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and disability in patients.

cell differentiation and maintenance for in vivo repair.

Chondrocytes, Biomolecules

Background: Articular cartilage lesions generated by trauma or osteoarthritis are the most common causes of pain

Abstract: The development of photopolymerizable hydrogels has allowed for significant advances in cartilage
repair procedures. Such three-dimensional (3D) networks of polymers that carry large amounts of water can be
created to resemble the physical characteristics of the articular cartilage and be delivered into ill-defined cartilage
defects as a liquid solution prior to polymerization in vivo for perfect fit with the surrounding native tissue. These
hydrogels offer an adapted environment to encapsulate and propagate regenerative cells in 3D cultures for
cartilage repair. Among them, mesenchymal stem cells and chondrocytes may represent the most adapted sources
for implantation. They also represent platforms to deliver therapeutic, biologically active factors that promote 3D

Conclusion: This review presents the benefits of photopolymerization of hydrogels and describes the
photoinitiators and materials in current use for enhanced cartilage repair.
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Background

Articular cartilage lesions remain a critical, unsolved
problem in orthopaedics due to the inadequate capacity
of this particular tissue for self-repair (Makris et al.,
2015). While various options are available in the clinics,
some of which promoting the restoration of hyaline car-
tilage in some patients, none of them satisfactorily lead
to the generation of a repair tissue capable of withstand-
ing mechanical stresses under natural conditions of
weightbearing (Makris et al.,, 2015).

Strategies based on the use of a number of readily
available biomaterials that are adapted for cartilage re-
pair may provide valuable approaches to support and
subsequently enhance the reparative activities in
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damaged cartilage (Cucchiarini & Madry, 2019). Such
biomaterials must be both biocompatible and bioresorb-
able while supporting cell growth and differentiation,
providing an adapted mechanical environment, and
allowing for the transport of cell nutrients. Such systems
include solid scaffolds, hydrogels, and hybrid materials
of either natural or synthetic origin with specific advan-
tages and limitations regarding their physical and mech-
anical properties (Cucchiarini & Madry, 2019).
Hydrogels as crosslinked hydrophilic polymers have
attracted much attention with their ability to form 3D
networks which can be fine-tuned to modify their bio-
compatibility and biodegradability (Hoffman 2012; Rey-
Rico et al, 2016). Several types of hydrogels may be
photopolymerized in the presence of photoinitiators
using visible light (VL) or ultraviolet (UV) light and can
be delivered as a liquid solution and then polymerized
in vivo, allowing for a perfect fit between the hydrogel
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and the surrounding native tissue (Fedorovich et al,
2009). Controlled delivery of peptides, proteins, cells,
and gene vectors may be achieved with the assistance of
these hydrogels (Cucchiarini & Madry, 2019; Rey-Rico &
Cucchiarini, 2016). In the present study, a systematic
overview of the emerging photopolymerizable hydrogel-
based treatments for cartilage repair is presented with
the goal to address the unsolved problem of cartilage de-
fects and to test the hypothesis that such therapeutic op-
tions may enhance the healing processes in sites of
cartilage lesions.

Current clinical approaches for cartilage repair
Patients with chondral and osteochondral lesions often
experience joint pain, tissue swelling, and mechanical
symptoms (e.g. locking, catching, or crepitus), which
drive them to seeking treatment to relieve the secondary
symptoms of joint disability (Grande et al., 2013). Cartil-
age lesions may be effectively managed with medical and
conservative modalities. Yet, the incidence of cartilage
degeneration and population ageing will result in more
patients seeking for treatments for symptomatic joints.
Current surgical treatment options are therefore expand-
ing with new techniques being developed for specific age
ranges and types of cartilage injuries (Hunziker, 2002).

Non-surgical treatments

Non-surgical treatments are used to control the patients’
symptoms and disability and possibly slow the progres-
sion of the degenerative changes associated with the
breakdown of the articular cartilage. Non-
pharmacological treatments include patient education,
physical therapy (e.g. heat and cold therapies), daily ac-
tivity modification (e.g. weight reduction and non-
weightbearing strengthening), bracing, orthotics, and
non-irritating aerobic conditioning (Buttgereit et al.,
2015). Pharmacological treatments include anti-
inflammatory medication, possibly viscosupplementation
and mild analgesics (e.g. acetaminophen), and intra-
articular corticosteroid injections. In contrast to medica-
tion, exercise and weight loss have no side effects and
may provide increases in range-of-motion and joint
strength, chondroprotection, reduction of cartilage deg-
radation and delayed progression to osteoarthritis (OA),
without gastrointestinal, kidney, or liver toxicity. Yet,
these options solely aim at alleviating pain.

Surgical treatments

Surgical considerations for treating symptomatic defects
include the etiology and chronicity, the general medical
and systemic history of the patient, degree of contain-
ment, characteristics of defects, integrity of the meniscus
and ligaments, and lower extremity alignment. When tis-
sues, cells, and/or matrices are used to stimulate
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cartilage repair, regeneration, or replacement, they must
be surgically adapted to the cartilage defect, with ap-
proximately 6 weeks of partial weightbearing to support
for the biological switch to induce chondrogenesis in the
defect. During this primary phase of biologic initiation
and attachment in the new environment, protection of
the forming repair tissue is desired to enhance the bio-
logic incorporation. This may be accomplished with
matrices, crosslinking, restricted motion, and limited
surface forces (Simon & Jackson, 2018). Stabilization and
retention of the early repair tissue within the cartilage
defect are of great importance, however, if the implanted
scaffold does not have structural or mechanical integrity
to withstand the joint forces, adaptive and often degen-
erative changes may be observed in surrounding tissues
of the defect (Jackson et al., 2001). Moreover, bleeding
management is a critical consideration as blood and
marrow cells may be selectively used in the repair. These
host cells may compete with desired cells for populating
a matrix. Attention must also be given to the convexity
of the surfaces in two dimensions. As the depth and
width of the compartment for the biologic material in-
creases, the potential for a deleterious “zone of influ-
ence” on the area of surrounding native cartilage exists
(Chen et al, 2011), including migration and thinning of
adjacent cartilage and cyst formation within the sub-
chondral bone (Peterson et al., 2003). In addition, iatro-
genic injuries may occur from multiple sutures in the
normal cartilage. Many procedures are technically de-
manding and may be applied only to specific patient
populations; therefore, the objectives of the certain sur-
gical technique must be clearly defined. Moreover, well-
controlled prospective studies that demonstrate the role
of the technique in cartilage repair, with either good or
poor results, are needed.

Marrow stimulation

Marrow stimulation procedures establish a communica-
tion of the defect with the subchondral bone marrow
compartment, allowing for migration of mesenchymal
stem cells (MSCs) and subsequent chondrogenesis. The
techniques include microfracture (Steadman et al,
2001), subchondral drilling (Gao et al., 2018), and abra-
sion arthroplasty (Johnson, 1986) which are relatively
easy and cost-effective to perform. These techniques typ-
ically yield a filling of the defects with fibrocartilaginous
repair rather than the original hyaline cartilage. Such a
heterogeneous repair tissue may display inferior mech-
anical characteristics possibly leading to reduced long-
term clinical outcomes.

Autologous chondrocyte implantation
The autologous chondrocyte implantation (ACI) tech-
nique extracts and cultivates articular chondrocytes
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ex vivo for transplantation to sites of cartilage lesions
(Brittberg et al.,, 1994; Grande et al., 1987), allowing to
advance the processes of cartilage repair in vivo. High
success rates of cartilage repair were reported with this
technique, yet ACI is not indicated for OA lesions, con-
comitant ligamentous instability, and abnormal weight
distribution. Matrix-assisted ACI (MACI) has also been
used as a means to grow autologous chondrocytes on a
membrane scaffold which is implanted into the defect,
replacing the covering of the defect with a periosteal flap
(Tuan et al, 2013). Patients undergoing MACI in the
knee show favorable mid- to long-term clinical out-
comes, yet, a significantly higher treatment failure rate
was found for defects in tibiofemoral joints versus those
in patellofemoral joints (Schuette et al, 2017). Com-
pared with microfracture, MACI has been shown to
yield significantly improved 2-year outcomes for defects
larger than 3 cm?® (Saris et al., 2014). In addition, autolo-
gous matrix-induced chondrogenesis (AMIC) is an alter-
native one-step procedure based on microfracture using
defect coverage with a type-I/-III collagen matrix. Thus
far, only one clinical study reported significant clinical
improvements using AMIC for knee cartilage defects
(mean defect size 3.6 cm?) versus microfracture after 5
years (Volz et al, 2017) but no studies systematically
compared AMIC to MACI in the knee, to microfracture
or ACI in the ankle, or to ACI in the hip.

