photomasks to control microgel geome-
tries.’*! In case of imprint lithography, a hydrogel precursor is
loaded into a templated mold with the negative features of the
desired microgels with the subsequent crosslinking and
curing within the mold to obtain microgels with desired fea-
tures. Alternately, a templated photomask can be employed to
cover a hydrogel precursor solution while photo crosslinking,
thereby selectively crosslinking the area not covered by photo-
mask into microgels. The fabricated microgels are then col-
lected after removing the uncross linked hydrogel precursor.
Flow lithography offers advantages of increased yield through
continuous production of microgels, wherein a hydrogel pre-
cursor solution flows through a channel and photomasks are
used to cure regions of the precursor solution at regular inter-
vals to form microgels. The desired geometry of the microgels
can be obtained by altering the photomask used to cure the
hydrogel precursor solution.

Recently, emerging maskless lithography approaches has
further advanced the control and the challenges associated
with mask based approaches.'*'** The development of
cutting-edge maskless lithography techniques, particularly
Digital Light Processing (DLP), has significantly enhanced the
precision in using photo-polymerizable hydrogels to fabricate
microparticles with well-defined shapes and sizes. These
advanced DLP-based lithography methods now allow to
produce hydrogel structures at the microscale, expanding the
capabilities of current fabrication technologies. This allows for
greater control over the geometry and structure of the particles,
offering new possibilities in the field of microfabrication
(Fig. 4D).*”"2*12> One of the significant advantages of mask-
less approaches is their ability to utilize computer aided
designs (CAD), which can allow high control on particle shape
and dimensions.'*® By manipulating particle shapes and geo-
metries, this technology can enable the creation of injectable,
micro-porous hydrogels with unique properties tuned for a
particular tissue type. Non-spherical particles generated using
lithography approaches can act as micro-niches to control
various cellular processes; such as differentiation, alignment,
ECM secretion, and other therapeutic cell response;'*! while
also allowing fine tuning of granular hydrogel porosities to
great extent.'*® Such control on cell behaviour by controlling
micro-particle geometries can improve the performance of
granular hydrogels when used in medical applications.

Apart from lithography, wet spinning is another widely
explored technique to generate high aspect ratio microfiber-gels
by extruding the hydrogel precursor solution in a syringe into a
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solution bath containing crosslinkers to the hydrogel precursor.
The crosslinking of hydrogel precursor solution proceeds
leading to the formation of hydrogel microfibers. For example,
microribbon-like microgels of gelatin were fabricated by ejecting
gelatin/dimethyl sulfoxide solution using a pump at room temp-
erature into a bath of anhydrous ethanol (EtOH)."””” However,
multiple post-processing steps are involved, such as further
drying in acetone, microribbon dissociation and washing with
ethanol, methacrylation with methacrylic anhydride, fixation
with 0.1% glutaraldehyde, washing with deionized (DI) water,
and neutralization with t-lysine hydrochloride in phosphate-
buffered saline (PBS) to finally achieve microribbon-gels.
However, suitable modifications in the technique can avoid the
need for post-processing steps. Wet spinning was employed to
eject a composite solution containing SA, MeHA macro-
molecules, and the photoinitiator lithium phenyl-2,4,6-
Trimethylbenzoylphosphinate (LAP) into a calcium chloride
(CaCl,) coagulation bath.®® This led to the immediate cross-
linking of the SA macromolecules within the composite precur-
sor fibers, thereby forming partially crosslinked microfiber gels.
These microfiber gels were collected, dried, free-stacked in a
mold, and can be further crosslinked in the presence of the
photoinitiator LAP and UV light, thereby avoiding the need for
any post-treatment.

Microfluidic spinning method, based on the standard
microfluidic technique, is yet another technique employed for
producing hydrogel microfibers with or without cells.'*® This
method utilizes multiple injection capillaries coaxially aligned
within a collection capillary. The injection capillaries are
infused with the hydrogel precursor solution while the cross-
linking solution is pumped in the same direction into the col-
lection capillary. This design leads to in situ generation of
hydrogel microfibers due to the hydrodynamic focusing effect,
wherein a 3D coaxial sheath flow stream forms around the
flow of the precursor solution, and crosslinking occurs when
the two flows meet at the merging point. The morphology of
the microfiber gels can be precisely controlled by the configur-
ation of the injection capillaries. Apart from microfibers,
microstrands-based granular hydrogels are also reported as
another class of injectable materials, with microstrands-
shaped microparticles helping in creating granular injectables
mimicking anisotropic microenvironments suitable for carti-
lage tissue engineering. Entangled microstrands can be
created by pressing a bulk hydrogel through a grid with
micron-sized apertures to deconstruct the hydrogel into indi-
vidual microstrands (Fig. 4E)."*° The production is fast,
needing no specialized instruments, and can be utilized with
litre volumes of hydrogels, a high-throughput fabrication
approach for generating high aspect ratio microparticles.

Hydrogel microparticles and microfibers/microstrands offer
significant potential for engineering granular hydrogels tai-
lored for cartilage tissue regeneration. Despite these advance-
ments, several limitations persist. In-air microfluidics and coa-
cervation methods still face challenges in consistently generat-
ing non-spherical or highly complex geometries. Lithographic
techniques, while precise, often require expensive equipment,
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slower production speeds, and in some cases, photo initiator
toxicity concerns. Wet spinning methods typically involve
labour-intensive post-processing steps that reduce scalability,
though recent improvements have mitigated some of these
limitations. Also, though microstrand generation offers poten-
tial for high-throughput production of high aspect ratio micro-
particles, it remains a relatively underexplored method for par-
ticle generation, with majority of researches still relying on
microfluidics, fragmentation, and emulsification as more pre-
ferred methods. Moreover, ensuring biocompatibility, mechan-
ical strength, and integration with host tissue remains a criti-
cal challenge, especially when translating these microgels into
clinical settings.

2.2.2 Jamming approaches: From hydrogel microparticles
to injectable microporous assemblies. Jamming refers to the
process of compacting hydrogel micro-particles into tightly
packed assemblies with interstitial spaces between them.'*"3?
This process induces a transition of the micro-particles from a
fluid-like state to a more rigid, solid gel-like state, while enhan-
cing the material’s extrudability. The jammed assemblies
exhibit shear-thinning behaviour, making them ideal for use
as micro-porous granular injectables.”*® The outcome of this
jamming process is highly dependent on the shape and size of
the particles, as well as the specific method employed to

Vacuum jamming

Centrifugation jamming

View Article Online
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compact them.’®"** These factors play a critical role in deter-
mining the mechanical properties of the resulting granular
hydrogel and its performance in applications such as regenera-
tive medicine. Various strategies have been employed to
achieve jamming of hydrogel microparticles;'*> however, in
the context of this review, which centers on cartilage tissue
engineering, we highlight the most prominent methods. These
include: (i) vacuum-induced jamming, (ii) jamming through
the application of centrifugal forces, and (iii) interparticle
linkage through supramolecular chemistry or covalent linking
of microparticles (Scheme 3 and Table 2). The following sec-
tions will provide a brief overview of each of these jamming
approaches.

