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Abstract

Given their native-like biological properties, highowth factor retention capacity and porous
nature, sulfated-polysaccharide-based scaffoldd gotat promise for a number of tissue
engineering applications. Specifically, as they mirmportant properties of tissues such as
bone and cartilage they are ideal for orthopaedisué engineering. Their biomimicry
properties encompass important cell-binding motifigtive-like mechanical properties,
designated sites for bone mineralization and strgrayth factor binding and signalling
capacity. Even so, scientists in the field have jasently begun to utilise them as building
blocks for tissue engineering scaffolds. Most odésh efforts have so far been directed
towardsin vitro studies, and for these reasons the clinical gagtillssubstantialWith this
review paper, we have tried to highlight some a# tmportant chemical, physical and
biological features of sulfated-polysaccharides relation to their chondrogenic and
osteogenic inducing capacity. Additionally, thegage in variougn vivo model systems is
discussed. The clinical studies reviewed hereimtpaipromising picture heralding a brave

new world for orthopaedic tissue engineering.

1. Introduction

Orthopaedic diseases are the second largest aatoirito disability worldwide and are
expected to grow rapidly in the foreseeable futdue to the aging population.[1] They
include debilitating diseases such as osteoaghtigéindinopathies, osteoporosis, as well as
skeletal and joint fractures.[2, 3] The current@aghes for addressing this grand challenge
rely on various prosthetic, allograft and autoghlafsed strategies. Even though the
prosthetic-based interventions have shown excitegylts in recent years, they still face
major shortcomings such as suboptimal long-terncaues, the need for revision surgeries
and risk of infection.[4] Allograft and autograftategies on the other hand impose their own
limitations including the possibility of diseasearsmission, insufficient autologous
resources, rejection of allograft tissue and paéneed for immunosuppression therapies.[5]
To overcome these hurdles a great variety of tissugineering approaches have been

proposed over the years (Figure 1).[3, 6]

The grand goal of tissue engineering is to genadiicial tissues with the capacity to
bring normality back to dysfunctional tissues bylaeing them with more functional
ones.[4] The tissue engineering paradigm involveaffslds combined with potent cell

sources and suitable biochemical signals [7], whadrether can promote the formation of



new organs and tissues.[8] Ideally, these scaffedmilate key physical and molecular
features of the native extra cellular matrix (ECM)order to facilitate cell attachment,
proliferation and differentiation and ultimatelyweissue growth (Figure 1).[9] The key in
this regard is to provide the cells with a natilke-Imilieu with the capacity to guide them
into tissue specific phenotypes.[10-14] Generalbeaking, bioactivity is included into
scaffolds by using: 1) insoluble signals, such &sderamics and carbon-based nanocues
[15], 1) introducing growth factors and other kagical moieties into the scaffold matrix
[16], or Ill) by incorporating cell adhesion andfdrentiation promoting oligopeptides (such
as the cell binding RGD peptide [17, 18]).

While all of these methods have shown promise ensynthesis of bioactive scaffolds,
they still face certain limitations in the cliniEor instance, i) some insoluble signals such as
carbon-based nanomaterials can cause a foreign kesponse that can facilitate tissue
fibrosis [19, 20], ii) growth factors often facesigs such as loss of bioactivity, low tissue
penetration and dosage-dependent toxicity [21]imndnany of the bioactive oligopeptides
do not facilitate the needed intracellular sigmglpathways for optimum tissue generation;
even though a number of proteins (such as fibram@, 23], collagen[24], osteopontin,[25]
vitronectin[26] and fibrinogen[27]) stimulate muafore robust intracellular signalling than
bioactive oligopeptides[28-31] they are limited éyher foreign body responses from the
host or in some cases high cost and low scalabikity these reasons, native-like and
abundant biopolymers with inherent bioactivity haeacted much attention in biomaterials
science. In patrticular, sulfated polysaccharidesbgrnow widely recognized for their ability
to bind to important cell receptors to facilitateellc adhesion, proliferation and
differentiation.[32, 33] They can also bind to aiginal a number of important growth factors
such as fibroblast, vascular endothelial and booephogenetic protein growth factors for
controlled growth factor release; and they can owergrowth factor bioavailability by

protecting them against proteinase degradationd337]

In simple terms, sulfated polysaccharides can &ssdied under three distinct categories
including i) sulfated GAGs, ii) marine sulfated ghns and iii) chemically sulfated
polysaccharides. While the first two categories iaterently sulfated polysaccharides, the
third one consists of non-sulfated polysaccharitias are chemically modified with various
sulfating agents. Regardless, the bioactivity dfased polysaccharides depends on factors
such as degree of sulfation and sulfation patt®sn.38] For instance, hyaluronic acid

(HA)/collagen type | matrices were shown to inhisteoclast differentiation and resorption,



largely dependent on degree of sulfation of HA.[39] this end, highly sulfated HA was
capable of improving bone regenerationimvitro and in vivo models.[40-42] In other
studies, an intimate link between sulfation patteand chondrogenesis has been
proposed.[43] For example, it was shown that chaitidr sulfate (CS) rich in 4,6-O-
disulfated disaccharides, had a higher potentiaigcegulate the expression of important
chondrogenic biomarkers when compared to other &®atives containing either 4- or 6-O-

sulfated disaccharides.[43]

Accordingly, sulfated polysaccharides have beemdhapicked up by scientists in the
field in order to manufacture more bioactive sciaahat can facilitate better skeletal tissue
regeneration.[44-54] These scaffolds were madevar&gous fabrication methods - such as
casting, electrospinning and 3D printing - fromheitindividually sulfated polysaccharides or
in combination with other biopolymers. Generallyeaking, the scaffolds have been used in
two different ways to assist osteogenesis or ctagehesis: i) in combination with growth
factors to facilitate differentiation of cells vtantrolled release of growth factors, or ii) in the
absence of any growth factors by solely relyingrmaarmolecular interactions with important
cell-membrance receptors.[55, 56]

This paper, reviews the most recent progress iiated polysaccharide-based scaffolds
for skeletal tissue engineering, with particulacus on bone and cartilage tissue engineering.
Specifically, three different groups of sulfatedlysaccharides - sulfated GAGs, marine
sulfated glycans and chemically sulfated polysakgdkla, and their usage as building blocks
in orthopaedic scaffolds are reviewed; since thepséysaccharides present the most
promising avenues in this field. This review alsghfights the ability of these scaffolds to
direct progenitor cells into either chrondogenic @steogenic differentiation. Finally,
application of these scaffolds in various prechhistudies related to mending bone and
cartilage defects along with more complex osteodhanlesions are reviewed, as such
studies are of utmost importance for bridging theent gap between the laboratory and the

clinic.

2. Naturally Sulfated Polysaccharides

Sulfated polysaccharides can be derived from thMBCanimal tissues in the form of
sulfated GAGs or from plants such as marine algathe form of alginate, carrageenan,
fucoidan and ulvan (Figure 2). The sulfate groupshie abovementioned biopolymers can

also be chemically conjugated to the sugar backbohaon-sulfated molecules such as HA,



chitosan, alginate and cellulose. Along these Jindss section is divided into three
subsections dealing with sulfated GAGs and polysagdes derived from natural sources as
well as sulfated polysaccharides that are customienma the laboratory. Notably, the wide
variety of sulfated polysaccharides reviewed capldy differing bioactivity depending on

the sulfate position and degree.

2.1 Glycosaminoglycans (GAGS)

Sulfated GAGs are present in the ECM, cellular memé and intracellularly within
eukaryotes (Figure 2). They therefore, play anmgsdeole in modulating extracellular and
intracellular interactions. In simple terms, GAGancbe defined as negatively charged
heteropolysaccharides, whose disaccharide unitscamgprised of repeating disaccharide
units of a uronic acid (iduronic or glucuronic gci@hd an amino sugar (glucosamine or
galactosamine). Based on their disaccharide corposthey are grouped into four different
families including heparin/heparan sulfate, choitdr@wlermatan sulfate, keratan sulfate and
HA. While heparin, heparan, chondroitin, dermatad keratan sulfate are sulfated and post-
translationally synthesised via attachment to aecprotein, HA is non-sulfated and
synthesised at the cell surface without a protesne.c Importantly, GAGs can differ
significantly from one another in terms of bioadinand structural complexity depending on

their specific biosynthesis pathway and sourceeoifvdtion.[57]