Stem cell therapy

Stem cell-based therapy is an attractive approach to en-
hance cartilage repair, especially when applying MSCs
that exhibit a reliable potential for chondrogenic differ-
entiation. For instance, a multicenter randomized clin-
ical trial comparing the arthroscopic transplantation of
autologous bone marrow-derived MSCs via microfrac-
ture with microfracture alone in knee cartilage lesions
revealed better osteochondral healing following cell ther-
apy one year post-operatively (Hashimoto et al., 2019). A
randomized controlled trial for the treatment of knee
chondral lesions with peripheral blood MSCs-assisted
arthroscopic microfracture/microdrilling reported sig-
nificantly improved histological and radiographic cartil-
age restoration compared with  microfracture/
microdrilling (Saw et al., 2013). However, clinical admin-
istration of MSCs is hindered by a relative difficulty of
harvesting, by alteration of cell phenotype over in vitro
culture, and by a decreased differentiation capacity with
age. Induced pluripotent stem cells (iPSCs) have been
evoked as an alternative source of therapeutic cells as
they can indefinitely proliferate while being available in
large numbers and avoiding the limitations of MSC ther-
apy. Still, the risk of teratoma formation following iPSC
therapy should not be overlooked and strictly avoided
prior to further initiation of such clinical trials. Large
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controlled studies are thus required to confirm whether
such therapy can readily and safely improve clinical out-
comes. Standardizing the manufacture and administra-
tion of cellular platforms and identifying adapted
candidate treatments are necessary to determine their
ultimate efficacy and to allow for strict comparisons with
other established clinical approaches.

Osteochondral grafts

Such procedures are based on the transplantation of ei-
ther osteochondral autografts or allografts. Both chon-
dral and osteochondral lesions may be amenable to
autograft transplantation, being rapidly covered with a
mature, hyaline articular cartilage (Richter et al., 2016).
Nevertheless, the procedure is technically challenging
and associated with various complications, including re-
cipient failure, subsidence of the graft surface and sub-
chondral cyst formation as well as donor-site morbidity.
Overall, autograft transplantation has been recom-
mended to treat relatively small (chondral or osteochon-
dral) defects (<4 cm?). Recent evidence underlined the
importance of selecting donor sites to optimize the con-
tour of autograft and minimize the potential morbidity
of harvest sites (Bartz et al., 2001). Owing to such limita-
tions, allograft transplantation has recently gained in-
creased attention (Dean et al., 2016), avoiding donor-site
morbidity and allowing to treat large defects with ma-
ture articular cartilage in a single operation (Mirsasaani
et al,, 2011). However, the technique is restrained by the
necessity of using fresh allografts (15-28 days) for opti-
mal chondrocyte viability and mostly adapted for full
thickness lesions.

Osteochondral scaffolds

Such compounds are employed to induce in situ regen-
eration via cells that originate from the bone marrow,
leading to the formation of cartilage-like tissues. Several
in vitro and in vivo studies reported noteworthy tissue
formation even without additional cells (Kon et al,
2010) while a number of clinical trials demonstrated
their benefits in terms of efficacy, safety, and mid-term
satisfactory outcomes (Kon et al, 2014). A recent case
series study reported that a cell-free collagen-
hydroxyapatite osteochondral scaffold yielded short-term
clinical improvements in treated patellar chondral de-
fects (Perdisa et al., 2017). Clinical evidence also demon-
strated that implantation of osteochondral scaffolds is
well adapted for young patients, but also for individuals
with early OA (Di Martino et al., 2015).

Metallic focal resurfacing implants
Treatments with metallic resurfacing implants provide a
low friction bearing surface, achieve short-term
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symptomatic relief, but may complicate future interven-
tions (Goebel et al., 2016) if used in younger patients.

Advances in approaches using
photopolymerizable hydrogels for cartilage repair
Concepts of cartilage tissue engineering

As the current cartilage repair modalities are either too
complex and invasive, or generate unsatisfactory out-
comes, active investigation is ongoing to identify novel
tools for more effective and convenient therapies of car-
tilage lesions. Tissue engineering offers the possibility to
combine different therapeutic approaches based on cell
and molecular biology, material science, and biomedical
engineering to establish adaptable translational systems
mimicking the normal cartilage structurally and mech-
anically. Starting with the input of the patient’s com-
puted tomography (CT) data in a computerized tool
system, it may be also envisaged to precisely print a
combination of resources, resulting in a 3D construction
mimicking the native articular cartilage tissue.

The most commonly used natural materials in cartil-
age research include agarose, alginate, chitosan, collagen,
fibrin, and hyaluronan (Johnstone et al., 2013). Via spe-
cific surface receptors, these biomaterials may interact
with cells to contribute to cell migration, production of
extracellular molecules, and proliferation. Synthetic ma-
terials have been also extensively investigated including
poly (ethylene glycol) (PEG), poly(N-isopropylacryla-
mide) (pNiPAAm), polylactide acid (PLA) and its deriva-
tives (poly(L-lactic acid) - PLLA; poly (lactide-co-
glycolide acid) - PLGA; poly(D,L-lactide acid) - PDLA),
polyurethane (PU), and poly (vinyl alcohol) (PVA) (John-
stone et al., 2013). These polymers are relatively easy to
produce, exhibiting suitable mechanical properties. Par-
ticularly, they exhibit a high potential to entrap living
cells while providing a highly hydrated environment, fa-
cilitating nutrient diffusion, and serving as biological
stimuli for cell migration, proliferation, and differenti-
ation (Johnstone et al., 2013).

Photopolymerizable hydrogels

Hydrogels, crosslinked hydrophilic polymers, represent
an important class of biomaterials in biotechnology and
biomedicine with excellent biocompatibility, causing
minimal inflammatory responses, thrombosis, and tissue
damage (Rey-Rico et al., 2016). Hydrogels can also swell
large quantities of water without dissolution due to their
hydrophilic but crosslinked structure. Additionally,
hydrogels have high permeability for oxygen, nutrients,
and other water-soluble metabolites. Over the past de-
cades, a number of hydrogels differing in structure, com-
position, and properties have been developed and used
extensively in medical applications such as contact
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lenses, biosensors, linings for artificial implants, and
drug delivery devices (Ramakrishna et al., 2001).

Some types of hydrogels can be photopolymerized
in vivo and in vitro in the presence of photoinitiators
using VL or UV light (Fig. 1) (Bryant et al., 2000). Photo-
polymerized hydrogels have been investigated for various
biomedical applications including the prevention of
thrombosis (Hill-West et al., 1994), postoperative adhe-
sion formation (Hill-West et al., 1994; Hill-West et al.,
1995), drug delivery (Peppas et al., 1999), cell transplant-
ation (Elisseeff et al., 1999) and coatings for biosensors
(An & Hubbell, 2000). VL or UV light can interact with
light-sensitive compounds (photoinitiators) to create free
radicals and trigger polymerization to form crosslinked
hydrogels (Elisseeff et al, 1999). Photopolymerization
has also been used in printing materials, membranes,
polymeric materials, and surface coating/modifications
(Johnstone et al., 2013). Photopolymerization has several
advantages over conventional polymerization techniques,
including a spatial and temporal control over
polymerization, fast curing rates (less than a second to a
few minutes) at room or physiological temperatures, and
minimal heat production. In vivo photopolymerization
has been extensively employed in dentistry to form seal-
ant and dental restoration in situ (Mirsasaani et al.,
2011), allowing also for in situ gelation from aqueous
precursors in a minimally invasive manner via laparo-
scopic devices (Elisseeff et al., 2000), catheters (Rama-
krishna et al, 2001), or subcutaneous injection with
transdermal illumination (Elisseeff et al., 2000). Such ap-
plications, however, are difficult to perform with the nar-
row range of acceptable physiological temperature and
pH environment as well as the general toxicity of most
monomers and organic solvents. Some photopolymeriza-
tion systems can overcome these limitations because the
polymerization conditions are sufficiently mild (low light
intensity, short irradiation time, physiological
temperature, low organic solvent levels) to be carried
out in the presence of cells and tissues.