2.2.2.1 Vacuum jamming. Among one of the simplest
approaches for annealing micro-particles, vacuum jamming
has been widely utilized to successfully develop granular
counterparts of bulk hydrogels.®” The technique relies on
exposing fabricated micro-particles to a vacuum filtration
setup, effectively removing excess fluid and allowing particle
packing while maintaining interstitial spaces that allows
efficient diffusion of nutrients and cellular migrations when
these hydrogels are used as injectables.’® During the process,
capillary forces drive physical interactions and mild adhesions
at the interfaces, leading to a jammed yet extrudable structures

Interparticle linking

Scheme 3 Schematic representation of various jamming approaches with a summary of each approach tabulated below (Table 2).

Table 2 Summary of major jamming approaches utilized for microgel packing into granular bulk hydrogel

Porosity control Stability of granular
Approach Mechanism (void fraction) injectable Utilization for MIPs As bioinks
Vacuum Removal of interstitial air ~ ~20-40% Moderate Moderate-gentle Limited with secondary
jamming in a confined chamber (tunable by (dependent on compaction, limited  crosslinking often required
for microgel compaction ~ vacuum intensity) vacuum strength) shape fidelity for stabilizing the
structures
Centrifugation Force-driven compaction ~ ~10-30% Moderate-high High-controllable Moderate-high-useful with
jamming (adjustable by (higher speed yields  packing supportive polymers
speed/time) stronger packing)
Interparticle Covalent or supra- ~15-35% (varies ~ High (chemical High-retains High-suitable for direct
linking molecular linking with linker bonded networks, structure post bioprinting

density)
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with shear thinning properties.®® By controlling the particle
shape, polymer concentrations, and vacuum pressure, tune-
able void spaces can be generated in developed granular
hydrogels."*®

The simplicity and versatility of vacuum jamming have
made it a popular technique for creating shear-thinning inject-
able granular hydrogels from a broad range natural and syn-
thetic polymers. For instance, methacrylate oxidized alginate
(OMA) particles were utilized to develop granular hydrogel
bioinks that can be further stabilized with light post extrusion
due to presence of methacrylate groups. Developed granular
hydrogels were utilized as bioink for 4D bioprinting and
demonstrated tremendous potential for chondrogenesis due to
polysaccharide matrix as its backbone.’® Similarly, researchers
have utilized vacuum jamming process to develop injectable
granular hydrogels from Gelatin methacryloyl (GelMA) and
Oxidized Alginate (AlgOx). Microparticles of GelMA and AlgOx
were synthesised utilizing extrusion fragmentation and cen-
trifugal microgel device respectively, and were jammed using
vacuum filtration. By tuning the void fractions in jammed
hydrogels, the authors showed their capacity to tune cellular
response.’®” A comparable approach has been employed to
create granular hydrogels from Norbornene modified
Hyaluronic acid (Nor-HA) microparticles fabricated using
microfluidics (Fig. 5A). By tuning the polymer compositions
and particle size, researchers demonstrated the impact of vari-
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able void spaces (micro-pores) on cell behaviour with possible
extension of this approach to a wide range of natural and syn-
thetic polymeric micro-particles.’® Recently to enhance the
potential of granular bioinks, platelet lysates have been
coupled with hydrogel microparticles to enhance their regen-
erative potential. For instance, Nor-HA was mixed with Platelet
lysate and clotting factors to create microparticles with fibrillar
network using microfluidics."*® These microparticles were
then jammed using vacuum jamming to create granular hydro-
gels that showed native ECM like fibrillar architectures.
Developed hydrogels showed high extrudability and shear thin-
ning properties and showed potential as micro-porous fibrillar
hydrogels for minimal invasive treatments.

Latest advancements in the area have driven the exploration
towards creating granular hydrogels with multi-functionality.
For instance, in regenerative medicine, electroactive properties
have known to enhance the performance of scaffolds/inject-
ables upon implantation.’*>'*° Electrical stimulation can
enhance the regenerative potential of bulk hydrogels and have
been largely explored for different areas of regenerative
medicine.*'*?> Recently, electroactive granular hydrogels have
been explored as a promising alternative over bulk counter-
parts. By fragmenting bulk hydrogels into microparticles,
enhancement in conductivity and improved extrudability are
possible advantages along with micro-porous architectures.
This has been validated in recent research, where authors

uJammi@ _
Vacuum Filtration

Microgel ink preparation

emulsification washing soaking jamming

@ 42
i‘ uv

DNGH 3D printing and post-curing

ink curing 3D printing

Fig. 5 Vacuum driven jamming allowing development of microporous granular hydrogels from micro-particles. (A) NorHA microparticles fabricated
using microfluidics can be jammed into granular hydrogels with injectability and shear-thinning properties, reproduced from ref. 62 with permission.
Copyright©2019, Wiley-VCH GmbH. (B) Electroactive granular injectables can be developed by jamming conducting microgels using vacuum fil-
tration. Gallol modified hyaluronic acid conducting microparticles showing injectability and shear thinning properties post vacuum driven jamming,
reproduced from ref. 143 with permission. Copyright©2019, Wiley-VCH GmbH. (C) Polyelectrolyte-based double network granular hydrogels with
fascinating mechanical properties mimicking soft tissues can be developed using vacuum-driven jamming, reproduced from ref. 144 with per-
mission. Copyright©2020, Wiley-VCH GmbH.
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Fig. 6 Centrifugation driven development of granular microporous assemblies with adaptive porosities by variation of centrifugation speed. (A)
Norbornene modified hyaluronic acid microrods and microspheres packed using a centrifugation-driven approach into bulk granular hydrogels. (i)
Injectability evaluation of granular hydrogels made up of rods or spheres through a 27G needle, (ii) impact of variation of centrifugation speed on
packing density and corresponding host cell infiltration upon subcutaneous implantation, reproduced from ref. 113 with permission.
Copyright©2022, Wiley-VCH GmbH. (B) In vivo response of varying centrifugation speed on granular hydrogel properties upon subcutaneous
implantation. (i) Histological examination of loosely and highly packed granular hydrogels upon subcutaneous implantation, demonstrating that
control on cellular infiltration can be achieved through precisely controlling the microporosities by variation in centrifugation speed. (ii) Immune
cells and neo-vascularization infiltration depths in granular hydrogels of varying porosities. (iii) Quantified values depicting precise control on inject-
able properties by varying microporosities, reproduced from ref. 116 with permission. Copyright©2024, Wiley-VCH GmbH.
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developed a shear thinning granular hydrogels from gallol
modified Hyaluronic acid (HA-Ga) microparticles fabricated
using microfluidics. Post fabrication, particles were modified
via an in situ metal reduction process and were subsequently
jammed to create injectable granular hydrogels with electroac-
tivity that can be utilized for tissue regeneration (Fig. 5B)."*® It
is well known that electric potential accelerates the prolifer-
ation of chondrocytes and the synthesis of ECM molecules
that can accelerate the regeneration process. In this regard
such electroactive granular hydrogels have tremendous poten-
tial for their exploration in treatment of cartilage disorders.
Recently, the concept of double network granular hydrogels
can further fine tune the mechanical properties of these gran-
ular composites, extending their potential in soft tissue engin-
eering. These granular composites can be easily developed
using vacuum jamming process and have shown potential to
support cellular growth (Fig. 5C).***