Heparin and Heparan Sulfate

Heparin is a highly sulfated GAG only produced lmnmective tissue mast cells and
exclusively decorates the protein core of serglyf8] In contrast, heparan sulfates (HS)
decorate intracellular, ECM and cell surface prghgcans and are produced by almost all
cell types where they play important roles in a evichnge of physiological processes
including cell proliferation and differentiation, mmune responses, as well as
angiogenesis.[59-62] Both heparin and HS are coegpo$ repeating disaccharide units of
either iduronic or glucuronic acid and glucosamimés but with less iduronic acid and less
overall sulfation in HS compared to heparin. Impotly HS does not contain sulfation at the
C3 position and does not possess anti-coagulantta¢63-65] Both heparin and HS interact
with a large number of proteins, (including hepdinding growth factors), which together

with their cell signaling role, make them ideal was for scaffolding materials.[61]

Heparin has been widely explored in tissue engingawing to its ease of supply being

used clinically as an anticoagulant and is ofteeduss an analogue of HS.[66-68] Heparin



and HS bind to a range of proteins via electrostatieractions that are controlled by its
three-dimensional structure, anionic nature andasah patterns. Heparin is known to
enhance the osteogenic potential and bioavailglmfittone morphogenetic protein-2 (BMP-
2) through its binding, stabilization and presdotato cells.[69-71] Indeed, in a study by
Hettiaratchi, Miller [72] it was shown that methg@eated heparin microparticles could bind
high quantities of BMP-2, vascular endothelial gtloviactor (VEGF) and fibroblast growth
factor-2 (FGF-2), which in turn could stimulate a@ike phosphatase (ALP) activity in
skeletal myoblasts (C2C12) and increase the cefisidn rate. Notably, such heparin
microparticles typically demonstrate better presgom of growth factors when compared to
gelatin microparticles and soluble heparin; sonmgthivhich has been speculated to arise
from heparin’s higher charge density.[72] SimilarhPLGA microspheres when
functionalised with both heparin and BMP-2, coulgndicantly up regulate MG-63
osteosarcoma cell differentiation as seen throughenhanced expression of osteocalcin
(OCN) and osteopontin (OPN), whilst simultaneouslgreasing both ALP activity and
deposition of important bone minerals.[73]

However, heparin’s anticoagulant capacity can hindene regeneration through
antithrombin Il activation, which can prevent thecumulation of various tissue regenerative
growth factors and cytokines in the defected ba&ggon. Thus, the lesser charged negatively
charged HS could be a more useful bioactive supgténTo this end, Bramono, Murali [74]
compared the osteogenic potential of heparin andrbt8 various sources; as regulators of
BMP-2 activity, and found that heparin could up ukege BMP-2 induced osteogenic
differentiation of C2C12 cells in the short ternowever they did not observe any significant
BMP-2 stimulated bone matrix mineralisation after days. Interestingly, HS delivered
BMP-2 in a prolonged and sustained manner, at iploysiologically relevant concentrations
whilst retaining its osteogenic activity (when caamgd to heparin). This was thought to be
associated with the higher growth factor binding aignaling capacity of HS compared to
heparin which enables the more efficient presemadind signaling of osteogenic ligands to
their cell associated signaling receptors.[75] K4S &lso been shown to regulate other growth
factors in the transforming growth factor beta (F@Fsuperfamily. For instance, Chen,
Wang [76] showed that, in the presence of Tg3F-HS was capable of inducing
chondrogenic differentiation of human MSCs whilstivzating important TGH related
signaling pathways. Similarly, heparin in combinatwith a self-assembling peptide (RAD

16-1) could drive adipose-derived stem cells (ADBF@#0 the chondrogenic lineage as



evidenced by collagen type Il up regulation; a mmeenon that was speculated to arise from
heparin’s affinity towards VEGF.[77] More recentlg, biphasic silk fibroin biomaterial
incorporating heparin was reported to increase tirdactor retention and thereby preventing
the undesired initial burst-like release that iscemmmon in many traditional scaffolds.[78]
Interestingly, the incorporation and controlledeede of TGH2 and GDF5 (growth
differentiation factor 5) into the scaffold up-régied chondrogenic markers, including

SOX?9, aggrecan and collagen type Il (Figure 3).

In summary, several studies have demonstrated eéngatdity of heparin and HS to
efficiently deliver and preserve the function ofpontant chondrogenic and osteogenic
growth factors. As mentioned, the prominent angtdant capacity of heparin can diminish
the accumulation of growth factors and cytokinesaitbone defect site and subsequently
hinder tissue regeneration. HS, the less sulfatgghiin analogue, on the other hand holds
promise as an alternate delivery vehicle withowhsundesirable side effects. In this regard,
HS has already showed promise at permitting seqiiest and controlled local delivery of
growth factors resulting in an improved bone andilege matrix production Overall, HS and
heparin-based biomaterials will in the authors mpirsoon move beyond their current usage
in anti-coagulant treatments, and towards growttiofaand cytokine delivery vehicle for

bone and cartilage tissue regeneration.

Chondroitin Sulfate

Chondroitin sulfate (CS) is the most abundant GAG1H in vertebrate and invertebrate
ECM and decorates intracellular, ECM and cell stefgroteoglycans. It is a linear
polysaccharide composed of repeating disaccharidés uof glucuronic acid and
galactosamine that can be sulfated at carbon’stB@glucuronic acid, and 4 and/or 6 on the
galactosamine, which provide heterogeneity in simec[79] Aggrecan is the major CS
proteoglycan in cartilage that binds to HA to foaggregate structures that have a high water
retention capacity and provide the hydrodynamicgivebearing properties of cartilage.[80]
CS has been shown to stimulate the synthesis otegg, HA, glucosamine and collagen Il,
as well as preventing chondrocyte apoptosis andadagon of cartilage by inhibiting ECM
degrading enzymes. Accordingly, CS has been extelysexplored for cartilage repair and
chondrogenic differentiation of stem cells.[81] Fomore in-depth analysis of the influence
of CS hydrogels on stem cell fate the reader isrrefl to an excellent review given recently
by Farrugia, Lord [82]



A number of recent studies have harnessed the at@nt@®ned biomimicry properties
of CS in cartilage tissue engineering with excittigcomes. For instance, a study by Levett,
Melchels [83] aimed to enhance chondrocyte behaviou gelatin methacrylate-based
(GelMA) hydrogels by incorporating GAGs includingaturonic acid methacrylate (HAMA)
and CS methacrylate (CSMA) into the hydrogels; Is@parately and together. Interestingly,
they found that the integration of HAMA enhancedomtirocyte re-differentiation and
improved matrix distribution, whereas CSMA showedrginal improvements over both the
GelMA control and GelMA/HAMA/CSMA triple compositeThis means that HAMA
positively influences bioactivity and the mecharysiological properties of GelMA
hydrogels when compared with CSMA.  Although, Idfvides the biochemical cues for
chondrogenesis, it was shown that the inclusio€$fin the HA hydrogels can upregulate
MRNA expression of chondrogenic markers, while elasing expression of the hypertrophic
markers that are normally associated with HA hydedB85] Additionally, incorporation of
CS into HA hydrogels led to an increase in GAGsuandation bothin vitro andin vivo.
Similar results were observed by Costantini, Idkg86] during bioprinting of bone marrow
derived hMSCs in a composite matrix containing G&MHAMA and CS amino ethyl
methacrylate (CSAEMA). In the absence of HAMA, tiagio of collagen li/collagen | and
collagen ll/collagen X increased suggesting nedagg formation, whereas differentiation
towards hypertrophic cartilage was observed withMMalone. This may be due to the
stiffness increase from 59 kPa (GelMA/CS) to 10(a K&SelMA/CS/HAMA), as MSC
differentiation is sensitive to interface stiffng83, 88] In summary, they concluded that the
chemical composition, network density and stiffneds the 3D microenvironment in
combination play a role in determining the chonémg potential of MSCs, with CS
showing the most promising cartilage regeneratagacity.

CS has also been employed together with other bjopos such as polyethylene glycol
(PEG), chitosan, and alginate to constitute bivactscaffolds for cartilage tissue
engineering.[47, 89-94] In a noteworthy examplahwie aim of evaluating the effect of CS
sulfation degree on its interaction with positivelyarged growth factors, researchers made
two different types of scaffolds composed of pdiiyggene glycol)-diacrylate (PEG-DA) with
either CS or desulfated CS.[90h vitro experiments demonstrated that the release of a
positively charged model protein (histone) from togkls containing desulfated CS resulted
in an increased histone release when compared kydeogel containing normal CS,

suggesting that sulfation alone plays an essemti@lin modulating protein interactions with



GAG hydrogels, and thereby also the growth facetease profile. Interestingly, MSCs in
hydrogels containing desulfated CS had signifigahibher expression of collagen Il and
aggrecan by day 21 in chondrogenic medium, comptredEG control scaffolds or CS
containing scaffolds. This was speculated to afissn the augmented TG[Ft pull-down

from culture media caused by the presence of GRseifydrogels.