Applications in cartilage tissue engineering
Photopolymerizable hydrogel features

Photopolymerizable hydrogels are attractive for tissue
engineering applications because of their high-water
content and tissue-like mechanical properties. Their
high water content mimics the permeability of the extra-
cellular matrix (ECM) for optimal transport of oxygen,
nutrients, and waste products, making them ideal for
medical applications (Bryant et al, 1999). They can be
delivered as a liquid solution and then polymerized
in vivo for perfect fit with the surrounding native (cartil-
age) tissue (Fig. 1). Light-activated free radical crosslink-
ing of hydrogels is of particular interest in cartilage
repair strategies. Free radicals lead to the formation of
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in situ gelation

covalent bonds between macromolecular precursor mol-
ecules in a rapid reaction that results in the formation of
a polymer network with uniform and replicable physical
properties. Long-wave UV light-activated polymerization
is one of the most common methods of forming bio-
medical hydrogels with the advantages of temporal and
spatial control of the reaction, low energy requirements,
and clinically acceptable curing times (Baroli, 2006).
Additionally, photopolymerizable hydrogels can be con-
trolled to deliver peptides and proteins including growth
factors by directly tethering the recombinant agents to
the hydrogel for presentation to the embedded or sur-
rounding cells. 3D hydrogels in cell therapy, for example,
provide structural support for cells, enable proper diffu-
sion of metabolites, and offer immune or local protec-
tion from host inflammation (Mironi-Harpaz et al.,
2012).

Photopolymerizable hydrogels can be categorized ac-
cording to their network structure, porosity, physical
structure, source, and type of crosslinks (Johnstone
et al., 2013). Crosslinks can be chemical or physical, with
chemical crosslink being a covalent interaction at a point
of overlap or junction and physical crosslink a physical
entanglement of the polymer chains, interpenetrating
polymer networks, and other secondary forces (Hill-
West et al., 1995). According to their source, photopoly-
merizable hydrogels may be grouped as natural,

synthetic, or hybrid (natural/synthetic) systems (John-
stone et al., 2013). Natural hydrogel constructs are often
made of polysaccharide or protein chains. Polysaccha-
rides have favorable hydrophilic structures allowing for
the preparation of hydrogels (Rinaudo, 2008) like algin-
ate, cellulose, chitin, chitosan, dextran, hyaluronic acid
(HA), pectin, starch, and xanthan gum (Coviello et al.,
2007; Yoshimura et al, 2006). Synthetic polymers such
as PVA, polyacrylamide, poly (ethylene oxide) (PEO),
and PEG have been used for hydrogel formation (Rey-
Rico et al,, 2016). Previous research confirmed that syn-
thetic photopolymerizable hydrogels do not contain cell-
binding motifs and are not biodegradable, thus support
limiting cell proliferation and tissue integration. Syn-
thetic photopolymerizable hydrogels are cell-compatible
but often do not permit easy cell migration due to long
lasting polymer components and are mechanically com-
promised (Lee et al., 2006; Roberts & Bryant, 2013). Nat-
ural polymers usually exhibit higher biocompatibility
compared with synthetic polymers as they undergo en-
zyme controlled biodegradation by human enzyme-like
lysozyme and produce biocompatible by-products (Sok-
ker et al, 2009). Synthetic polymers are chemically
stronger than natural ones because of hydrolyzable moi-
eties with slower degradation rate. This feature provides
more prolonged lifetime in the human body (Hoshikawa
et al, 2006). Hybrid photopolymerizable hydrogels
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demonstrate higher cell viability and are injectable, bio-
degradable, and biocompatible, exhibiting excellent in
situ space-filling qualities in air or aqueous solution
without the use of protective barriers, while being resist-
ant to swelling and contraction (Lin et al., 2019; Pascual-
Garrido et al, 2019; Ramaswamy et al., 2008a; Sharma
et al., 2007).

Thus far, 23 studies have reported the application of
photopolymerizable hydrogels in cartilage research both
in evaluations in vitro (Bryant & Anseth, 2001; Bryant &
Anseth, 2002; Bryant & Anseth, 2003; Buxton et al,
2007; Elisseeff et al., 2000; Hayami et al., 2016; Hoshi-
kawa et al., 2006; Kim et al., 2015; Lee et al., 2006; Levett
et al, 2014; Lin et al., 2014; Neumann et al., 2016;
Ramaswamy et al., 2008a; Roberts et al., 2011; Roberts &
Bryant, 2013; Williams et al., 2003) (Fig. 2 and Table 1)
and in vivo (Dua et al., 2016; Lin et al., 2017; Lin et al.,
2019; Pascual-Garrido et al., 2019; Ramaswamy et al.,
2008a; Schuette et al., 2017; Werkmeister et al., 2010)
(Fig. 2 and Table 2). The methods of photopolymeriza-
tion were based on the use of physical crosslinks, with
UV light applied in 17 studies (Bryant & Anseth, 2001;
Bryant & Anseth, 2002; Bryant & Anseth, 2003; Buxton
et al, 2007; Dua et al., 2016; Elisseeff et al, 2000;
Hayami et al., 2016; Lee et al., 2006; Levett et al., 2014;
Lin et al, 2017; Neumann et al, 2016; Ramaswamy
et al, 2008a; Ramaswamy et al., 2008b; Roberts et al.,
2011; Roberts & Bryant, 2013; Sharma et al., 2007; Wil-
liams et al., 2003) and VL in 6 studies (Hoshikawa et al.,
2006; Kim et al., 2015; Lin et al., 2014; Lin et al.,, 2019;
Pascual-Garrido et al., 2019; Werkmeister et al.,, 2010).
Both synthetic (Bryant & Anseth, 2001; Bryant &
Anseth, 2002; Bryant & Anseth, 2003; Buxton et al,
2007; Elisseeff et al.,, 2000; Hoshikawa et al., 2006; Lin
et al, 2014; Neumann et al., 2016; Ramaswamy et al,,
2008a; Roberts & Bryant, 2013; Williams et al., 2003)
and hybrid photopolymerizable hydrogels (Dua et al,
2016; Hayami et al, 2016; Kim et al, 2015; Lee et al,
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Fig. 2 Current literature available on the use of photopolymerizable
hydrogels in cartilage repair research in vitro and in vivo. MSCs,
mesenchymal stem cells; UV, ultraviolet; VL, visible light
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2006; Levett et al., 2014; Lin et al., 2017; Lin et al., 2019;
Pascual-Garrido et al,, 2019; Ramaswamy et al., 2008b;
Roberts et al., 2011; Sharma et al., 2007; Werkmeister
et al., 2010) have been employed and their use and appli-
cation are described below.