Vacuum jamming processes allows developing granular
bioinks from a wide variety of synthetic and natural polymers,
since no chemical modifications are required for jamming
them. This has allowed researchers to explore granular hydro-
gels with multi-functionality such as electroactivity, fine tuning
of mechanical properties, and possible inclusion of other
tissue specific polymers to extend their utilization in wide
range of soft tissues. Despite the rapid adoption of vacuum
jamming in the creation of granular assemblies, the technique
has inherent limitations, primarily due to its reliance on
vacuum forces. The stability of the developed bioinks is highly
dependent on the vacuum pressure applied during the
jamming process. Low vacuum levels can result in unstable
granular assemblies, increasing the likelihood of hydrogel par-
ticle disintegration when injected for regenerative purposes.
Conversely, excessive vacuum pressure can deform the hydrogel
particles, reducing the available pore space and limiting the
diffusion potential within the granular bioinks. Furthermore,
controlling porosities; an important aspect particularly when
applications are avascular tissues like cartilage, vacuum
jamming approaches provide limited control on achieving con-
trolled porosities. Although these trade-offs restrict the broader
application of vacuum jamming, the technique remains widely
used due to its simplicity, versatility, and ability to create gran-
ular hydrogels from a diverse range of natural and synthetic
microparticles with minimal modification.

2.2.2.2 Centrifugation driven - jamming. Centrifugation-
driven jamming of micro-particles is a widely adopted tech-
nique for creating granular hydrogels, as it allows for the easy
formation of densely packed hydrogel assemblies.***> By apply-
ing centrifugal forces to micro-particles, the repulsive inter-
actions between them are reduced, enabling the particles to
aggregate and form structures with interstitial spaces. These
aggregated particles can then be easily collected as granular
aggregates and utilized in various applications, ranging from
regenerative medicine to granular bioinks for 3D/4D printing.
One of the key advantages of centrifugation jamming is its ver-
satility, particularly in controlling the void spaces between par-
ticles by adjusting the centrifugation speed (Fig. 6A)."**'°
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This enables researchers to generate granular assemblies with
a wide range of void spaces, providing insight into how these
voids influence the mechanical properties and cellular
responses of granular injectables.”

Such controls on porosities particularly makes this tech-
nique extremely useful for tuning granular hydrogels for
tissues like cartilage."*>'*” Cartilage is an avascular tissue,
which makes diffusion a critical factor in its regeneration. In
this context, optimizing the void space within granular hydro-
gels ensures adequate nutrient and oxygen diffusion, support-
ing the migration of cells and promoting efficient tissue
repair. Centrifugation jamming has enabled the creation of an-
isotropic granular assemblies, with controlled vascular pat-
terns and cellular infiltration, by fine tuning void spaces.'**'*?
Such assemblies can be extended to injury models, providing
valuable insights into how the void spaces within granular
hydrogels impact tissue recovery. A similar approach has been
applied to study the effect of packing density in GelMA-based
granular hydrogels, where researchers have demonstrated how
varying centrifugation speed affects cellular behaviour and
in vivo hydrogel performance.''® Adjusting packing density can
fine-tune macrophage polarization (Fig. 6B),"'*'**'*° further
highlighting the potential of this technique in optimizing
hydrogel properties.'> Recent advancements have incorpor-
ated nano-silicates with hydrogel microparticles, to further
fine tune interconnectivity of void spaces.'>> Researchers have
shown that the addition of negatively charged nano-silicates
can further refine the void structure, enhancing cell pene-
tration and supporting the deeper migration of cells into the
hydrogel.'*®* This combination allows better fine-tuning of
micro-porosities and enhances the regenerative potential of
these hydrogels.

Although centrifugation-based jamming has proven valu-
able in optimizing the micro-porosity of granular hydrogels, it
also introduces challenges. The process can lead to heterogen-
eity in the packing of particles, resulting in regions with either
loosely packed or densely packed particles. Furthermore, the
high centrifugal forces applied during the process may deform
delicate microparticles, potentially compromising the hydro-
gel’s structural integrity. The centrifugation procedure can
also be time-consuming, and the heat generated during the
process could affect temperature-sensitive microparticles.
Despite these drawbacks, the simplicity and precision with
which centrifugation can control void spaces make it a widely
used technique for investigating and developing granular
hydrogels with tailored properties, particularly in the context
of regenerative medicine.

2.2.2.3 Interparticle linkage. Jammed hydrogels developed
using approaches such as vacuum and centrifugation driven
jamming interact through non-specific physical forces, which
can easily deform upon mechanical stress, limiting their appli-
cation for load-bearing tissues such as cartilage. Moreover,
monodisperse granular hydrogels developed using such
approaches often fails to recapitulate the in vivo complexities.
In contrast, the granular hydrogel assembly via interparticle
linkages can develop heterogenous granular assemblies'>® and
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3D environments that can closely recapitulate such complex-
ities. Introducing supramolecular or chemical modifications
in these hydrogels can endow dynamic properties such as
mechanical reinforcement, elasticity, self-healing, etc.*®'*
Granular hydrogels can be tuned across a vast range by manip-
ulating a wide spectrum of supramolecular and chemical lin-
kages. The supramolecular interactions include hydrogen
bonding, electrostatic and host-guest interactions, etc.
Hydrogen bonding is a relatively weak physical interaction, but
increasing the hydrogen bonding density can give mechani-
cally sound structures. Host-guest linkage is a non-chemical
interaction in which a function moiety like adamantane is
physically entrapped in the host cavity (like cyclodextrin).
Hydrogels formed by these interactions have good self-healing
and shear-thinning properties. For example, Joshua E. Mealy
et al. fabricated a granular hydrogel assembly using the host-
guest interactions between the hyaluronic acid microgel
(Fig. 7A).”° Interparticle linkages induced by host-guest inter-
actions provided mechanical resiliency to the hyaluronic acid
granular hydrogels. Host-guest interactions are usually respon-
sive to certain stimuli, which can be varied with the responsive
nature of the guest to a specific stimulus. These interactions
are generally fast and biocompatible.'>® Another approach is to
use granular hydrogels carrying either positive or negative
charge that can assemble due to the electrostatic interactions
at the interface.’>® The electrostatic interactions are dynamic
and reversible in nature. Environmental conditions like acidic
or alkalinity can affect the assembly and disassembly of granu-
lar hydrogels. Zaman Ataie et al. used a unique approach to
introduce jamming the granular hydrogels by using charge-
driven silica nanoparticles, which can form dynamic bonds
between the microgel particles.'®* In another study, polymers
with opposite charges were used to fabricate microgel assem-
bly. Gelatin methacrylate and chitosan methacrylate carry
negative and positive charges, respectively, mediating the for-
mation of microgel assembly through electrostatic interactions
(Fig. 7B)."”