In another study, a biomaterial composed of chitoand CS was used for cartilage
tissue engineering.[47] Tha vitro results with a pre-chondrocyte cell line (ATDC&pwed
that chitosan/CS induced a higher collagen Il/gdtal ratio (a characteristic of hyaline
cartilage formation) after 21 days, when compai@dgristine chitosan. Furthermore, the
collagen X expression in chitosan/CS showed areas® after 21 days compared to pristine
chitosan scaffolds, indicating that these scaffalas drive ATDC5S cells into a hypertrophic
state. CS has also been used in combination wgimae to form porous scaffolds for
chondrogenesis of hMSCs.[94] After 14 days, it wamwn that under chondrogenic
conditions total collagen and GAG contents weréhéiign cells seeded onto CS-containing

scaffolds as compared to the CS-free ones.

Apart from cartilage tissue engineering, CS hasnbased to promote osteoblast
adhesion for bone tissue engineering.[95] In tespect, Vandrovcova, Douglas [96] coated
PLGA with collagen | with and without CS. Resulisdicated that CS improved both the
osteoconductivity and osteoinductivity of the (odtastic) MG-63 cell line, observed
through the increased proliferation and upregutatb osteocalcin, as compared to pristine
collagen | coatings. Similarly, titanium implantave also been coated with CS/collagen[97]
or CS,[98] as sulfated GAGs are known to bind cafciand calcium phosphates such as
hydroxyapatite [99]. The former compared three ®raf CS (4-sulfated CS (CS A); 6-
sulfated CS (CS C) and dermatan sulfate (CS B), fannd that both CS A and CS B
stimulated local osteoblast adhesion. We also rib&g,the study by Dudeck, Rehberg [98]
demonstrated a synergistic effect between CS amdthdme replacement therapy in an
osteoporotic rat model, and thus indicates thats€&folds could open new therapies for
osteoporosis.

In summary, CS has been used in conjunction withddymers to form more functional
composite biomaterials that can facilitate bothodkrogenisis and osteogenesis. When used
with cartilage forming cells, it has been seen thatinclusion of CS increases the expression
of collagen II, while facilitating a more hyaling¢ cartilage formation, as a result of

enhanced binding with growth factors and integriedted cell-matrix interactions. the CS

9



structure, and specifically the location of thefatgls on the CS backbone, directly influences
its ability to bind to cells and direct their diféatiation. Therefore, CS holds great promise
for skeletal tissue engineering since it can batehan impact on chondrogenesis and bind to

important components of the hard phase of bonéealhuse of its many sulfate groups.

2.2 Marine sulfated Glycans

Over 70% of the earth’s surface is inundated byabie environments, rich in
biodiversity. Among these marine organisms lieaalgnd seaweed that are abundant with
bioactive compounds of use in the field of biomedicowing to their numerous health
benefits stemming from their anti-inflammatory, iscd@ncer, anticoagulant and
immunomodulatory properties.[89, 100, 101] Althouggasonal disparities can influence
their overall composition,[102] their sustainabidtization is not constrained by climate as
with various terrestrial plant species. Notablynsoof these algae are also made up of simple
sugars (monosaccharides) joined by glycosidic bdrigure 2) that resemble GAGs and
they can promote protein binding and cell growttheit giving rise to immunogenicity. As
with other GAG-like polymers, the bioactivity of lfated marine sugars depends on their
composition, molecular weight, degree and locatodnsulfate groups. The three most
prevalent marine-based sulfated polysaccharidegemtly used in biomedicine are

carrageenan, fucoidan and ulvan, derived frombyealyn and green algae respectively.

Carrageenan

In simple terms, Carrageenan’s (CARs) can be de=tras linear and water-soluble
anionic-sulfated polysaccharides. They are derfvaah red algae of the clag$odophyceae
and identified based on their disaccharide sulfatithey have previously successfully been
exploited in bone and cartilage tissue engineeangjications, due to their thermoreversible
gelling behaviour in the presence of non-toxic arai as well as their ability to facilitate
bone apatite formation.[103-111]. As a noteworthyamaple, Popa, Caridade [103]
demonstrated that kappa) (- CAR hydrogels were able to support the prodifem and
chondrogenic differentiation of encapsulated ADS&slowing 21 days in culture they also
observed an increase in hydrogel storage moduldivianoelastic properties possibly related
to the ECM deposition from the cells. Additionallthe mechanical properties of the
hydrogel, following compression were observed tarbihe range of native human cartilage.
In another study, Oliveira, Silva [112] investighteow variations in the primary structure of

CARs can influence bone mineralisation. They comgdhe osteogenic properties of three
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different CAR sugar backbones, kappa), (iota (), and lambda ), within a
chitosan/polycaprolactone (PCL)-based scaffoldthils respect, it was demonstrated that
bone apatite formation varies significantly betwelkifierent CAR species. Specifically, of
the three CARs employed, theariant demonstrated significantly higher biomaleation,
possibly due to an increased affinity for variousalstive compounds from the osteogenic
media as a result of higher sulfur, oxygen andogén content within its sugar-like
backbone. In a similar vein, the osteogenic capact a composite containing-
CAR/chitosan/gelatin was recently explored.[113]rdjethe researchers found that the
inclusion of gelatin with its native RGD peptidesdachitosan with its favorable cationic and
osteogenic properties,[114] into the CAR hydrogeitwork, promoted the osteogenic
differentiation of ADSCs. Notably, they found thtite inclusion of a 10 wt %-CARs
significantly increased the alkaline phosphatasiwicof encapsulated cells when compared
to the composites containing 0, 5 and 15 wt %-GAR. Correspondingly, an ostegenic-
specific histology assay suggested that the 5 @ndit1% -CAR-based composites caused
higher mineral deposits following a 28-dayvitro study than the other groups. In another
recent investigationgc-CAR was blended into biodegradable polyesthersolssummate a
biocompatible scaffold for bone tissue engineeftig.Interestingly, the authors found that —
like the other studies reviewed herein — the preserfik-CAR could facilitate the formation
of nanosized apatite crystals when compared to palgesters, which instead gave rise to
non-native-like and larger microsized crystals.i@érest, the introduction of-CAR in the
polyester material also enabled tailored degraigblh a related study, Liang, Wang [52]
found that the expression of cartilage specificege(6OX9, collagen Il and aggrecan) were
up regulated with increasing CARs concentrationshiwi chitosan, when compared to
pristine chitosan. They also showed that CARs ptedhoellular responses such as adhesion,
viability and proliferation in the composite hydedg These benefits were attributed to the
chemical similarities between CARs and CS, whichigely recognized for its chondrogenic

capacity.

The thermoreversible and thixotropic gelling bebaviof «k-CAR under physiological
conditions also makes them suitable as injectaptiedgels for cartilage tissue engineering,
as evidenced by a recent study by Rocha et al.[$pBFifically, in this study, it was found
that ADSC-ladenc-CAR hydrogels cultured in TGB1 supplemented growth media did not
induce chondrogenic differentiation, though wheadugith chondrogenic medium, the cells

developed a spherical, chondrogenic-like phenotypi&kewise, immunohistochemical
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analysis revealed increased collagen Il deposftiawing the integration of TGIBL in the

k-CAR hydrogels under chondrogenic conditions, satige the production of cartilage-
specific proteoglycans. Interestingly, the heatetligy conditions did not elicit thermal
stress on encapsulated hASCs following live-deathisig, justifying their potential future

use forin situ forming hydrogels for cartilage tissue engineering

Fucoidan

Fucoidan is a sulfated polysaccharide derived fribwa cell-wall matrix of brown
seaweed. It contains a substantial amount of Lde@nd sulfate ester groups which varies
from species to species.[101] The species thabst frequently used in the field, is - Fucus
vesiculosus - which typically gives rise to Fucaideonsisting of 1,2-fucose, with its
sulfate groups primarily located at C4 positiondLinterestingly, fucoidan has been shown
to interact with transforming growth factor (TGE)-which was speculated to be associated
with its heparin-like chemical structure,[117] dilee the CARS, fucoidan can also facilitate
bone-like apatite formation.[118] Specifically, wtas demonstrated that the addition of
fucoidan promoted osteocalcin and ALP productionlstlsupporting human bone marrow
stromal cells (hBMSC) growth. The increase in ALRswindicative of initial osteogenic
differentiation, which happened after a rapid dlision (a well-known stage in osteogenic
differentiation of stromal cells in culture). Ingstingly, they also found that fucoidan could
more than double the compressive strength of thfadds from 191 + 5 KPa to 414 + 3
MPa, something that could come to use later, dubdontimate link between cartilage/bone
formation and biomaterial stiffness.[119] In anatbtudy, Puvaneswary, Raghavendran [50]
developed a porous fucoidan scaffold to influeneeeomineralisation and apatite formation.
These scaffolds promoted hBMSC attachment, pralifen and differentiation. Though the
lengthy process of mineralisation was not signiftcaupregulation of collagen | under
osteogenic conditions demonstrated osteogenesihinwithe fucoidan composite.
Additionally, Runt-related transcription factor-RJNX2) and osteonectin (ON) were

significantly upregulated compared to the chitosaly hydrogel.