Photopolymerizable hydrogels as cell supportive matrices
for cartilage repair

Photopolymerizable hydrogels have been manipulated to
target MSCs (Buxton et al.,, 2007; Dua et al., 2016; Kim
et al,, 2015; Lin et al.,, 2014; Lin et al., 2017; Lin et al,,
2019; Pascual-Garrido et al., 2019; Sharma et al.,, 2007;
Williams et al, 2003) and chondrocytes (Bryant &
Anseth, 2001; Bryant & Anseth, 2002; Bryant & Anseth,
2003; Elisseeff et al., 2000; Hayami et al., 2016; Hoshi-
kawa et al, 2006; Lee et al, 2006; Levett et al., 2014;
Neumann et al., 2016; Ramaswamy et al., 2008a; Roberts
et al, 2011; Roberts & Bryant, 2013; Werkmeister et al.,
2010) for applications in cartilage research in vitro (Bry-
ant & Anseth, 2001; Bryant & Anseth, 2002; Bryant &
Anseth, 2003; Buxton et al., 2007; Elisseeff et al., 2000;
Hayami et al., 2016; Hoshikawa et al., 2006; Kim et al.,
2015; Lee et al., 2006; Levett et al., 2014; Lin et al., 2014;
Neumann et al., 2016; Ramaswamy et al., 2008a; Roberts
et al, 2011; Roberts & Bryant, 2013; Williams et al,
2003) (Fig. 2 and Table 1) and in vivo (Dua et al., 2016;
Lin et al, 2017; Lin et al, 2019; Pascual-Garrido et al.,
2019; Ramaswamy et al., 2008b; Sharma et al, 2007;
Werkmeister et al., 2010) (Fig. 2 and Table 2).

In vitro, Bryant & Anseth (Bryant & Anseth, 2001;
Bryant & Anseth, 2002; Bryant & Anseth, 2003) reported
that encapsulated chondrocytes produced a cartilaginous
tissue using poly (lactic acid)-b-poly (ethylene glycol)-b-
poly (lactic acid) endcapped with acrylate groups (PEG-
LA-DA), with increased type-II collagen synthesis. Bux-
ton et al. (Buxton et al., 2007) demonstrated that higher
poly (ethylene glycol diacrylate) (PEGDA) molecular
weight affected the distribution of proteoglycans and
that addition of PEG in PEGDA hydrogels resulted in
greater collagen contents. Elisseeff et al. (Elisseeff et al.,
2000) showed that chondrocytes encapsulated in a PEO
diacrylate (PEODA) hydrogel exhibited increased pro-
teoglycan and collagen contents and equilibrium moduli,
dynamic stiffness, and streaming potentials. Hayami
et al. (Hayami et al., 2016) reported that N-methacrylate
glycol chitosan (MGC)/O-methacrylate chondroitin sul-
fate (MCS) and O-methacrylate HA (MHA)/MCS hydro-
gels improved the production of matrix compounds in
chondrocytes. Hoshikawa et al. (Hoshikawa et al., 2006)
noted that chondrocytes in styrenated gelatin using cam-
phorquinone as a photoinitiator displayed steady expres-
sion of type-II collagen and aggrecan core protein
mRNAs. Levett et al. (Levett et al,, 2014) showed that
chondrocytes in gelatin-methacrylamide (Gel-MA)
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Table 1 Use of photopolymerizable hydrogels in vitro for applications in cartilage research
Hydrogels  Factors Photoinitiators Cells Follow- Results References
Type Wavelength Time Intensity up
(nm) (min)  (mw/
cm?)
PEODM? - uv 365 10 10 calf 6 Maintained cell viability, uniform cell seeding, (Bryant &
chondrocytes weeks ECM is not compromised as the scaffold Anseth, 2001)
thickness is increased from 2 to 8 mm
PEGDM? - uv 365 20 10 calf 6 Chondrocytes encapsulated in hydrogels with  (Bryant &
PEG-LA- chondrocytes weeks  at least 75% degradable crosslinks produced a  Anseth, 2003)
DAP cartilaginous tissue, increased type-Il collagen
synthesis
10 weeks  Production of similar biochemical matrix (Buttgereit
content to newly synthesized cartilaginous et al, 2015)
tissue, high compressive modulus to restore
function and increase type-Il collagen synthesis
PEG/ - uv - 4-10 - hBMSCs 6 Greater PEGDA molecular weight did not affect  (Buxton et al,,
PEGDA® weeks  proteoglycan content at a PEGDA:PEG ratio of ~ 2007)
2:1 but did affect the distribution, addition of
PEG to PEGDA hydrogels resulted in greater
collagen content, facilitated cell
chondrogenesis
PEQ/ - uv - 3 2-3 bovine, ovine 2 Chondrocyte survival and dispersed cell (Elisseeff
PEODM?® chondrocytes weeks  population composed of ovoid and elongated et al., 2000)
cells, proteoglycan and collagen contents
increases over 2 weeks of static incubation,
functional ECM with equilibrium moduli,
dynamic stiffness, and streaming potentials that
increased with time
MGC/MCS? uv  320-390 1 10 bovine 5 Improved cell viability and matrix production (Hayami
MHA/MCSP chondrocytes weeks  (aggrecan, type-Il collagen), only MHA/MCS et al, 2016)
hydrogels retain an approximately constant
modulus
Styrenated - VL 400-520 2 800 rabbit 2 Maintained chondrogenic phenotype and cell  (Hoshikawa
gelatin® chondrocytes weeks  viability et al, 2006)
Gel-MAP - uv 365 15 26 human 8 Enhanced chondrogenesis and mechanical (Levett et al.,
Gel-HAP chondrocytes weeks  properties 2014)
Gel-CSP
Gel-HA-CS®
PEG-CAP* - uv 352 7 - bovine 4 Increased sGAGs and collagen in the hydrogels  (Neumann
PEG-CAP- chondrocytes weeks  with time, type-Il collagen and aggrecan et al, 2016)
NOR? present in the neotissue with formation of a
territorial matrix beginning at day 21, 8-fold in-
crease in compressive modulus from days 7 to
28
PEODA? - uUv 365 7 3-4 bovine 7 MRI-derived measurements of matrix FCD in (Ramaswamy
chondrocytes weeks injectable hydrogels reflect tissue GAG content et al, 2008a)
PEG-LA® - uv 365 10 6 bovine 4 Degradation led to 2.3- and 2.9-fold greater (Roberts
chondrocytes weeks  GAG and collagen contents compared with et al, 2011)
PEG group, respectively, macroscopic cartilage-
like tissue formation (aggrecan, type-Il and -VI
collagen, link protein, and decorin) but de-
creased moduli, retention of the chondrocyte
phenotype, proteoglycan and type-Il collagen
deposition
PEGDA?® - uv 352 10 6 bovine 2 PEGTNB led to hyaline-like cartilage production  (Roberts &
PEGTNB/ chondrocytes weeks  especially under mechanical loading, Bryant, 2013)
PEGDSH? polymerization mechanism and network struc-
ture have long-term effects on the quality of
engineered cartilage, especially under mechan-
ical loading
MeGC/ColP?  TGF- VL 400-500 120 500-600 hSMSCs 3 TGF-31 controlled release, maintained cell (Kim et al,
B1 weeks  viability and chondrogenesis, cell aggregation ~ 2015)
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Table 1 Use of photopolymerizable hydrogels in vitro for applications in cartilage research (Continued)

Hydrogels  Factors Photoinitiators Cells Follow- Results References
Type Wavelength Time Intensity up
(nm) (min)  (mw/
cm?)
and ECM deposition most particularly in the
presence of TGF-B1 and type-Il collagen im-
pregnation relative to pure MeGC hydrogels
mGL/LAP*  TGF- V0L 430-490 2,4, 1400 hBMSCs 13 High viability and chondrogenic differentiation  (Lin et al,,
B3 8 weeks  of encapsulated cells 2014)
PEG/ TGF- UV 365 5 4 goat BMSCs 6 Effective cell chondrogenesis, enhanced by (Williams
PEGDA® B1 weeks  TGF-B1 et al, 2003)
PEODA/ CMP uUv 365 5 5 bovine 2 Maintained cell viability, production of type-I| (Lee et al,
CMmPP chondrocytes weeks  collagen, CMP provides cell-manipulated cross-  2006)
links and collagen binding sites that simulate
natural ECM