Besides leveraging supramolecular interactions for granular
hydrogel assembly, reversible chemical interactions can also
be utilized for interparticle linkages. Chemical reactions
between the functional moieties present in the microgels drive
such interactions and offer stability to the granular hydro-
gels."® The ways through which chemical interactions can be
introduced are click chemistry,"*® Schiff bases,** enzymatic lin-
kages,'®® and photo-initiated radical polymerization.'*® Click
chemistry mediates microgel assembly through heteroatom
linkages. The click chemistry can be thiol-ene, Diels-Alder, or
vinyl sulfone-amine reactions, which are highly selective and
give high yields (Fig. 7C). Granular hydrogels can also be
assembled using enzymes as a catalysis. For instance, two
peptide-grafted polyethylene glycol-based microgels were
linked via the formation of amide bonds between the peptide
ends facilitated by the enzyme transglutaminase factor
XIlla."®" The photo-initiated polymerization reaction involves
the generation of free radicals under the presence of light,
which helps in the polymerization of the reactive group to
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induce a bond and, ultimately, microgel assembly.
Christopher B. Highley et al. employed norbornene-modified
hyaluronic acid and acrylate polyethylene glycol to fabricate
jammed microgels using a photo-mediated polymerization
reaction.®> Another study synthesized microgel using ionic
crosslinking of alginate methacrylate and microgel assembly
using Photo crosslinking."®>

The interparticle-driven microgel jamming method is a
well-established approach for creating granular hydrogel
assemblies, but it is not without its challenges. One significant
limitation is that it often requires the modification of pre-poly-
mers with specific functional moieties. This adds an extra
layer of complexity to the process, making it more time-con-
suming and potentially hindering scalability. The incorpor-
ation of these functional groups typically demands specialized
chemical steps that are difficult to standardize for large-scale
production, raising concerns about the commercial viability of
this approach. Additionally, in many cases, secondary stabiliz-
ation methods such as vacuum treatment or centrifugation are
employed to maintain the structural integrity of the granular
assemblies, introducing additional complexities to the
method, which can further limit its practicality.

Another critical challenge associated with this method is
the difficulty in precisely controlling the pore size within the
resulting hydrogel structure. The size and distribution of pores
are essential for tailoring the material’s properties, such as its
mechanical strength, drug delivery capabilities, or its suit-
ability for specific biological applications. However, the inter-
particle jamming mechanism, which depends on the inter-
actions between functionalized microgels, often leads to
unpredictable pore formation, limiting the control over these
structural characteristics. This lack of precise pore size control
can hinder the performance of the hydrogel in certain appli-
cations, particularly in sensitive areas like tissue engineering,
where uniformity and reproducibility are crucial.

Despite these drawbacks, the chemical modifications used
in the interparticle linking approach do confer certain advan-
tages, particularly in terms of the mechanical strength and
self-healing properties of the resulting granular assemblies.
These enhancements make the approach particularly promis-
ing for applications where robust, load-bearing materials are
required, such as in the development of artificial cartilage or
other tissue-engineering applications. The self-healing ability
is a desirable feature for applications that require long-term
functionality under mechanical stress. However, the need for
chemical modifications and the associated complexities makes
this approach less attractive when scalability and ease of
control are prioritized.

3 Application in cartilage repair and
regeneration
3.1 Granular hydrogels in cartilage tissue engineering

The purpose of cartilage tissue engineering (CTE) is to repair
the damaged region with cell and tissue regeneration to
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restore the structural and biological functions of cartilage.
Granular hydrogels are promising in CTE because of their dis-
tinguishing features, such as well-defined micro-scale poros-
ities, interconnected pores, tuneable biodegradability, and
mechanical properties.’*® In particular, the self-healing and
shear-thinning properties of these hydrogels sanction the ease
of injectability at the injury site in a minimally invasive
way.*®1%® Further, using granular hydrogels allows the pro-
duction of spatial heterogeneity in the 3D printed construct to
mimic the hierarchical and spatial organization of cells and
ECM components as present in the native cartilage. This is
achievable by mixing different populations of hydrogel micro-
particles with distinct physical and mechanical features, like
stiffness, to create heterogeneity. The unique advantages of
granular hydrogels are that they provide better printability due
to excellent shear thinning and self-healing mechanisms, and
optimal cellular functions due to microporous structure, pro-
viding multifunctional properties to the bioinks for 3D bio-
printing of cartilage mimicking scaffolds.’*'*>'** Herein, we
have discussed the application of granular hydrogels for carti-
lage tissue engineering.

3.1.1 Granular hydrogel as injectable biomaterials for carti-
lage tissue engineering. MIPs for treating partial thickness
chondral defects offer distinct advantages, such as direct deliv-
ery of hydrogels and compounds at the site, reduced risks of
complications, faster recovery, minimal scarring at the site of
injection, and the ability to self-fit in the irregular defect.”
Granular hydrogels can prove to be an excellent candidate for
MIPs due to their superior rheological properties and inject-
ability. The self-healing behaviour of granular hydrogels
further strengthens this theory as it will restore the structural
composition of the hydrogel post-injection. Like the traditional
hydrogels, granular hydrogels can be reinforced with cells like
stem cells or autologous chondrocytes or bioactive com-
pounds, including drugs and growth factors, to accelerate
healing of cartilage lesions via enhanced chondrogenic induc-
tion and/or immunomodulation.”® In this section, we have
reviewed and discussed the efforts made in the design and
development of granular hydrogels with multifunctional pro-
perties as injectable materials for MIPs to treat cartilage degen-
erative diseases. Conrad et al. designed gelatin-based microrib-
bon (uRB) granular hydrogels with increased mechanical pro-
perties to enhance cartilage regeneration (Fig. 8A)."®> The
porous structure imparted shock-absorbing properties in the
URB hydrogels. The compressive modulus of the hydrogel was
increased up to 255 kPa post twenty-one days of MSC seeding.
On the contrary, traditional bulk hydrogels show a compressive
modulus of approximately 60-65 kPa.”” Such a substantial
increase in the mechanical properties is due to enhanced neo-
cartilage formation within the microporous structure of uRB
hydrogels. Another group attempted to reinforce the gelatin
uRB hydrogel with chondroitin sulfate and observed an
increased compressive modulus (355 kPa) when loaded with
adipose-derived stem cells and neonatal chondrocytes. The
authors hypothesized that adding chondroitin sulfate to the
URB hydrogel might have facilitated increased deposition of

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

the ECM by the stem cells and chondrocytes.'®® Although
these studies did not fully explored high aspect ratio pRB
hydrogels for MIPs, reports suggest that they have excellent
shear thinning properties,"** making them a promising candi-
date for MIPs.