Owing to the TGH3-binding properties of fucoidan, it was also extddifor cartilage
tissue engineering applications. For instance, Kanithi, Murali [120] studied the
chondrogenesis of encapsulated hMSCs within a fiacealginate composite. The results
revealed that hMSCs cultured in chondrogenic medisupplemented with fucoidan
expressed a higher level of chondrogenic markedu@ing tenascin-C, SOX9, collagen II,
aggrecan and cartilage oligomeric matrix protein).addition, the cultures expressed a
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significantly lower level of hypertrophy markersngluding Col X and Runx2), when
compared to alginate hydrogels. Further more, aatisapsulated in the fucoidan-alginate
hydrogel produced a higher GAG content at day 2ie(wcompared to alginate hydrogels),
which is a widely recognized indicator of matureoietirocyte phenotype. Thus fucoidan
may enhance the chondrogenic differentiation ofmsteells due to its affinity to various
growth factors, such as TGR-. Likewise, cell condensation — a hallmark forartdtogenic
differentiation - were observed in this study, whputs further emphasis on the promise that

Fucoidan holds in cartilage tissue engineering.

Ulvan

Ulvan is a lightly branched anionic-sulfated polydzaride, which is derived from the
cell wall of green algae; and consist of sulfatéthmnnose, iduronic and glucuronic
acids.[121] The ulvan sugar share a chemical siityilvith GAGs, due to its glucuronic acid
and sulfate groups.[89, 122] As with the previouslyestigated marine glycans, ulvan has
been used in combination with chitosan to prodwsteagenic coatings for titanium implants.
To this end, coatings seeded with 7F2 osteoblastwed complete confluency after 6 days;
something significantly different as compared tisceeeded on pure ulvan or pure chitosan.
From this point-of-view ulvan/chitosan compositemoted the attachment and proliferation
of 7F2 osteoblasts while maintaining the cell malphgy and viability. In a related study by
Dash, Samal [123] ulvan was used for bone tissggnearing applications. Purposely, the
group introduced methacrylate groups to the ulvatkbone to further increase the
physiological stability of the hydrogel through Wwvesslinking. Hydrogels were incubated
with ALP at varying concentrations to gauge minsedion capacity, as mineralisation is
known to promote bioactivity through the formatioh chemical bonds with surrounding
bone tissue after implantation. The lowest metHateg-ulvan group, saw the highest
concentration of ALP resulting in pre-osteobladtscdifferentiating towards an osteogenic

lineage, as interpreted from increased ALP actiaitg a reduction in cell proliferation.

Overall, these naturally sulfated marine glycansehaeen limited use thus far in
orthopaedic tissue engineering applications. Siticey’re known to have chemical
compositions that mimic several ECM-based GAGs @teoglycans there’s no doubt they
could be used to drive the R&D engine of the nesttagation of biomaterials for orthopaedic
tissue engineering. Especially, their strong affintowards a wide range of tissue
regenerative growth factors makes them ideal grdadtor delivery vehicles, which in turn
further improve their tissue regeneration capadftgditionally, their high abundance and
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sustainability along with reduced immunogenicityoegly advocates their promise in the

broader field of tissue engineering.

2.3 Chemically sulfated

The biological properties of sulfated polysacchesidrom mammalian and plant-based
sources are vast. In fact, their bioactivity isumdtion of molecular size, type of sugar-
backbone and sulfate content[124] However, natxadrived polysaccharides typically give
rise to batch-to-batch variations, which furthenders the reproducibility of their ensuing
biophysical properties.[125, 126] As a result, medfort to produce sulfated polysaccharides
with more specific and controllable functional peojes, researchers have started to
chemically manipulate non-sulfated polysaccharidesh as HA, chitosan, alginates and
cellulose. Controlled chemical sulfation of thes#ypaccharides can be achieved through
various surface immobilisation strategies includaigemical binding[127] and electrostatic
assembly.[128] Modifying or combining these polydsarides with sulfate groups could
exploit their native chondrogenic or osteoblastiteptial whilst prolonging growth factor
delivery to promote proliferation and differentati of tissue specific stem cells, as well as
circumventing shortcomings such as hypertrophy @pid enzymatic scaffold
degradation.[129]

Hyaluronic acid (HA)

HA is a naturally occurring GAG, that has been Wjdsilised in tissue engineering as it
possesses cell surface receptors such as CD44ettadile cell binding,[130] and is
immunoneutral at the same time.[131] Indeed, thd4£Based cell binding receptor has been
utilised and shown to increase chondrogenesis183] Various, groups have also studied
the effect of modifying the HA with sulfate group®m enable sustained growth factor
delivery through improved growth factor binding.rfostance, Xu, Jha [133] investigated
the effect of decorating HA with heparin. It waesdhat when MSCs were seeded onto a
HA-heparin hydrogel with BMP-2 present, there wamisicant upregulation of mMRNA and
key chondrogenic genes including collagen I, SGX@ aggrecan, as compared to pristine
HA. These improvements can be attributed to theatepsubgroups that contain sulfate
groups, which were seen to have a higher bindingaaty for BMP-2. Importantly, a
sustained release profile over 13 days was observechpared to pristine HA which

displayed an initial burst release profile.
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In a similar vein, Jha, Yang [134] combined HA witlerlecan, a sulfated HS
proteoglycan. Here, the HA-perlecan hydrogel exbibthe ability to bind significantly more
BMP-2 as compared to HA alone and promoted chorhregjs. Likewise, Srinivasan,
McCoy [135] combined HA with HS and demonstratedrgeted and controlled delivery of
BMP-2 for cartilage tissue engineering. For borssue engineering HA-based hydrogels
have been used in conjunction with heparin for BRI&eliveryin vitro andin vivo.[136] In
this study a rapid burst release of BMP-2 in nopanm hydrogels was observed, with
sustained release only seen in heparin containyagolgels, which in turn maintained the
osteogenic potential of BMP-2 over 28 days. Anotstrdy by Hintze, Miron [137]
compared HA, sulfated HA and CS hydrogels, and dotlvat, native HA, low sulfated HA
and CS showed low affinity for all TGFisoforms. Specifically, the highly-sulfated HA had
the greatest affinity for TGB1 and TGH32 but not TGH33.[138]

Overall, HA has proven to be a favorable mater@ V¥arious tissue engineering
applications as it contains the important CD44 pemeand is capable of binding to important
tissue regenerative growth factors. Some studiglarfield also suggest that by decorating
HA with sulfated materials such as heparin, periegaad CS, it is possible to significantly
increase its affinity towards important growth fast for skeletal tissue engineering as well

as delaying their release in a controlled manner.

Chitosan

Chitosan is a non-sulfated, linear polysaccharidgh wa semi-crystalline and
biodegradable nature. It's typically derived fromitim extracted from insects, crustaceans
and fungi (Figure 2). Chitosan is known to haveimsic antimicrobial properties against
fungi and bacteria.[139] The molecular weight oit@san ranges from 300 — 1000 kD and it
is composed of glucosamine and N-acetyl glucosantimesd by p (1-4) glycosidic
bonds.[140] Notably, chitosan behaves as a polycainder acidic conditions, and thus is
capable of forming hydrogels in the presence ofygmibns and polyelectrolytes.
Additionally, the degradability of chitosan dirgctielates to its degree off crystallinity and
can thus be tailored to correspond to the targetede.[141]