2Synthetic photopolymerizable hydrogels; ®natural/synthetic (hybrid) photopolymerizable hydrogels. PEO poly (ethylene oxide), PEODM PEO-dimethacrylate, PEG
poly (ethylene glycol), PEGDM PEG-dimethacrylate, PEG-LA-DA poly (lactic acid)-b-poly (ethylene glycol)-b-poly (lactic acid) endcapped with acrylate groups, PEGDA
PEG-diacrylate, MGC N-methacrylate glycol chitosan, MCS O-methacrylate chondroitin sulfate, MHA O-methacrylate hyaluronic acid, Gel-MA gelatin-methacrylamide,
Gel-HA gelatin-hyaluronic acid, Gel-CS gelatin-chondroitin sulfate, Gel-HA-CS gelatin-hyaluronic acid-chondroitin sulfate, PEG-CAP PEG-caprolactone, PEG-CAP-NOR
PEG-CAP endcapped with norbornene, PEODA PEO-diacrylate, PEG-LA poly (lactic acid)-b-poly (ethylene glycol)-b-poly (lactic acid), PEGTNB PEG-tetranorbornene,
PEGDSH PEG-dithiol, MeGC methacrylated chitosan, Col collagen, mGL methacrylated gelatin, LAP lithium phenyl-2,4,6-trimethylbenzoylphosphinate, CMP collagen
mimetic peptide, TGF-B transforming growth factor beta, UV ultraviolet, VL visible light, MSCs mesenchymal stem cells, hBMSCs human bone marrow-derived
MSCs, hSMSCs human synovium-derived MSCs, ECM extracellular matrix, SGAGs sulfated glycosaminoglycans, MRI magnetic resonance imaging, FCD fixed

charge density

Table 2 Use of photopolymerizable hydrogels in vivo for applications in cartilage research

Hydrogels Factors Photoinitiators Cells Model Follow- Results References
Type Wavelength Time Intensity up
(nm) (min)  (mw/
sz)

PEODA/ - uv - 7 4-5 hBMSCs rabbit (full- 4 Cartilage repair after 28 days, (Dua et al,

HAP thickness weeks enhanced cellularity of de novo  2016)
chondral tissues that filled the defects
defects)

MeHA® - uv 360 - 12 rat BMSCs mice (full- 8 MeHA is biocompatible and (Lin et al,
thickness weeks  osteoconductive, no sign of 2017)
chondral chondrocyte aggregation in the
defects) defects

mGL/ - VL 430-490 4 1400 hBMSCs rabbit (full- 12 MSC chondrogenesis, optimal (Lin et al,

MHA® thickness weeks  cartilage and bone formation 2019)
osteochondral using mGL/MHA at 9:1
defects)

PEG/ - VL 352 8 5 rabbit rabbit (full- 24 MSC chondrogenesis (Pascual-

MMP-2° BMSCs thickness weeks in vivo Garrido et al,
osteochondral 2019)
defects)

PEODA/ - v 365 5 6-8 - rabbit (full- 5 Cartilage repair (Ramaswamy

HAP thickness weeks et al, 2008b)
chondral
defects)

PEG/PCL® - V0L 450 1 1000 human rat (s.c.) 4 ECM deposition (type-Il and -VI  (Werkmeister

chondrocytes weeks  collagen, GAGs), cartilage repair et al, 2010)

PEODA/  TGF- uv 365 10 4 hBMSCs mouse (s.c.) 3 Chondrogenic differentiation (Sharma

HAP B3 weeks et al, 2007)

2Synthetic photopolymerizable hydrogels; ®natural/synthetic (hybrid) photopolymerizable hydrogels. PEODA poly (ethylene oxide) diacrylate, HA hyaluronic acid,
MeHA or MHA methacrylated HA, mGL methacrylated gelatin, PEG poly (ethylene glycol), MMP-2 matrix metalloproteinase 2, PCL poly(e-caprolactone), TGF-
transforming growth factor beta, UV ultraviolet, VL visible light, MSCs mesenchymal stem cells, hBMSCs human bone marrow-derived MSCs, s.c. subcutaneous, ECM
extracellular matrix, GAGs glycosaminoglycans



Meng et al. Journal of Experimental Orthopaedics (2019) 6:47

hydrogels had improved mechanical properties with
addition of HA-MA or CS-MA. Neumann et al. (Neu-
mann et al., 2016) observed that the use of PEG-based
photopolymerizable hydrogels increased sulfated glycos-
aminoglycans (sGAGs) and collagens in the newly
formed tissue. Ramaswamy et al. (Ramaswamy et al,
2008a) demonstrated that chondrocytes in PEODA
hydrogels increased their GAG contents at high (>75%)
level of viability. Roberts et al. (Roberts et al., 2011; Rob-
erts & Bryant, 2013) showed that PEG-tetranorbornene
(PEGTNB) led to long-term hyaline-like cartilage pro-
duction under mechanical loading.

In vivo, Dua et al. (Dua et al., 2016) demonstrated that
the presence of hydroxyapatite particles enhanced the
cellularity in the repair tissue in defects treated with
microfracure and cell-free PEGDA, accelerating remod-
eling. Lin et al. (Lin et al., 2017) described synergistic ef-
fects of chondrogenic preconditioning and mechanical
stimulation on bone marrow-derived MSCs in methacry-
lated HA (MeHA) hydrogels, with superior chondro-
genic differentiation in rat osteochondral defects. Lin
et al. (Lin et al., 2019) reported that methacrylated gel-
atin (mGL)/MHA enhanced the regeneration of the
osteochondral unit in rabbit full-thickness osteochondral
defects. Pascual-Garrido et al. (Pascual-Garrido et al.,
2019) noted that MSCs undergo effective chondrogene-
sis in a cartilage-mimetic hydrogel using PEG with
matrix metalloproteinase 2 (PEG/MMP-2) that can be
delivered in vivo and photopolymerized intra-operatively
in situ. Ramaswamy et al. (Ramaswamy et al., 2008b) re-
ported that sealing full-thickness chondral defects with a
PEODA hydrogel yielded a repair tissue comparable to
the surrounding normal cartilage in rabbits. Werkmeis-
ter et al. (Werkmeister et al, 2010) employed a PEG/
poly(e-caprolactone) (PEG/PCL) system to generate the
formation of an ECM rich in type-II collagen and GAGs
in rats.

Photopolymerizable hydrogels as controlled delivery
systems of agents for cartilage repair

Growth and development of cartilage tissue relies heavily
on biochemical signals. The sequence, duration, and in-
tensity of stimulation can all play roles in how cells se-
crete matrix in a regenerating environment. Bioactive
molecules can include growth factors, adhesion proteins,
peptide sequences, or any other agent that binds to cells
to create a biological response. Numerous studies
showed that these growth factors can also elicit dramatic
changes in articular chondrocytes.

The transforming growth factor beta (TGE-p) is a clas-
sical factor used in cartilage engineering studies, leading
to the stimulation of chondrogenesis and proliferation
(Blunk et al., 2002) although in some cases to an inhib-
ition of matrix formation (Verschure et al, 1994). In
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vitro, Kim et al. (Kim et al., 2015) described that con-
trolled delivery of TGF-B1 using methacrylated chitosan
(MeGC) hydrogels enhanced cellular aggregation and
deposition of cartilaginous ECM by the encapsulated
cells (Table 1). Lin et al. (Lin et al, 2014) showed that a
photopolymerized mGL hydrogel was capable of sup-
porting MSC growth and TGF-3-induced chondrogen-
esis. Williams et al. (Williams et al., 2003) demonstrated
that a PEG-based hydrogel allows for the chondrogenic
differentiation of MSCs in the presence of TGF-f1. In
vivo, Sharma et al. (Sharma et al,, 2007) demonstrated
that MSCs in hydrogels containing both HA and TGEF-
B3 produced high quality cartilage (Table 2). HA en-
hanced proteoglycan production when combined with
TGEF-B3 and reduced the production of type-I collagen.