As the microporous structure of granular hydrogel can
promote stem cell survival and their cell-cell communication
required for chondrogenesis, similar approach was adopted by
Fanyi Li et al. in which they introduced stem cell-laden gelatin
norbornene (GelNB) - poly(ethylene glycol) dithiol microgels
for intra-articular delivery to treat cartilage lesions.®>'®” The
microgel system promoted chondrogenic differentiation of
stem cells compared to the bulk hydrogels. Significant
expression of TGF-p and collagen II was observed in the stem
cell-encapsulated microgels. When injected in the sub-
cutaneous region of the mouse model, it was observed that the
cartilage matrix was homogenously distributed, and the carti-
laginous tissue occupied the inter-microgel spaces analogous
to the natural cartilage.®®> However, they did observe multiple
cavities within the microgel system, possibly due to accelerated
degradation by the matrix metalloproteinases. Also, type I col-
lagen was significantly expressed along with type II, which
suggests that a continuous and prolonged chondrogenic
induction is required for regenerating native cartilage. To
stabilize the granular hydrogel properties and improve the
long-term maintenance of encapsulated stem cells, the same
group utilized a 4-arm poly(ethylene glycol)-N-hydroxysuccini-
mide (NHS) crosslinker to induce covalent bonds in the
gelatin/polyethylene glycol (PEG) microgel blocks to form
microgel assembly and achieve chondrogenesis.”® They func-
tionalized gelatin with norbornene and PEG with thiol moi-
eties to fabricate microgels with a pipette tip-based microflui-
dic process and subsequently crosslink the microgel droplets
with blue light. This stem cell-loaded microgel assembly not
only increased the expression of chondrogenic markers such
as Sox9, Collagen II, and aggrecan but also increased the ECM
production, as confirmed by alcian blue and safranin O stain-
ing. However, the degradation profile of this microgel assem-
bly needs to be evaluated in vivo to check the efficacy of micro-
gels for cartilage regeneration, as the inflammatory stress and
protease enzymes can alter the rate of degradation of the
microgel assembly.

Granular hydrogels can also be employed for the targeted
delivery of cells at the disease site to provide a concentrated
and localised treatment for tailoring cartilage regeneration."®®
The unique physical properties of such microporous hydrogels
furnish a supportive microenvironment for the cells to prolifer-
ate and differentiate into a desired phenotype. Along the same
line, Yu Zhu et al. leveraged materials such as hyaluronic acid,
polyethylene glycol, and gelatin to fabricate granular hydrogel
for the deployment of chondrocytes for cartilage regener-
ation.’® The hydrogel microparticles were annealed with
photocrosslinks to provide stability to the hydrogel structure.
They observed enhanced hyaline cartilage matrix deposition
and studied the role of AMP-activated protein kinase/glycolysis
pathway in promoting the chondrogenic phenotype of the
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Fig. 8 Application of granular hydrogels as injectable hydrogel for cartilage tissue engineering. (A) p-Ribbon based granular hydrogel assembly
loaded with MSCs can promote efficient chondrogenesis. (i) Safranin-O staining depicting enhanced GAGs deposition in p-ribbon granular hydro-
gels, (i) trichrome staining showing similar trends with enhanced collagen deposition observed in granular gels, reproduced from ref. 143 with per-
mission. Copyright©2018, Mary Ann Liebert, Inc. (B) Photo annealable granular hydrogel can be utilized to deliver chondrocytes to cartilage lesions
and can promote hyaline cartilage regeneration. Histological examination depicting effectiveness of granular hydrogels in cell delivery over bulk
hydrogels, reproduced from ref. 96 with permission. Copyright©2022, American Chemical Society. (C) Injectable granular hydrogel assembly devel-
oped from vinyl sulfonated hyaluronic acid (HA-VS) and thiolated gelatin (Gel-SH) can be used for cartilage regeneration through controlled neo-
vascularization. (i) Injectability evaluation of granular cell loaded injectables, (ii) in vivo implantation of MSCs loaded granular injectable hypodermi-
cally into nude mice to evaluate the ectopic cartilage formation, (iii) granular assemblies demonstrated controlled vascularization and prevented
hypertrophy over 8 weeks of implantation, leading to effective cartilage regeneration, reproduced from ref. 169 with permission. Copyright©2019,
Wiley-VCH GmbH. (D) Zwitterionic granular hydrogel can be developed using mechanical fragmentation from bulk hydrogels and can be annealed
enzymatically. (i) Microparticles of varied stiffness can be generated via extrusion of bulk TEDA hydrogels of varied stiffness, (ii) impact of varying par-
ticle stiffness and granular hydrogel porosity on chondrogenic potential of developed granular hydrogels. Authors demonstrated the superiority of
porosity over stiffness in controlling the extent of chondrogenesis, reproduced from ref. 171 with permission. Copyright©2024, The Royal Society of
Chemistry. (E) Heterogeneous granular assembly developed using fast and slow degrading microgels annealed via thiol-ene chemistry can allow
efficient cartilage regeneration post-injection. (i) The schematic representation of generating hydrogel microparticles and corresponding interparti-
cle annealing using thiol-ene chemistry, (ii) Col-1 and Col-1l deposition in cartilage lesion model illustrating efficient therapeutic potential of granular
hydrogels post injection, reproduced from ref. 172 with permission. Copyright©2024, The Royal Society of Chemistry.
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enclosed cells (Fig. 8B). Interestingly, a study by Qi Feng et al.
demonstrated the self-assembly phenomenon in the microgel
due to cell-to-cell connectivity when the cell grows rapidly over
time on the surface of the microgel."®® The microgel precur-
sors used in this study were thiolated gelatin and vinyl-sulfo-
nated hyaluronic acid. The bone mesenchymal stem cell-laden
microgels were fabricated using droplet-based microfluidic
techniques, and they showed excellent cell viability and pro-
liferation. The in vivo implantation of this system revealed that
the stem cell’s interconnectivity led to microgel assembly
without any additional crosslinking and prevented neovascu-
larization and hypertrophy, thus mimicking the native carti-
lage (Fig. 8C). Furthermore, immunohistochemistry showed
significant cartilage matrix deposition in the microgel
implant. Although these studies successfully demonstrated the
efficacy of stem cell encapsulated microgels for cartilage tissue
engineering, they did not consider the innate immune
response from the host, which can impact the stem cell survi-
val. To address such concern, Ma et al. designed macrophage
membrane-decorated microgels using physical crosslinking
between gelatine and chondroitin sulfate with hydrogen and
ionic interactions.'”® They overexpressed the matrix metallo-
proteinases using trypsin to hydrolyze gelatin and release
chondroitin sulfate (66%) from the microgel in an inflam-
mation-responsive manner, which was significantly less in the
absence of trypsin (2%). The macrophage membrane-coated
microgels can be localized at the inflammatory sites in an
in vivo environment. In the osteoarthritis mice model, the
microgels substantially decreased joint erosion, inhibited
chondrocyte apoptosis, and promoted glycosaminoglycan
deposition.