To even further improve the already impressivedgaal properties of chitosan, tissue
engineers have recently tried to modify its polyimdyackbone with sulfate groups. For
instance, Cao, Werkmeister [142] transformed chitosto 2-N, 6-O-sulfated chitosan
(2,6SCS); and demonstrated that this particulgfatad chitosan is useful for sustained and
dose-dependent BMP-2 delivery among many sulfatethnts.[142] In a follow-up study
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they made a comparison between BMP-2-gelatin (Gethacaffolds, BMP-2 loaded 2,6SCS
chitosan nanoparticles (BMP-2/NPs) incorporatea ititese gelatin scaffolds (BMP-2/S-
NP/G) and a BMP2-2,6SCS-G composite. To this dmel authors found that the BMP-2/S-
NP/G variant could significantly prolong the growftkctor release and up-regulatevitro
ALP activity as compared to the other variants (Fég4); something which was thought to
be associated with the synergistic action of reldaBMP-2 and the unique material
properties of 2,6SCS sulfated nanoparticles.[1AB]restingly, the addition of nano-particles
also had an impact on the mechanical propertieshef scaffold, thereby significantly
prolonging its degradation time, to create an ogtioondition for balancing scaffold removal
with the deposition of fresh bone tissue. Buildorgthese results, a recent approach by Pan,
Chen [144] demonstrated that 2,6SCS can also bé tesemprove the angiogenic and
osteogenic capacity of BMP-2, confirmed both onratgn and genetic level. In another
recent study, Cao et al. used 2,6SCS in combinatitmpoly(lactide-co-glycolide) (PLGA),

to manufacture a composite scaffold (S-PLGA). Hiévey demonstrated that the BMP-2
binding efficiency within the PLGA scaffold coulddrease almost 10-fold in the presence of
2,6SCS. The release profiles of BMP-2 were 30% staw S-PLGA scaffolds as compared
to pristine PLGA. In the same study, BMSC cellsvgbdd an elongated and spindle-shaped
morphology when interacting with the hydrophilicrfagce of S-PLGA.[128] Additionally,
these cells were seen to circumvent Noggin inlmbjtia BMP antagonist that binds
extracellular BMP-2, which in turns inhibits impant receptor interactions ultimately
leading to reduced osteogenic capacity. Modificat the chitosan backbone with arginine
yields a water-soluble molecule that is able tcenatt efficiently within the biological
environment in contrast to the acid soluble stgrtmaterial. Sulfate modification of this
molecule has been achieved at the 2N as well aC823nd C6 positions on the chitosan
backbone.[145, 146] These sulfated derivatives lasind signal members of the fibroblast
growth factor family replicating the activities #1S. While chitosan-arginine has been
reported to promote an osteogenic phenotype ingsgicthuman fetal chondroblasts in the
absence of osteogenic medium, sulfated chitosantaeg promoted a chondrogenic
phenotype in these same cells.[145] These data mgnate how subtle changes in sulfation

affect cell phenotype and can direct stem celkdéhtiation.

In summary, the high abundance of chitosan in eatalong with its favorable
biocompatible and biodegradable properties makes iaittractive biomaterial for skeletal

tissue engineering. The modification of chitosathvgulfate groups can further improve the
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already amazing bioactivity of this material. Inde¢he controlled introduction of sulfate
groups onto chitosan’s backbone can expand itsasse potential coagulator and a growth
factor delivery vehicle.[144] Interestingly, thetiomic nature of chitosan enables negative
GAGs and proteoglycans to easily be incorporatéd such scaffolds to promote better
tissue regeneration. What's more, sulfated chitasan many ways structurally similar to
GAGs, and thus share many of the same biologiagesties; as its capable of modulating
both cell morphology and function — two importardllimarks of cell proliferation and
differentiation.[147, 148] Overall, these excitibgpmaterial properties of chitosan justify

it's continued usage as a novel biomaterial inap#edic tissue engineering applications.

Alginate

Alginate is a sustainable polysaccharide derivethfbrown algae (Pheaophyceae) and
less frequently from gram-negative bacteria (Azatdbr and Pseudomonas sp.). Alginates
are linear-anionic polymers with favorable biocomipmhty for various tissue engineering
applications (Figure 2).[149, 150] Notably, algmdtas the capacity to form ionic hydrogel
networks through chelation with divalent cationscts as C&, broadening its use towards
drug delivery[151]. Additionally, due to the inna#glhesive and tailorable shear thinning
viscoelastic properties of alginate it has founddespread use in bioprinting
applications.[152-154] As with other plant-baseddimgels, alginate does not natively
support cell adhesion and has been described ataak“slate” by many engineers in the
field.[155] Even still, alginate can be customiskrbugh sulfation and peptide modifications
to control the phenotypes of encapsulated ostetshlas6] chondrocytes[157] and
hMSCs.[158]

Alginate sulfation based on sulfur trioxide (§QL59] and sulfuric acid[160] treatments
have been widely used over the years. In this cggamumber of studies have shown that
such sulfated alginates can retain growth factodspmomote chondrogenesis through various
cellular signaling pathways;[161] and for thesesoees they are considered as heparin
analogues (Figure 5). Along these lines, Mhannahiap [162] employed an S$yridine
method of alginate sulfation for cartilage tissungiaeering. In this study, the formation of
ionic networks was restricted to a degree of siofiabf 0.8 (per monosaccharide unit), as
higher degrees of sulfation (2.6) did not faciktdiydrogel formation, possibly due to strong
electrostatic forces and/or steric effects betwadjacent polymers. Interestingly, they found
that sulfation maintained the proliferative capaais well as phenotype of encapsulated
chondrocytes, in contrast to previous studies shgwnitial dedifferentiation in a non-
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sulfated hydrogel microenvironments.[163-165] Thetraduced sulfate groups also
influenced Ras homolog gene family member A (Rha&)ivity, which is known to be
associated with chondrocyte proliferation and défgiation[166]; though the expression of
collagen | and collagen Il as well as proteoglysgnthesis was not significantly impacted. In
another study, a bio-ink made up of sulfated akginmas used for sustained delivery of
BMP-2 and osteogenesis of osteoblast cells.[45] rfEsalts showed that bio-inks exhibited
an improved retention of BMP-2 in 3D-printed sc&ff Most importantly,in vitro cell
printing experiments revealed enhanced prolifenatias well as, osteogenesis in the
hydrogels containing alginate-sulfate comparedh® d¢ontrol bio-ink (made from pristine
alginate) as indicated by increased level of ALBvig and calcium deposition. The results
suggested that sulfated alginate bio-inks indudgten level of osteogenesis, by increasing
the stability and retention of the loaded BMP-2.

Thus, sulfated alginate-based scaffolds are progniaiternatives to mammalian derived
GAGs due to their biocompatibility, low immunogeity¢ protein retention capacity and the
great variety of readily implementable gelling ahdctionalisation strategies that can
improve their bioactivity. Their extensive and doned use will definitely empower
researchers with the knowledge to better underdtandegulatory role of sulfated-alginate in
extracellular and intracellular interaction, soniegh which hopefully will lead to their more

frequent use in skeletal tissue engineering irfdheseeable future.

Cellulose

Cellulose is the most abundant natural polysacdbaavailable in the world.[167, 168]
Its chemical structure consists of unsubstitutétear glucose homosaccharide with six
available hydroxyl groups. Intriguingly, it has beseldom used in tissue engineering,
potentially due to difficulties in hydrogel assemlglhused by solubility inadequacies.[169]
The sulfation of cellulose can improve solubilitiiyough the disruption of intermolecular
hydrogen-bonds[170] to potentially broaden its aafiility towards various tissue

engineering applications.[171]

One study by Huang, Molina [172] explored the uksuifated cellulose scaffolds for
cartilage tissue engineering. Initially MSC indoectimedia was spiked with a fully sulfated
form of sodium cellulose (NaCS) leading to a sigaift upregulation of collagen Il and
aggrecan. In the same study, NaCS was combinedgelttin to develop scaffolds through
electrospinning. Interestingly, the scaffolds witte lowest concentration (0.1%) of NaCS

added to induction media resulted in the highestiypetion of collagen Il both on a protein
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and genetic level after 56 days of culture. Addislly, cells on the 1% and 5%
NaCS/Gelatin-based scaffold showed low collagenrédpction, suggesting higher NaCS
may result in a reduced propensity towards hypehtyo These higher sulfate concentrations
may have an inhibitory effect on chondrogenesisabse of irreversible growth factor-
biomaterial bindings, which in turn can comprise telease and delivery of TGR-to the
targeted cells.[173] The same group took this p ftgher and introduced partially sulfated
cellulose (pSC) into gelatin hydrogels instead, distovered an enhanced expression of
chondrogenic markers (collagen ll/collagen | rasiggrecan and SOX9) upon increasing pSC
concentration in the scaffolds, indicating the ptisd of pSC as a scaffolding material for

cartilage tissue engineering.[174]

For these reasons, cellulose sulfate is an iritegegehicle for growth factor delivery in
cartilage tissue engineering and could have broases in the foreseeable future due to its
abundance, sustainability and reduced immunoggniSpecifically, the backbone sulfation
of cellulose allows for precise control over thdfation pattern and sulfation degree, and
thereby enables the biological properties of swéifslds to be fine-tuned in a customizable
manner. The range of available chemical modificetican also pave the way for tuneable
mechanical and pharmaceutical properties, and cthédeby potentially enable an even

greater variety of biomaterials. [175] [176]