The collagen mimetic peptide (CMP) is a less exten-
sively studied molecule that is expressed almost exclu-
sively in cartilage (Choi et al., 1983), binding to aggrecan
and type-II collagen while the chondrocytes attach to it
via alPl integrin. When used as a coating material,
CMP enhanced both cell attachment and spreading on
surfaces (Makihira et al, 1999). The addition of type-II
collagen to the CMP coating showed even more im-
provement in these characteristics. In vitro, Lee et al.
(Lee et al., 2006) reported that CMP-PEODA hydrogels
stimulated the production of GAGs and collagen in
chondrocytes and suggested that high levels of ECM in
such systems were due to the affinity of CMP to
chondrocyte-secreted collagen, allowing for a collagen-
rich environment ideal for further ECM production.

Challenges and outlooks of the use of
photopolymerizable hydrogels for translational
cartilage repair

Due to their biocompatibility, permeability, and physical
characteristics, photopolymerizable hydrogels are prom-
ising candidates for use in minimally invasive cartilage
repair procedures with a one-step in situ functionaliza-
tion. Equally important, they can be locally applied via
arthroscopy, making them highly valuable for ease of
manipulation and to avoid potential problems associated
with open surgery such as high physical impact, in-
creased risks for complications, and extended recovery
time. They may also be combined with current clinical
options like marrow stimulation and ACIL, a concept
supported by the current application of non-
photopolymerizable hydrogel compounds via such pro-
cedures. Such hydrogels can be functionalized as im-
proved spatio-temporal controlled delivery systems of
bioactive (chondroreparative) agents, potentially protect-
ing such “cargo” from physiological degradation. Photo-
polymerizable hydrogel-guided delivery of gene therapy
vectors may thus be also envisaged as a potential tool to
promote the effective, long-lasting healing of damaged
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articular cartilage (Cucchiarini & Madry, 2019). This
very innovative concept may also have the advantage to
mask viral capsid epitopes when using virus-derived vec-
tors that may otherwise trigger undesirable toxic and/or
immune responses in joint tissues (Cucchiarini & Madry,
2019).

However, a number of specific issues and challenges
remain that need to be carefully addressed for the opti-
mal use of photopolymerizable hydrogels in the goal of
translational cartilage research. First, while the use VL
has minimal deleterious effects, UV light exposure may
be damaging to cellular DNA in the surrounding tissues,
potentially leading to accelerated tissue aging and onco-
genic activation. For improved biosafety, application of
VL at wavelengths of 450-550 nm could be an alterna-
tive source of light for the crosslinking of photopolymer-
izable hydrogels. Such VL may deeply penetrate tissues
with relatively low energy, making it optimal for the de-
velopment of in situ injectable hydrogels for in vivo ap-
plications in a minimally invasive manner. Next,
evidence showed that synthetic photopolymerizable
hydrogels do not contain cell binding motifs and are not
biodegradable, supporting limited cell proliferation and
tissue integration. These compounds also do not permit
cell migration due to long lasting polymer components
and are mechanically compromised. Such issues may be
addressed by using natural/synthetic (hybrid) photopoly-
merizable hydrogels, nevertheless, very limited work has
been performed thus far with hybrid systems for applica-
tions in cartilage repair.

Conclusions

Cutting-edge evidence has advanced our general know-
ledge on the feasibility of using photopolymerizable
hydrogels for cartilage research. Yet, more work is
needed to demonstrate the potential benefits of these
systems as convenient, adapted, and safe systems for the
treatment of cartilage defects. First, current experimental
work both in vitro and in clinically relevant animal
models in vivo has to be expanded in order to define op-
timal conditions for effective therapy (hydrogel class and
nature; presence, source, type, and dose of reparative
cells, bioactive agent(s), and/or gene vector). Also, the
initiation of clinical trials where various, optimized
photopolymerizable hydrogels will be applied in patients
is of the utmost importance to provide effective systems
suitable for improved cartilage repair in translational ap-
proaches in a close future.

Acknowledgements
We thank Sonja Ramin for excellent technical assistance.

Authors’ contributions

All authors contributed to the writing of the first draft of the manuscript and
critical evaluation of the content of the final version. All authors read and
approved the final manuscript.

Page 10 of 12

Funding
This research was funded by a grant from the Deutsche Arthrose-Hilfe e.V.
(MC, HM).

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

!Center of Experimental Orthopaedics, Saarland University and Saarland
University Medical Center, Homburg/Saar, Germany. “Department of
Orthopaedics, West China Hospital, West China School of Medicine, Sichuan
University, Chengdu, Sichuan, People’s Republic of China. *Department of
Orthopaedic Surgery, Saarland University and Saarland University Medical
Center, Homburg/Saar, Germany.

Received: 17 September 2019 Accepted: 21 November 2019
Published online: 05 December 2019

References

An'Y, Hubbell JA (2000) Intraarterial protein delivery via intimally-adherent bilayer
hydrogels. J Control Release 64:205-215

Baroli B (2006) Photopolymerization of biomaterials: issues and potentialities in
drug delivery, tissue engineering, and cell encapsulation applications. J
Chem Technol Biotechnol 1:491-499

Bartz RL, Kamaric E, Noble PC, Lintner D, Bocell J (2001) Topographic matching of
selected donor and recipient sites for osteochondral autografting of the
articular surface of the femoral condyles. Am J Sports Med 29:207-212

Blunk T, Sieminski AL, Gooch KJ, Courter DL, Hollander AP, Nahir AM, Langer R,
Vunjak-Novakovic G, Freed LE (2002) Differential effects of growth factors on
tissue-engineered cartilage. Tissue Eng 8:73-84

Brittberg M, Lindahl A, Nilsson A, Ohlsson C, Isaksson O, Peterson L (1994)
Treatment of deep cartilage defects in the knee with autologous
chondrocyte transplantation. N Engl J Med 331:889-895

Bryant SJ, Anseth KS (2001) The effects of scaffold thickness on tissue engineered
cartilage in photocrosslinked poly (ethylene oxide) hydrogels. Biomaterials
22:619-626

Bryant SJ, Anseth KS (2002) Hydrogel properties influence ECM production by
chondrocytes photoencapsulated in poly (ethylene glycol) hydrogels. J
Biomed Mater Res 59:63-72

Bryant SJ, Anseth KS (2003) Controlling the spatial distribution of ECM
components in degradable PEG hydrogels for tissue engineering cartilage. J
Biomed Mater Res A 64:70-79

Bryant SJ, Nuttelman CR, Anseth KS (1999) The effects of crosslinking density on
cartilage formation in photocrosslinkable hydrogels. Biomed Sci Instrum
1999(35):309-314

Bryant SJ, Nuttelman CR, Anseth KS (2000) Cytocompatibility of UV and visible
light photoinitiating systems on cultured NIH/3T3 fibroblasts in vitro. J
Biomater Sci Polym Ed 11:439-457

Buttgereit F, Burmester GR, Bijlsma JW (2015) Non-surgical management of knee
osteoarthritis: where are we now and where do we need to go? RMD Open
1:2000027-e000030

Buxton AN, Zhu J, Marchant R, West JL, Yoo JU, Johnstone B (2007) Design and
characterization of poly (ethylene glycol) photopolymerizable semi-
interpenetrating networks for chondrogenesis of human mesenchymal stem
cells. Tissue Eng 13:2549-2560

Chen H, Chevrier A, Hoemann CD, Sun J, Ouyang W, Buschmann MD (2011)
Characterization of subchondral bone repair for marrow-stimulated chondral
defects and its relationship to articular cartilage resurfacing. Am J Sports Med
39:1731-1740

Choi HU, Tang LH, Johnson TL, Pal S, Rosenberg LC, Reiner A, Poole AR (1983)
Isolation and characterization of a 35,000 molecular weight subunit fetal
cartilage matrix protein. J Biol Chem 258:655-661