Further, zwitterionic granular hydrogels can be exploited to
suppress innate immune response from the host due to their
superior antifouling properties. The degree of crosslinking in
zwitterionic granular hydrogels can directly affect the stiffness
and porosities of the hydrogel, which can have an impact on
chondrogenesis (Fig. 8D)."”! Using various concentrations of
tetra (ethylene glycol) diacrylate (TEGDA), the zwitterionic
Carboxybetaine acrylamide (CBAA) and tyramine acrylamide
microgels were fabricated using the fragmentation method.
The porosities in the granular hydrogel were found to be 40%
in microgels crosslinked with high amounts of TEGDA. In con-
trast with the granular hydrogels prepared from fragmentation
methods that have demonstrated poor control on the microgel
porosities,”® the authors were able to modulate porosities up
to 40% by varying the cross-linking degree. The primary chon-
drocytes encapsulated within the granular hydrogel showed
significant proliferation and spreading in the high TEGDA
hydrogel with increased expression of Collagen II and Collagen
I and secretion of GAG. The group was able to demonstrate
that the stiffness was dominated by the void fraction in the
granular hydrogel for chondrogenesis, which can help to
improve cartilage regeneration. Zequ Lin et al. designed a het-
erogenous microgel assembly consisting of fast and slow
degrading microgels to release stromal cell factor-1 (SDF-1) for
stem cell homing and formation of micro-nest within the
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microgel assembly (Fig. 8E)."”> The fast-degrading microgels
or the F-microgels were prepared using Schiff base chemistry,
while the S-microgels (slow-degrading microgels) were pre-
pared with an amidation reaction. Thiolated gelatin was used
as an assembly agent and was triggered by light after intra-
articular injection to initiate microgel assembly. SDF-1 and
N-cadherin peptides, conjugated to the microgels, tailored
stem cell homing and subsequent chondrogenesis, respect-
ively. This heterogenous microgel assembly modified with pep-
tides increased the expression of collagen2, Sox9, and aggre-
can, suggesting chondrogenic differentiation of the stem cells.
Nikolas Di Caprio et al. fabricated MSC and granular hydrogel
composite to facilitate cartilage regeneration by cell-to-cell
contact guidance and granular hydrogel stability.”® After cen-
trifugation of the spheroids and granular hydrogels separately,
they were mixed in various ratios. They found that 20: 80 and
35:65 spheroid to granular hydrogel ratios gave a stable struc-
ture due to increased interparticle crosslinking in the granular
hydrogels. The ability of the granular hydrogel composite to
promote chondrogenesis was confirmed by increased
expression of collagen II, Sox9, and aggrecan, further promot-
ing GAG deposition. The shear-thinning and self-healing pro-
perties of MSC spheroid and granular hydrogel composite will
allow injectability at the target site through MIPs.

An attempt has been made to formulate a nano-in-microgel
system by incorporating drug-loaded PLGA nanoparticles and
further conjugating the microgel with cartilage-binding pep-
tides for articular cartilage regeneration.*® The microgel con-
sisting of 4-arm polyethylene glycol maleimide served as a
depot for the drug-loaded PLGA nanoparticle and released the
model drug sustainably for up to sixteen days. Whereas, drug-
loaded PLGA nanoparticles delivered without hydrogel depots
fail to retain the drug at the disease site and are usually
cleared from the joint space within a week.'”®>"'”* The addition
of peptides aided the binding of the microgel to the native car-
tilage and synoviocytes. Similar patterns were observed in the
rat osteoarthritis model. The drug-loaded nanocomposite
microgel had a longer retention time in the rat joint when
compared to the free drug. This study demonstrates that
microgels can be efficiently used for therapeutic delivery in the
interarticular space. Another study used kartogenin-loaded
cyclodextrin nanoparticles to prepare nanocomposite stem
cell-laden microgels for cartilage regeneration.'”> The microgel
assembly was achieved by dynamic covalent bonds between
the dopamine-conjugated hyaluronic acid and phenylboronic
acid groups. As discussed earlier, the assembly in the current
microgel systems is more uniform and efficient than the
microgel assembly obtained by cell-cell interactions. The kar-
togenin-loaded nanoparticles helped positively modulate the
chondrogenesis of stem cells along with the inherent micro-
porous structure of the microgel. The in vivo rabbit testing also
showed promising results in terms of cartilage regeneration
with this microgel system. Anna Puiggali-Jou et al. employed
ionic interactions to load positively charged growth factors
into the granular hydrogel using negatively charged sulfated
hyaluronic acid methacrylate (SHAMA).'”® Growth factor-
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loaded SHAMA created micro islands within the HAMA granu-
lar hydrogel, forming a heterogeneous system annealed with
enzymatic crosslinking. This led to localized production of col-
lagen-1I and enhanced cartilage regeneration. Another impor-
tant clinical concept is to design injectable hydrogels with
radiopacity for image-guided delivery and post-injection moni-
toring of the hydrogels to optimise the probability of treatment
success in osteoarthritis. Radiopaque hydrogels allow the non-
invasive monitoring of the injectable biomaterials, which have
been shown to play an effective role in determining the
efficacy of such hydrogels."”® For example, Gullbrand and
group’”” synthesized hyaluronic acid injectable granular
hydrogels encapsulated with zirconium oxide nanoparticles for
intervertebral disc regeneration.'”® The nanoparticles imparted
radiopacity to the granular hydrogel, and this composite
demonstrated promising results for intervertebral disc repair
and large preclinical models. Such strategies can also be
explored for knee cartilage regeneration.

Overall, this evidence strongly supports the possibility of a
successful transition of granular hydrogels from lab to clinics
and holds tremendous therapeutic potential for MIPs related
to cartilage tissue repair and regeneration."”>'’® Although the
research focusing on granular hydrogels for cartilage is in the
early stage, significant in vitro and preclinical data suggest that
the granular hydrogel system can effectively engineer and
restore the structure and functions of cartilage. In the coming
years, it is expected that the microgels will be tested and evalu-
ated in large animal models for restoring the structural, bio-
chemical, and functional properties of the native cartilage to
boost the translation process. Key progresses made in the gran-
ular hydrogels for minimally invasive procedures for cartilage
repair and regeneration has been highlighted in Table 3.