3. Tissue engineering

While sulfated polysaccharides have been showndoessfully act as delivery vehicles
for growth factors in amn vitro environment, their ability to elicit this resporiseanin vivo
model needs to be evaluated as well. Indeed, msswyet engineering approaches have shown
significant benefits inn vitro studies yet when they progress to animals modielg $how
some limitations.[29] Understanding, whether thecsgsfulin vitro strategies also show
promise in ann vivo setting, is therefore critical to successfullyngiate tissue engineering
strategies from the laboratory and into the cliffibis section, highlights recent advances in
translating the hard tissue regenerative potentiil scaffolds made from sulfated
polysaccharides in various animal models both alameombination with various growth
factor or with other biopolymers (Tablel).
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3.1 Bone

The number of people at risk of bone fracturesdras/n steadily in most parts of the
world due to the ageing population. In 2015 arout@D million people worldwide
experienced a bone fracture; a number that is ¢éxg@ec double to 320 million by the end of
2040.[177] Traditional clinical therapies for menglibone fractures rely on various forms of
casts to fixate the broken fracture to enable #ugve bone to heal itself on its own terms,
however, native bone displays a restrictive regehes capacity, that is haunted by a number
of challenges including non-anatomical reductionhaf fracture, a-vascular necrosis, as well
as non-union and mal-union fracture healing.[17B¢Se issues are more prevalent in older
people and will thus grow steadily in the near fatas the median lifetime is expected to
increase significantly in the coming decades. Aagolis bone grafts are commonly utilized
to promote osteoconduction and osteoinduction imelaefects to avoid the abovementioned
scenarios. While these grafts have shown some peofar healing bone defects, they require
multiple invasive surgeries and are limited by lewailability and donor site morbidity
associated with relocating native bone tissue ftieenpatient’'s own bone and into the defect
site.[179] Allografts on the other hand are limitgae to the lack of available donor tissues
and unwanted foreign body responses; and bone mspla some cases do not facilitate
sufficient bone healing and therefore revisions geties are common with this
methodology.[180]

For these reasons, a number of bone tissue enmigestrategies have emerged to
address this critical challenge by delivering thhlenuise of a better method to mend bone
defects.[181] As such, these approaches rely oreldewg synthetic bone tissues by
combing 3D biomaterials with stem cells either extwmusly or by recruiting them from
native bone-tissue in a post-implantation scendie 3D biomaterials have the potential to
drive stem cells into bone-like cells that undes tight conditions can form mature tissues
either in the laboratory or within the body depergdon which one of the abovementioned
strategies has been employed (Figure 1). Howevanyrof the tissue engineered scaffolds
explored to date have not reached this full poardnd in many cases fall short of the
performance of autografts.[182] A number of studiasluding those by Wang and Yeung
[179] and Lee, Silva [16] suggest that such resudtdd be related to the uncontrolled release
of growth factors that collaterally interfere witintargeted cells. As sulfated polysaccharides
can bind and regulate the signalling of a numbemgiortant growth factors they are likely to
be essential components of next-generation biomégdor bone tissue engineering.
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Indeed, sulfated polysaccharides are consideredbtiee most important biological
and mechanical components of the native ECM of tiaeties.[183] They have therefore in
recent years emerged as new and promising buildiagks for bone tissue engineering
scaffolds.[184] Heparin is one of the most widetypdoyed sulfated polysaccharides in this
respect, due to its ability to capture, stabilinel @resent growth factors to bone progenitor
cells in a controllable manner. For instance, Ydry[185] developed heparirconjugated
fibrinogen (HCF) injectable scaffolds for orthotopin vivo models (hind limb muscle
pockets in rats) to control the release of BMP-ghwhe aim of enhancing the new bone
formation. Initially, in vitro experiments with osteoblast cells showed that BMiieleased
from the HCF hydrogels induced a significantly fregkevel of ALP activity, when compared
to BMP-2 released from the fibrin hydrogels, indicg that BMP-2 released from HCF is
bioactive and long-term delivery of BMP-2 is adaegeous over short-term delivery for bone
regeneration.ln vivo, this prolonged activity ultimately translatedeifsinto significant
improvements in bone mineralization when comparéd pristine fibrin scaffolds. Notably,
by using heparin, they were able to obtain a simmal@ount of new tissue formation with
lower concentrations of BMP-2 than previously répdrin the literature.[186] However,
some studies have reported that exogenous hepadir wertain circumstances reduces the
bioactivity of osteogenic biomolecules and can ttarmpromise the bone healing process, by
inhibiting the binding of BMP-2 to the BMP receptdvhat's more, the potent anticoagulant
activity of heparin is, by many in the field, thdugto be counterproductive for bone
growth.[187]

To address these issues, sulfated chitosan, hasulsed as an alternative due to its good
biocompatibility and similar growth factor bindingbility as heparin without the
abovementioned native biological issues associatgd heparin.[188] In this direction,
Zhou, Qian [189] synthesized BMP-2 loaded chitos@h varying degrees of sulfation and
compared their responseés vivo. Thesein vivo results revealed that the most sulfated
chitosan-based scaffold was the best promoter oPEM\bioactivity and could even surpass
the bone regeneration capacity of heparin-baseffiotts Similarly, Li, Bai [190] and L,
Bai [190] developed a self-healing, biocompaténtel injectable dual cross-linked CS-based
hydrogels forin vivo delivery of BMP-4. This hydrogel was crosslinkbdough both diels-
alder (DA) and acylhydrazone bonds; and the autbheesl these bonding schemes to fine-
tune various hydrogel properties such as rigiditgt degradation. Through this sophisticated

crosslinking scheme they were also able to manufach superior hydrogel, which could
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prevent excessive hydrogel swellingn vivo, and thereby prevent poor stem cell
differentiation and tissue regeneration.[191] Inthboinstances, histology staining’s
demonstrated new bone formation in the BMP-4 loadgadiogel samples after 12 weeks,
with controls primarily stimulating fibrous tissggowth. Additionally, initial sproutings of

blood vessels were observed. In another notewasthgly, Kim, Lee [183] evaluated the
inclusion of UV-crosslinked methacrylated CS (MedB8)PEGDA hydrogels at various

concentrations in terms of their bone regeneratik@perties within the body (Figure 6).

Specifically, these scaffolds were implanted inicai sized calvarial defects (4mm diameter)
in six-week-old female mice (n = 4) for up-to eigieks. Interestingly, scaffolds containing
the highest concentration of CS induced the mdsiciefe bone formation evidenced by
larger bone mineralization density. This was spagedl to arise from the ability of the sulfate
groups within CS to bind to calcium ions and faatk the formation of fresh hydroxyapatite;
one of the most important components of the mingrahse of bone. Additionally,

Hematoxylin, Eosin and Masson's trichrome stairsradso showed significant improvements

in bone tissue formation with increasing CS coneian.

Although, a wide range of sulfated polysaccharidage been studied in the literature,
these biomaterials are seldom employed in clintcehtments due to the lack of more
standardized clinical studies.[192] Indeed, a nunabémportant parameters such as the size
of the bone defect, the place of the defect, thplanted cell type, and implantation time
needs to be considered to fully unravel the bossué& engineering potential of such
scaffolds. Unfortunately, these parameters have besn studied enough to turn this
promising strategy into a clinical therapy whichncdaenefit the many sufferers of bone
disorders.[192] Consequently, more in-depthvivo studies are necessary to validate the
efficiency of sulfated polysaccharides for boneuss engineering, and to identify the best

combination to use in the clinic.

3.2 Cartilage

The primary cause of cartilage damage within théylie due to osteoarthritis (OA) in
articular cartilage. The clinical treatment for @Acurrently suboptimal as the “state-of-the-
art” surgical approaches are limited in terms dirttefficacy and high invasiveness. First
stage interventions include arthroscopy, which imes the flushing and removal of damaged
cartilage and meniscus.[193] For more severe cases,implantation of autologous

osteochondral graft (mosaicplasty) into the defstée and surgical drilling into the
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subchondral bone (microfracturing) can be empldy®d] However, unfortunately both
measures are controversial as they often resfilbious cartilage rather than native articular
cartilage.[195] For the most severe cases, extgenmelasive and costly total knee
replacements can be performed.[196] Notably, thesasures are aimed at slowing the

impact of OA without actively regenerating natiatdage.