Coviello T, Matricardi P, Marianecci C, Alhaique F (2007) Polysaccharide hydrogels
for modified release formulations. J Control Release 119:5-24



Meng et al. Journal of Experimental Orthopaedics (2019) 6:47

Cucchiarini M, Madry H (2019) Biomaterial-guided delivery of gene vectors for
targeted articular cartilage repair. Nat Rev Rheumatol 15:18-29

Dean CS, Chahla J, Serra Cruz R, LaPrade RF (2016) Fresh osteochondral allograft
transplantation for treatment of articular cartilage defects of the knee.
Arthrosc Tech 5(1)e157-e161

Di Martino A, Kon E, Perdisa F, Sessa A, Filardo G, Neri MP, Bragonzoni L, Marcacci
M (2015) Surgical treatment of early knee osteoarthritis with a cell-free
osteochondral scaffold: results at 24 months of follow-up. Injury 46(Suppl 8):
$33-538

Dua R, Comella K, Butler R, Castellanos G, Brazille B, Claude A, Agarwal A, Liao J,
Ramaswamy S (2016) Integration of stem cell to chondrocyte-derived
cartilage matrix in healthy and osteoarthritic states in the presence of
hydroxyapatite nanoparticles. PLoS One 11:0149121-e0149139

Elisseeff J, Anseth K, Sims D, McIntosh W, Randolph M, Langer R (1999)
Transdermal photopolymerization for minimally invasive implantation. Proc
Natl Acad Sci U S A 1999(96):3104-3107

Elisseeff J, McIntosh W, Anseth K, Riley S, Ragan P, Langer R (2000)
Photoencapsulation of chondrocytes in poly (ethylene oxide)-based semi-
interpenetrating networks. J Biomed Mater Res 51:164-171

Fedorovich NE, Oudshoorn MH, van Geemen D, Hennink WE, Alblas J, Dhert W)
(2009) The effect of photopolymerization on stem cells embedded in
hydrogels. Biomaterials 30:344-353

Gao L, Goebel LK, Orth P, Cucchiarini M, Madry H (2018) Subchondral drilling for
articular cartilage repair: a systematic review of translational research. Dis
Model Mech. https://doi.org/10.1242/dmm.034280

Goebel L, Kohn D, Madry H (2016) Biological reconstruction of the osteochondral
unit after failed focal resurfacing of a chondral defect in the knee. Am J
Sports Med 44:2911-2916

Grande DA, Schwartz JA, Brandel E, Chahine NO, Sgaglione N (2013) Articular
cartilage repair: where we have been, where we are now, and where we are
headed. Cartilage 4:281-285

Grande DA, Singh I, Pugh J (1987) Healing of experimentally produced lesions in
articular cartilage following chondrocyte transplantation. Anat Rec 218:142-148

Hashimoto Y, Nishida Y, Takahashi S, Nakamura H, Mera H, Kashiwa K, Yoshiya S,
Inagaki Y, Uematsu K, Tanaka Y, Asada S, Akagi M, Fukuda K, Hosokawa Y,
Myoui A, Kamei N, Ishikawa M, Adachi N, Ochi M, Wakitani S (2019)
Transplantation of autologous bone marrow-derived mesenchymal stem
cells under arthroscopic surgery with microfracture versus microfracture
alone for articular cartilage lesions in the knee: a multicenter prospective
randomized control clinical trial. Regen Ther 11:106-113

Hayami JW, Waldman SD, Amsden BG (2016) Chondrocyte generation of
cartilage-like tissue following photoencapsulation in methacrylated
polysaccharide solution blends. Macromol Biosci 16:1083-1095

Hill-West JL, Chowdhury SM, Slepian MJ, Hubbell JA (1994) Inhibition of
thrombosis and intimal thickening by in situ photopolymerization of thin
hydrogel barriers. Proc Natl Acad Sci U S A 91:5967-5971

Hill-West JL, Dunn RC, Hubbell JA (1995) Local release of fibrinolytic agents for
adhesion prevention. J Surg Res 59:759-763

Hoffman AS (2012) Hydrogels for biomedical applications. Adv Drug Deliv Rev 64:
18-23

Hoshikawa A, Nakayama Y, Matsuda T, Oda H, Nakamura K, Mabuchi K (2006)
Encapsulation of chondrocytes in photopolymerizable styrenated gelatin for
cartilage tissue engineering. Tissue Eng 12:2333-2341

Hunziker EB (2002) Articular cartilage repair: basic science and clinical
progress. A review of the current status and prospects. Osteoarthr Cartil
10:432-463

Jackson DW, Lalor PA, Aberman HM, Simon TM (2001) Spontaneous repair of full-
thickness defects of articular cartilage in a goat model. A preliminary study. J
Bone Joint Surg Am 83:53-64

Johnson LL (1986) Arthroscopic abrasion arthroplasty historical and pathologic
perspective: present status. Arthroscopy 2:54-69

Johnstone B, Alini M, Cucchiarini M, Dodge GR, Eglin D, Guilak F, Madry H, Mata
A, Mauck RL, Semino CE, Stoddart MJ (2013) Tissue engineering for articular
cartilage repair--the state of the art. Eur Cell Mater 25:248-267

Kim J, Lin B, Kim S, Choi B, Evseenko D, Lee M (2015) TGF-betal conjugated
chitosan collagen hydrogels induce chondrogenic differentiation of human
synovium-derived stem cells. J Biol Eng 9:1-11

Kon E, Delcogliano M, Filardo G, Fini M, Giavaresi G, Francioli S, Martin |, Pressato
D, Arcangeli E, Quarto R, Sandri M, Marcacci M (2010) Orderly osteochondral
regeneration in a sheep model using a novel nano-composite multilayered
biomaterial. J Orthop Res 28(1):116-124

Page 11 of 12

Kon E, Filardo G, Di Martino A, Busacca M, Moio A, Perdisa F, Marcacci M (2014)
Clinical results and MRI evolution of a nano-composite multilayered biomaterial
for osteochondral regeneration at 5 years. Am J Sports Med 42(1):158-165

Lee HJ, Lee JS, Chansakul T, Yu C, Elisseeff JH, Yu SM (2006) Collagen mimetic
peptide-conjugated photopolymerizable PEG hydrogel. Biomaterials 27:5268—
5276

Levett PA, Melchels FP, Schrobback K, Hutmacher DW, Malda J, Klein TJ (2014) A
biomimetic extracellular matrix for cartilage tissue engineering centered on
photocurable gelatin, hyaluronic acid and chondroitin sulfate. Acta Biomater
10:214-223

Lin H, Beck AM, Shimomura K, Sohn J, Fritch MR, Deng Y, Kilroy EJ, Tang Y,
Alexander PG, Tuan RS (2019) Optimization of photocrosslinked gelatin/
hyaluronic acid hybrid scaffold for the repair of cartilage defect. J Tissue Eng
Regen Med 13:1418-1429

Lin H, Cheng AW, Alexander PG, Beck AM, Tuan RS (2014) Cartilage tissue
engineering application of injectable gelatin hydrogel with in situ visible-
light-activated gelation capability in both air and aqueous solution. Tissue
Eng Part A 20:2402-2411

Lin S, Lee WY, Feng Q, Xu L, Wang B, Man GC, Chen Y, Jiang X, Bian L, Cui L, Wie
B, Li G (2017) Synergistic effects on mesenchymal stem cell-based cartilage
regeneration by chondrogenic preconditioning and mechanical stimulation.
Stem Cell Res Ther 8:2221-232

Makihira S, Yan W, Ohno S, Kawamoto T, Fujimoto K, Okimura A, Yoshida E, Noshiro
M, Hamada T, Kato Y (1999) Enhancement of cell adhesion and spreading by a
cartilage-specific noncollagenous protein, cartilage matrix protein (CMP/Matrilin-
1), via integrin alphalbetal. J Biol Chem 274:11417-11423

Makris EA, Gomoll AH, Malizos KN, Hu JC, Athanasiou KA (2015) Repair and tissue
engineering techniques for articular cartilage. Nat Rev Rheumatol 11:21-34