3.1.2 Granular hydrogel as bioinks for cartilage tissue
engineering. When granular hydrogels are annealed to form a
jammed state, they behave like yield stress solids, which allows
them to remain in a solid state at rest and become fluidic
upon sufficient stress. Such a stress-dependent material prop-
erty is relevant for extrusion-based bioprinting, in which a bio-
material must undergo shear stress to be extruded from the
nozzle and solidify rapidly to maintain the shape fidelity.>""**
The physical interactions between the granular hydrogel
microparticles responsible for the yield stress behaviour can
endow unique rheological properties to the hydrogel without
interfering with the molecular compositions of the materials.
As a result, the cell viability is not compromised in the case of
3D bioprinting with granular hydrogel bioinks due to their
unique shear-thinning behaviour compared with traditional
bioinks. Furthermore, microporous structures and excellent
pore interconnectivity in the granular hydrogels can help in
effective cellular communication for cartilage regeneration.”®
This unique blend of printability and porosity makes them a
more promising alternative bioinks for the extrusion-based 3D
bioprinting of complex architectures, particularly for complete
thickness cartilage defects.®**®*

In this context, Xin et al. 3D bioprinted polyethylene glycol
(PEG) microgels synthesised by the electrospraying tech-
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Fig. 9 Granular hydrogels can be utilized as bioinks for 3D bioprinting of patient-specific implants for large cartilage defects. (A) Photo-clickable
PEG microgels utilization for the development of granular hydrogel bioinks. (i) Schematic representation of 3D bioprinting process with stabilization
of structures post-biofabrication, (ii) printed cartilage mimicking geometries with high shape fidelity and resolution, reproduced from ref. 63 with
permission. Copyright©2019, The Royal Society of Chemistry. (B) Zwitterionic-based granular hydrogel bioprinted constructs implanted at the site
of cartilage damage can promote efficient neo-cartilage formation, reproduced from ref. 181 with permission. Copyright©2024, Wiley-VCH GmbH.
(C) Host—guest interaction driven granular hydrogels coupled with chondrocytes and ASC spheroids can be utilized to bio print fully matured carti-
lage constructs, reproduced from ref. 20 with permission. Copyright©2022, IOP Publishing Ltd. (D) Hyaluronic acid-based granular bioinks showing
excellent shear thinning properties and ability to create cartilage-mimicking tissue constructs with high resolutions that can be utilized as patient-
specific grafts, reproduced from ref. 182 with permission. Copyright©2022, IOP Publishing Ltd. (E) lonically annealable granular hydrogel bioinks
demonstrating abilities for high-resolution 3D bioprinting, reproduced from ref. 183 with permission. Copyright©2024, IOP Publishing Ltd. (F) 4D
bioprinted cartilage-like constructs showing enhanced chondrogenesis over 21 days of culture, reproduced from ref. 89 with permission.
Copyright©2022, Wiley-VCH GmbH.
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nique.®® The authors employed click-chemistry to crosslink the
microgels, and the 3D printed structures were further annealed
by secondary crosslinking of the residual norbornene groups
(Fig. 9Ai). They were able to print structures up to 2 cm in
height without collapsing. Complex structures like the ear and
nose were printed with high precision (~4% greater than the
desired dimensions) using an 18-gauge nozzle (Fig. 9Aii).
Decellularized extracellular matrix ({ECM) can help in provid-
ing a suitable microenvironment for cellular functions, as it
contains tissue-specific biomolecules and can serve as an
excellent biomaterial for tissue regeneration.'®® Taking the
bioactivity of dECM into consideration, Zhang et al. designed a
granular bioink using a composite of dECM microparticles
and gelatin  methacrylate  (GelMa)  microspheres.'®
Polydopamine (PDA) was coated on dECM microparticles, and
hyaluronic acid was added to the GelMa microspheres to lubri-
cate the micro-interface friction. This granular bioink compo-
sition endowed superior printability, fidelity, and post-printing
structural stability to the scaffolds. When implanted in the
osteochondral defects of a rabbit, the granular ink scaffolds
showed signs of neo-cartilage formations as compared to the
blank group, which showed deposition of fibrous tissue in the
defects. Significant expression of GAGs and collagen II was
also observed in the experimental group (Fig. 9B). Another
group exploited the granular hydrogel stem to produce stem
cell spheroids within the hydrogel microparticle matrix.>
Porous granular hydrogels were formed by p-cyclodextrin
(B-CD) and poly(N-isopropylacrylamide) (PNIPAm) using the
host-guest interactions. The microporous structure allowed
the aggregation of stem cells, resulting in the formation of
spheroids. Subsequently, chondrocytes and stem cell spher-
oids were encapsulated in granular hydrogel bioink, which
exhibited outstanding shear-thinning and self-healing pro-
perties. The granular bioink was able to be printed in various
shapes in a multilayer fashion, depicting the potential of this
bioink for printing cartilage-like structures (Fig. 9C). M Wong
and group utilised tyramine crosslinked hyaluronic acid granu-
lar hydrogel with varied microgel size to investigate the effect
of hydrogel porosity on the secretion of ECM by the chondro-
cytes.'® The granular hydrogels were prepared by extruding
the bulk hydrogel through sieves with average aperture dia-
meters of 40, 100, and 500 pm. The granular hydrogel demon-
strated excellent injectability, printing precision, and ability to
print complex cartilage structures (Fig. 9D). The group
observed an inverse correlation between the pore interconnec-
tivity and the aperture diameter. As a result, the granular
hydrogel fragmented through 40 um grids showed enhanced
GAG deposition and tissue maturation following subcutaneous
implantation in mice. However, collagen I expression was also
seen in the microgel, indicating the microgels did not form
fully mature cartilage. In vivo implantation also elicited a mag-
nificent inflammatory response, especially in the microgels
with a large particle size. This may hamper the tissue regener-
ation process. Granular hydrogels with immunomodulatory
and chondrogenic properties may combat such problems
in vivo. In another study, the same group fabricated micro-
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strand using hyaluronic acid methacrylate, which randomly
entangle with each other, imparting structural stability
without any secondary crosslinks.’*® The hydrogel micro-
strands were compatible with chondrocytes and promoted
chondrogenesis. Zwitterionic granular hydrogels have also
been investigated as bioinks possessing outstanding rheologi-
cal properties and the ability to print large and complex struc-
tures. Such granular bioinks are able to produce and reorgan-
ise cell spheroids after 3D bioprinting, showing a promise for
in vivo tissue regeneration.'® Furthermore, zwitterionic granu-
lar hydrogel’s anti-fouling properties can effectively inhibit the
foreign body response, aiding in rapid cartilage regeneration
(Fig. 9E)."®*