Recently, techniques such as stem cell therapy baeea used to regenerate cartilage
tissue, by injecting regenerative cells into thendged region.[44, 49, 176, 197] This
technique is limited by low cell retention and avloell viability, caused by the shear-forces
that cells experience when passing through theiti@ction needle. It also does not provide
the cells with a 3D microenvironment to properlifetientiate them into the required tissues.
The usage of hydrogels can provide a mechanicalcshkiuring the needle-injection phase
and provide a suitable 3D microenvironment for gugdcells into the desired cell
phenotypes in a post-injection scenario. Espegiallifated hydrogels hold great promise in
this respect, since they display high affinity todsimportant growth factors for cartilage
regeneration; and in many ways resemble — CS -obitlee most important components of
the native cartilage ECM. Indeed, such biopolymease recently been used to develop
scaffolds with the capacity to deliver growth fastesuch as BMP-2 and TGR in a
sustainable manner to significantly improve thdutat performance of chondrocytes.[76,
77] In another related study by Han, Wang [198] ussel inspired CS-based hydrogel was
created for enhanced adhesion between graft andenatrtilage tissue (Figure 7).
Specifically, the inclusion of CS promoted an uplagon of chondrogenic differentiation
markers such as aggrecan and collagen Il. The adddaffwere also evaluated in a full
thickness defects (diameter: 3.5 mm; thicknessnd im the patella groves in the right legs
of white rabbits (n = 8). Following a three-monthplantation period, the scaffolds showed
significantly higher tissue formation in terms ofoMified O’Driscoll and International

Cartilage Repair Society grading scores.

In another study Feng, Lin [53] conjugated sulfgi®ups onto the backbone of
methacrylated hyaluronic acid (MeHA) in order toliger growth factors in a articular
cartilage rodent (n = 10) model in a controlled andtainable manner (Figure 8). Typically,
HA is degraded rapidly by hyaluronidasesvivo and lacks high protein binding affinity.
They found that the introduction of sulfate groupduced the degradation and deformation
of hydrogel scaffolds and promoted cartilage matdeposition, as indicated by

immunohistochemical stainings of collagen II and, dB8llowing 4 weeksin vivo.
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Additionally, the sulfated-HA in combination withM8Cs was capable of attracting and
retaining supplemented TGH:, and thereby promoting chondrogenesis and sugipges
hypertrophy. Overall, the paper by Feng, Lin [58nhtbnstrates that sulfated HA hydrogels
enable the generation of high quality neocartibgantra-articular injection.

The abovementioned studies on using sulfated patysaides for cartilage regeneration
clearly demonstrate the great promise that theyd Hol the field of cartilage tissue
engineering. Indeed, considering the importanceelif therapy in treating acute cartilage
injuries, sulfated polysaccharides can be idealdickates for biodegradable scaffolds to
temporarily support the chondrocytes until they aeplaced by matrix components
synthesized from the implanted cells. Collectivehg use of such scaffolds is expected to
reduce chondrocyte leakage from the transplant, gitevide a more homogeneous
chondrocyte distribution, and lessen graft hypetigo[199] Regardless, in order to fully
explore the potential of such scaffolds in car@ldgsue engineering, we need to consider
important parameters such as lesion location amdada size, activity level and patient’s
age. These parameters are by many in the fieldidenesl the important parameters when it
comes down to choosing the right cartilage rephniques and controlling the outcome of
the treatment.[200] Finally, the biomaterials s#kl inin vivo cartilage tissue engineering
need to demonstrate appropriate biomechanical amchdmical cues without triggering
immune responses. Therefore, biomaterials and tbellapy techniques should also be
compared to ‘gold standard’ techniques such asafmamture and grafting in order to
accurately gauge their efficaayvivo. The continued investigations into the usage tatad
polysaccharides as growth factor delivery vehigteslso needed to fully elucidate their

potential as tissue engineering scaffolds for leay# regeneration.

3.3 Osteochondral

Defects that impact both the articular cartilagd #me underlying subchondral tissues
are termed osteochondral defects. Such lesionsaarged by tissue degradation from aging,
sports injuries or severe cases of osteoarthfliey typically result in joint instability,
significant discomfort for the patient and loss pdtient mobility. Much like cartilage,
osteochondral defects can be treated through mamtofring, allografting and mosaicplasty,
or even total knee replacements, however, all esehtherapies unfortunately have similar

issues as those briefly mentioned in the previagian.[201] The abovementioned tissue
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engineering approaches could remedy these shomgsmby recapitulating the highly

hierarchal structure of osteochondral defects.

In this direction, Zhou, Zhang [202] recently dared silk fibroin with CS to develop
a composite scaffold that could mend osteochortdfacts in a rabbit animal model. Indeed,
this composite material produced greater neo-tidemmation and improved structural
restoration compared to the pristine silk scaffatd6 and 12 weeks as evident from an
International Cartilage Repair Society histologiealalysis (Figure 9). Additionally, when
analysedin vitro, the composite scaffold was seen to maintain bett@ondrocyte
morphology compared to the silk scaffold alone¢ambination with a higher expression of
SOXO9, collagen 11, aggrecan and lower expressiofF-a2 (an important inflammation
marker) (Figure 9). In a similar vein, Liao, Qu BOmplanted a biomaterial composite
consisting of methacrylated CS and poly(ethylengcal) methyl etheg-caprolactone-
acryloyl chloride (MPEG-PCL-AC) incorporated withraphene oxide, into full-thickness
osteochondral defects (thickness: 3mm, diametemA4m= 27) in the hind limbs of rabbits.
When combined with chondrocytes, the scaffold wagnsto improve chondrocyte
morphology, integration, and subchondral bone fdiona Notably, this strategy could
rapidly induce the formation of both new and thickartilage tissue as compared to a cell-

free scaffold.

In a recent study, Lee, Luo [204] combined HS watlnyaluronic acid hydrogel for
osteochondral repair in a rabbit model. Accordinglgteochondral defects treated with the
composite hydrogel showed higher MOCART and ICR8dres compared to the hyaluronic
acid gel alone group, indicating improved filling the defects and integration with
surrounding host tissue. In addition, MRI analyskewed more intact surface and higher
subchondral bone formation in defects treated withcomposite hydrogel (as compared to
HA gels alone). The lower amount of new bone foromain HA alone treated group may be
due to insufficient calcification of newly formedCE in the absence of HS. Most
remarkably, regenerated hyaline cartilage in thendhal layer was only observed following
treatment with the composite hydrogel. This findiegn be attributed to enhanced
subchondral bone regeneration as articular cagtilggowth relies on the sufficiency of
subchondral bone for mechanical support and nortriti

Another noteworthy study used a heparin immobiliselycaprolactone (PCL)/Pluronic
F127 scaffold combined with TGE2 and BMP-7 to facilitate even more cartilage tessu

formation as compared to PCL/Pluronic scaffoldsxaldHowever, no significant histological
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differences following implantation into large (diater = 6mm, depth = 3mm) distal femur
defects in rabbits (n = 12) was seen in this s{@@%] Finally, Re’em, Witte [206] recently
created a bilayer scaffold with alginate-sulfateoiporating both TGB2 and BMP-4. This
scaffold was subsequently implanted into subchdndefects (diameter = 3mm, depth =
3mm) in the femur of rabbits. Encapsulated hMSC&rensuccessfully differentiated into
both osteoblasts and chondrocytes at respectiverdagver 4 weeks, confirming the
controlled release of the growth factors. Additibnahe cartilage—bone interface formation
remained the same in hMSC incorporated scaffoldficating that native cells were able to
migrate into the scaffolds and sense the biologinak spatially present in there, and respond

accordingly by differentiating to the appropriatdiglar lineage.

History has shown that applying promising labonattrategies to animal models is not
always as successful. Even a rudimentary undetisiggnthrough the use of pilot studies, of
the in vivo efficacy of such techniques can create a much nedfieient process for
producing novel, viable tissue engineering solidfor these reasons, sulfated-scaffolds for
osteochondral tissue engineering are also beginrimgbe translated intoin vivo
environments. Most often, these materials are usedomposites to capitalise upon the
benefits of multiple materials and to develop therdrchical scaffolding architecture needed
for optimal ostechondral repair. To this end, thHteas of growth factor delivery and
improved cellular performance observedimvitro studies appear to translate intovivo
outcomes. Additionally, the studies reviewed hemdidate that sulfated polysaccharide do
not elicit any significant inflammatory responseben implantedn vivo, confirming that

they indeed are suitable biomaterials for osteodhainissue engineering.