Mironi-Harpaz I, Wang DY, Venkatraman S, Seliktar D (2012) Photopolymerization
of cell-encapsulating hydrogels: crosslinking efficiency versus cytotoxicity.
Acta Biomater 8:1838-1848

Mirsasaani SS, Atai MM, Hasani-Sadrabadi MM (2011) Photopolymerization of a
dental nanocomposite as restorative material usign the argon laser. Lasers
Med Sci 26:553-561

Neumann AJ, Quinn T, Bryant SJ (2016) Nondestructive evaluation of a new
hydrolytically degradable and photo-clickable PEG hydrogel for cartilage
tissue engineering. Acta Biomater 39:1-11

Pascual-Garrido C, Aisenbrey EA, Rodriguez-Fontan F, Payne KA, Bryant SJ,
Goodrich LR (2019) Photopolymerizable injectable cartilage mimetic
hydrogel for the treatment of focal chondral lesions: a proof of concept
study in a rabbit animal model. Am J Sports Med 47:212-221

Peppas N, Bures P, Leobandung W, Ichikawa H (2000) Hydrogels in
pharmaceutical formulations. Eur J Pharm Biopharm 50:27-46

Peppas NA, Keys KB, Torres-Lugo M, Lowman AM (1999) Poly (ethylene glycol)-
containing hydrogels in drug delivery. J Control Release 62:81-87

Perdisa F, Filardo G, Sessa A, Busacca M, Zaffagnini S, Marcacci M, Kon E (2017)
One-step treatment for patellar cartilage defects with a cell-free
osteochondral scaffold: a prospective clinical and MRI evaluation. Am J
Sports Med 45(7):1581-1588

Peterson L, Minas T, Brittberg M, Lindahl A (2003) Treatment of osteochondritis
dissecans of the knee with autologous chondrocyte transplantation: results
at two to ten years. J Bone Joint Surg Am 85-A(Suppl 2):17-24

Ramakrishna S, Mayer J, Wintermantel E, Leong KW (2001) Biomedical
applications of polymer-composite materials: a review. Comp Sci Technol 61:
1189-1224

Ramaswamy S, Gurkan |, Sharma B, Cascio B, Fishbein KW, Spencer RG (2008b)
Assessment of tissue repair in full thickness chondral defects in the rabbit
using magnetic resonance imaging transverse relaxation measurements. J
Biomed Mater Res B Appl Biomater 86:375-380

Ramaswamy S, Uluer MC, Leen S, Bajaj P, Fishbein KW, Spencer RG (2008a)
Noninvasive assessment of glycosaminoglycan production in injectable
tissue-engineered cartilage constructs using magnetic resonance imaging.
Tissue Eng Part C Methods 14:243-249

Rey-Rico A, Cucchiarini M (2016) Controlled release strategies for rAAV-mediated
gene delivery. Acta Biomater 29:1-10

Rey-Rico A, Madry H, Cucchiarini M (2016) Hydrogel-based controlled
delievry systems for articular cartilage repair. Biomed Res Int 2016:
1215263-1215275

Richter DL, Tanksley JA, Miller MD (2016) Osteochondral autograft
transplantation: a review of the surgical technique and outcomes. Sports
Med Arthrosc Rev 24(2):74-78


https://doi.org/10.1242/dmm.034280

Meng et al. Journal of Experimental Orthopaedics (2019) 6:47

Rinaudo M (2008) Main properties and current applications of some
polysaccharides as biomaterials. Polym Int 57:397-430

Roberts JJ, Bryant SJ (2013) Comparison of photopolymerizable thiol-ene PEG
and acrylate-based PEG hydrogels for cartilage development. Biomaterials 34:
9969-9979

Roberts JJ, Nicodemus GD, Greenwald EC, Bryant SJ (2011) Degradation improves
tissue formation in (un) loaded chondrocyte-laden hydrogels. Clin Orthop
Relat Res 469:2725-2734

Saris D, Price A, Widuchowski W, Bertrand-Marchand M, Caron J, Drogset JO,
Emans P, Podskubka A, Tsuchida A, Kili S, Levine D, Brittberg M (2014) Matrix-
applied characterized autologous cultured chondrocytes versus
microfracture: two-year follow-up of a prospective randomized trial. Am J
Sports Med 42(6):1384-1394

Saw KY, Anz A, Siew-Yoke Jee C, Merican S, Ching-Soong Ng R, Roohi SA,
Ragavanaidu K (2013) Articular cartilage regeneration with autologous
peripheral blood stem cells versus hyaluronic acid: a randomized controlled
trial. Arthroscopy 29(4):684-694

Schuette HB, Kraeutler MJ, McCarty EC (2017) Matrix-assisted autologous
chondrocyte transplantation in the knee: a systematic review of mid- to
long-term clinical outcomes. Orthop J Sports Med 5(6):2325967117709250—-
2325967117709259

Sharma B, Williams CG, Khan M, Manson P, Elisseeff JH (2007) In vivo
chondrogenesis of mesenchymal stem cells in a photopolymerized hydrogel.
Plast Reconstr Surg 119:112-120

Simon TM, Jackson DW (2018) Articular cartilage: injury pathways and treatment
options. Sports Med Arthrosc Rev 26:31-39

Sokker H, Ghaffar AA, Gad Y, Aly A (2009) Synthesis and characterization of
hydrogels based on grafted chitosan for the controlled drug release. Carb
Polymers 75:222-229

Steadman JR, Rodkey WG, Rodrigo JJ (2001) Microfracture: surgical technique and
rehabilitation to treat chondral defects. Clin Orthop Relat Res 391(Suppl):
$362-5369

Tuan RS, Chen AF, Klatt BA (2013) Cartilage regeneration. J Am Acad Orthop Surg
21:303-311

Verschure PJ, Joosten LA, van der Kraan PM, van den Berg WB (1994)
Responsiveness of articular cartilage from normal and inflamed mouse knee
joints to various growth factors. Ann Rheum Dis 53:455-460

Volz M, Schaumburger J, Frick H, Grifka J, Anders S (2017) A randomized controlled
trial demonstrating sustained benefit of autologous matrix-induced
chondrogenesis over microfracture at five years. Int Orthop 41(4):797-804

Werkmeister JA, Adhikari R, White JF, Tebb TA, Le TP, Taing HC, Mayadunne R,
Gunatillake PA, Danon SJ, Ramshaw JA (2010) Biodegradable and injectable
cure-on-demand polyurethane scaffolds for regeneration of articular
cartilage. Acta Biomater 6:3471-3481

Williams CG, Kim TK, Taboas A, Malik A, Manson P, Elisseeff J (2003) In vitro
chondrogenesis of bone marrow-derived mesenchymal stem cells in a
photopolymerizing hydrogel. Tissue Eng 9:679-638

Yoshimura T, Yoshimura R, Seki C, Fujioka R (2006) Synthesis and characterization
of biodegradable hydrogels based on starch and succinic anhydride. Carb
Polymers 64:345-349

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 12 of 12

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Abstract
	Background
	Abstract
	Conclusion

	Background
	Current clinical approaches for cartilage repair
	Non-surgical treatments
	Surgical treatments
	Marrow stimulation
	Autologous chondrocyte implantation
	Stem cell therapy
	Osteochondral grafts
	Osteochondral scaffolds
	Metallic focal resurfacing implants


	Advances in approaches using photopolymerizable hydrogels for cartilage repair
	Concepts of cartilage tissue engineering
	Photopolymerizable hydrogels
	Applications in cartilage tissue engineering
	Photopolymerizable hydrogel features
	Photopolymerizable hydrogels as cell supportive matrices for cartilage repair
	Photopolymerizable hydrogels as controlled delivery systems of agents for cartilage repair


	Challenges and outlooks of the use of photopolymerizable hydrogels for translational cartilage repair
	Conclusions
	Acknowledgements
	Authors’ contributions
	Funding
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