4D printing is an emerging field that evolved from 3D print-
ing, where the printed scaffold undergoes dynamic reconfi-
guration upon exposure to predetermined stimuli. 4D printing
enables the construction of a smart system that can mimic the
complex tissue hierarchy and utilize natural or in vivo stimuli
to undergo dynamic transformations. 4D bioprinting of bio-
compatible materials to develop cell-laden constructs for carti-
lage regeneration can be of great significance.'®*'®> 4D print-
ing with bulk hydrogels poses numerous problems, such as
poor print fidelity and resolution, toxicity due to fabrication
techniques and degradation products, and restriction of cell-
cell communications.'®®*®” To overcome these hurdles,
authors have attempted to use granular hydrogels for 4D bio-
printing of cartilage constructs. For example, Ding et al. devel-
oped a single-component and heterogeneous microflake
hydrogel using oxidised and methacrylated sodium alginate
for 4D bioprinting.”® The post-printing anisotropization due to
photo-crosslinking induced the shape morphing of the con-
structs into predefined geometries. Mesenchymal stem cells
encapsulated in the bioinks remained highly viable after 4D
printing, and this cell-laden 4D printed scaffold promoted
GAG deposition and tissue maturation after chondrogenic
induction. In another study, the same group explored a 4D
cell-condensate bioprinting approach to fabricate a bilayer
structure to endow a shape transformation feature to a 3D
printed cellular construct (Fig. 9F).®° 4D bioprinting of granu-
lar hydrogels has fostered new ways to fabricate tissue con-
structs with reconfiguration dynamism to match the tissue
transformation and remodelling processes during healing and
regeneration.'®® Further preclinical studies should be directed
to determine the potential use of such a technique for carti-
lage tissue regeneration. All this evidence confirms the poten-
tial of granular hydrogels as compelling bioinks for 3D and 4D
bioprinting of tissue-mimetic constructs, which can integrate
with host tissues and orchestrate rapid healing of the cartilage
defects. Recent advancements made in the field of granular
hydrogel bioprinting for cartilage tissue engineering have been
highlighted in Table 4.

3.1.3 Clinical translation of granular hydrogel systems for
cartilage tissue engineering. Cartilage tissue engineering
approaches hold promising technology for treating chondral
defects tailored with the emergence of biomaterials-based
techniques and fabrication methods. MIPs are the clinically
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most preferred methods for cartilage repair and regeneration,
drawing considerable focus on injectable hydrogels. Injectable
hydrogels have also been widely used and investigated in other
tissue engineering sectors, such as bone, wound healing,
cardiac tissue engineering, etc. Around 30 clinical studies
involve injectable hydrogels for tissue engineering appli-
cations."® It is worthwhile to mention that, though bulk
hydrogels have excellent biocompatibility, degradation profile,
drug or growth factor loading capacity, and ability to fit into
irregular defects, they have not yet achieved good clinical out-
comes in terms of cartilage regeneration, and there remains a
vast space for improvement. Granular hydrogels can address
this limitation due to their versatility and numerous advan-
tages, such as high surface-to-volume ratio, microporous struc-
ture, shear thinning, and self-healing properties.””** As men-
tioned earlier, one of the most prominent attributes exhibited
by granular hydrogels is injectability, which allows the hydro-
gel to be delivered with MIP, leading to less pain and prevent-
ing the chances of secondary infections.® Currently, granular
hydrogels have been only studied in preclinical animal models
as the field has recently emerged but holds the potential to be
used in clinics in the future."® Though granular hydrogels are
proving to be a better therapeutic strategy for cartilage regener-
ation, as demonstrated in the in vitro and preclinical studies,
there remain some significant barriers that must be bridged
before translating granular hydrogels into clinics.’® Large-
scale fabrication methods need to be evolved to meet clinical
needs while maintaining quality standards, sterility, cost-effec-
tiveness, and safety. Batch-to-batch uniformity of the granular
hydrogel system is of utmost importance. It can be achieved by
a few techniques like droplet-based microfluidics,'*®'*?
Furthermore, to be commercialized into the markets, such a
product intended for tissue engineering applications must go
through regulatory pathways, which may vary in different
countries. Also, the production of granular hydrogels should
be in accordance with the ISO standards and Good
Manufacturing Practices (GMP).'®® Another concern is the
limitations of the choice of biomaterials for granular hydrogel
fabrication, especially for cartilage tissue engineering, as not
many biomaterials have been approved by the FDA. To sum-
marize, despite these barriers, granular hydrogels represent a
next-generation therapy with dynamic properties for cartilage
tissue regeneration. Cell-laden and/or growth factor-loaded
hydrogels are also emerging with immense potential to treat
cartilage defects and injuries. Ensuring regulatory and safety
compliance with additional studies of granular hydrogels in
large preclinical models and clinical trials for their safety and
efficacy can aid in translating this technology for cartilage-
related therapies.

4 Conclusion and future perspective

Granular hydrogels have emerged as a transformative class of
biomaterials in the field of cartilage tissue engineering,
offering a compelling alternative to traditional bulk hydrogels.
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Their intrinsic micro-porous architecture, formed through the
assembly of hydrogel microparticles, enables superior control
over mechanical and biochemical properties. This microstruc-
tural advantage supports enhanced cellular infiltration, nutri-
ent diffusion, and overall tissue integration—critical factors
for the successful regeneration of avascular tissues such as car-
tilage. Significant strides have been made in developing inject-
able granular hydrogels with tunable properties, allowing for
minimally invasive delivery and in situ formation. Notably, the
development of multifunctional granular systems capable of
integrating biochemical cues, cells, or bioactive agents has sig-
nificantly improved their regenerative potential. These systems
can be finely engineered to mimic the native extracellular
matrix (ECM), further supporting chondrogenesis and tissue
repair.

Despite these promising advancements, key challenges
must be addressed to facilitate clinical translation. Scaling up
the production of granular hydrogels remains a technical bot-
tleneck. Although recent innovations in high-throughput
droplet generation have improved microgel synthesis, post-pro-
cessing steps often slow down the overall fabrication workflow.
Additionally, translating these methods to a good manufactur-
ing practice (GMP) framework remains a critical next step for
clinical approval and widespread use. Future research should
also focus on the exploration of alternative biomaterials, par-
ticularly decellularized ECM and cartilage-derived extracts.
These components hold promise for creating more biologically
relevant hydrogel systems that closely emulate the native carti-
lage microenvironment. Such advancements could lead to
more effective and durable cartilage repair strategies.

Furthermore, while current preclinical studies predomi-
nantly utilize acellular formulations, the incorporation of
living cells—such as mesenchymal stem cells (MSCs), chon-
drocytes, or engineered cell types—can substantially enhance
regenerative outcomes. Coupling granular hydrogels with
therapeutic agents or growth factors could also provide
dynamic, on-demand responses to the injured environment.
However, these strategies must consider potential host
immune responses and ensure the survival and function of
encapsulated cells post-implantation. The integration of
advanced 3D biofabrication techniques, including robotic
arm-based printing of granular hydrogels, opens exciting pos-
sibilities for intraoperative applications. Such technologies
could enable patient-specific scaffold design and real-time car-
tilage repair, bridging the gap between bench-top development
and bedside implementation.

In summary, granular hydrogels represent a promising
frontier in cartilage tissue engineering, offering unparalleled
flexibility, bioactivity, and minimally invasive delivery. With
continued innovation in materials science, manufacturing
technologies, and biological integration, these systems have
the potential to redefine therapeutic strategies for cartilage
repair. By addressing current translational challenges and
leveraging emerging technologies, granular hydrogels are
poised to become a cornerstone in the future of regenerative
medicine.
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