4. Conclusion and future directions

Tissue engineering has shown tremendous potemtiakveral facets of biomedicine,
particularly in skeletal tissue engineering. Witle tongoing development of novel sulfated
biomaterials along with sophisticated vitro culturing systems tissue engineering will
enhance our capacity to recapitulate bone andlagetiregeneration through the sustained
delivery of relevant growth factors. Overwhelminghe most commonly studied and
successful naturally sulfated biomaterials incl@f and heparan sulfate and its analogues.
The benefits that these naturally sulfated ECM oomemts provide can be chemically
incorporated into non-sulfated biomaterials. Speaiifiy, HA and chitosan sulfation allows

for the controlled binding and release of growtbtdas in a localised environment. The use
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of composite materials in tissue engineering is ipn@sent and can capitalise upon the
benefits of multiple materials. These four materi&S, Hep/HS, HA and chitosan, can be
easily utilised in a composite system, where thafeld can provide cells with controlled,
prolonged and protected growth factor delivery. ddig the translational capacity of animal-
derived sulfated biomaterials is limitéd vivo due to immunogenicity, further exploration
into plant-derived substrates could be a worthyeamdur. Intriguingly, as these materials
don’t have specific enzymes for degradation thee could potentially extend growth factor
delivery beyond the body’s native capacity. Mangaar within the vibrant field of tissue
engineering could readily benefit from the utilipat of sulfated biomaterials as a vehicle for
providing growth factors to the target tissuesltoiteamproved cellular performance both

vitro andin vivo.
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Fig. 1. A schematic showing the core-principles behindugssngineering.
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Fig. 2: Some of the most important sulfated polysaccharnideiewed herein have been

highlighted in this figure along with their derivat source and chemical structure.
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Fig. 3: Thegrowth factor retention capacity of heparin. (a) Schematic showing the
design principle behind the biphasic silk fibrotgafold used in the study. (b) The heparin
loading efficiency and its release profile from #uaffold in displayed here. (c) The
sustained release of TG and GDF5 is displayed here. Crosslinked hepagmfgantly

delayed the growth factor release. Modified fronj[¥dth permission from Elsevier,
Copyright 2018.
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Fig. 7: A tissue adhesive CS-based scaffold for cartilage tissue engineering. (a) The CS-

based scaffold was made tissue adhesive by polgmegriopamine (DA) and acrylamide
(AM) into it. (b) The tissue adhesive propertiestt# scaffold was mediated by the many
amino groups present on PDA and PAM. (c) The adhesirength of the various

manufactured scaffolds towards porcine skin is shbere. (d) The cartilage regenerative
potential was highest for the PDA-CS-PAM hydroge). This was further validated by
analysing the Modified O’ driscoll scoring for threplanted scaffolds after 3 months of

implantation. Adapted with permission from [198pbgyright (2018). American Chemical

Society.
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Fig. 8: A sulfated hyaluronic acid scaffold for cartilagetissue engineering. (a) The
manufacturing scheme behind the scaffolds are sl®m where LS-MeHA and HS-MeHa
are short for low sulfated and high sulfated meatylated hyaluronic acid (HA), respectively.

(b) The TGFB1 retention capacity of the various scaffolds emgtbin the study is shown
here. (C) Histological staining of the respectiSCs-laden scaffolds after 42 days of
implantation. Modified from [53], with permissioroim Elsevier, Copyright 2017.

52



G
/

Chondroitin sulfate Silk-chondroitin 1. 4°C for 36h

sulfate solution 2.RTfor5h %
3. 60C in overnight @ ;a
r\ Hole r\ @ ﬁ
Silk fibroin Granular sodium : i
solution chloride Silk-chondroitin sulfated

blended scaffolds

1. Rinsing
- 2. Freeze-drying

37°C ,;f.‘.-‘-\' A
Q&F-‘-‘-" 3. Cutting
L\ + +
48h >
Silk-CS scaffold Genipin Chondroitin
solution sulfate solution
SOX9 COL2A1 ACAN TNF-0.2
12 8 16
1.4
5 10 6 1.2
8 1.0
6 4 0.8
0.6
1 4 2 04
2 0.2
0 - . (o] 0
silk silk-CS silk  silk-CS silkk  silk-CS silk silk-CS
d
Non-treated Silk Silk-CS Histological scores at 6 w
e <1, | 30 O Non-treated
25+ W Silk
W Silk-CS
x 20+
<
15+
w
2 10}
< 51
<)
0 Histological scores Subchondral bone
evaluation
Histological scores at 12 w
3 35 — O Non-treated
< 30t = msik
25} B Sik-CS
] 20}
15
3 10 —
- 5
0

Histological scores Subchondral bone
evaluation

F1g. Y. A Silk-CS-based scaffold for osteochondral tissue engineering. (a) The
manufacturing process behind the Silk-CS scaffelshiown here. (b) The chrondrogenic and
anti-inflammatory capacity of the Silk-CS was quized from expression of relevant gene
markers. (c) Histological evaluation of the scaffohlfter 12 weeks of implantation. H&E is
short for hematoxyling and eosin and SO for Safr&hi (D) The histological scores for
subchondral bone formation was evaluated afterd6l2nweeks. Modified from [202], with

permission from Elsevier, Copyright 2017.
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Table 1. Summary of sulfated polysaccharide-based matargdd for various skeletal tissue
engineering applications.

Sulfated Scaffold Growth Study type Results Ref.
polysaccharide Type factor (9)
Type Type
Heparin PLGA BMP-2 Bone Enhanced osteogenesis, [73]
microsphere whilst simultaneously
In vitro increasing both ALP activity
MG-63 cells and deposition of important
bone minerals
Heparin Biphasic silk TGFf, Cartilage Controlled release of TGF- [78]
fibroin discs & 2 and GDF5 from the
GDF5 Invitro scaffold up-regulated
Adipose-derived chondrogenic markers
mesenchymal stem
cells
Heparan sulfate Collagen BMP-2 Bone In vitro, delivered BMP-2 in [74]
(HS) sponges a prolonged and sustainec
Invitro mannerin vivo,
C2C12 cdlls combination of BMP-2 with
& HS resulted in 2-fold more
In vivo bone volume formation thar
Rat ectopic model BMP-2 treatment alone
Heparan sulfate Hyaluronic acid - Osteochondral Improved filling of the [204]
(H9) hydrogel defects and integration with
Invivo surrounding host tissue.
osteochondral defect in
rabbit
Chondroitin sulfate  Hyaluronic acid - Cartilage The inclusion of CS in the [85]
(C9) methacrylate HA hydrogels can
hydrogel In vitro upregulate mRNA
Human mesenchymal expression of chondrogenic
stemcells markers, while decreasing
expression of the
hypertrophic markers
Chondroitin sulfate Chitosan - Cartilage chitosan/CS induced a  [47]
(CS) membrane higher collagen ll/collagen |
Invitro ratio (a characteristic of
Pre-chondrocyte cells  hyaline cartilage formation)
(ATDCb) after 21 days, when
compared to pristine
chitosan
Chondroitin sulfate PLGA films - Bone CS improved both the  [96]
(CS coated with osteoconductivity and
collagen | Invitro osteoinductivity of the
MG-63 cells (osteoblastic) MG-63 cell
line, observed through the
increased proliferation and
upregulation of osteocalcin
as compared to pristine
collagen | coatings
Chondroitin sulfate Injectable BMP-2 Bone Invitro, BMP-2 released [185]
(CS) fibrinogen from the HCF hydrogels
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Chondroitin sulfate
(Cy

Chondroitin sulfate
(C9

Chondroitin sulfate
(o)

Carrageenan

(CAR)

Carrageenan
(CAR)

Fucoidan

Fucoidan

PEGDA
hydrogel

Polyacrylamide
(PA) hydrogel

Silk fibroin

PCL/chitosan
membranes

Chitosan
hydrogel

Chitosan/TCP
scaffold

Alginate

In vitro
osteoblasts
&
In vivo
hind limb muscle
pocketsin rats

Bone

In vitro
Tonsil mesenchymal
stem cell (hTMSC)

&

In vivo
Calvarial Defect in

mice

Cartilage

Invitro
Chondrocytes
&
Invivo
Critical-sized cartilage
defects of a rabbit

Osteochondral

Invitro
Chondrocytes
&

In vivo
Osteochondral defect
on the femoropatellar

groove in rabbit

Bone
In vitro
saos-2 cells
Cartilage
In vitro
Pre-chondrogenic
ATDCS cells
Bone
Invitro
human bone marrow

stromal cells (hBMSC)
Cartilage

induced a significantly
higher level of ALP activity,
when compared to BMP-2
released from the fibrinogen
hydrogelsln vivo, BMP-2
loaded HCF hydrogels
showed significant
improvements in bone
mineralization when
compared with pristine
fibrinogen scaffolds
Invitro, induced [183]
osteogenesis differentiatior
of encapsulated hTMSC.
Invivo, cell laden scaffolds
containing the highest
concentration of CS induce:
the most effective bone
formation

In vitro, the inclusion of CS [198]
promoted an upregulation of
chondrogenic differentiation
markers.
In vivo, the scaffolds showed
significantly higher tissue
formation in terms of
Modified O’Driscoll and
International Cartilage
Repair Society grading
scores
In vitro, higher expression o [202]
chondrogenic markers,
compared to pristine silk
scaffolds.
Invivo, produced greater
neo-tissudormation and
improved structural
restoration compared to the
pristine silk scaffold at 6 ant
12 weeks
Among three different CAR [112]
sugar backbones, kappd,(
iota (), and lambdal(, -
variant demonstrated
significantly higher
biomineralization
expression of cartilage  [52]
specific genes were up
regulated with increasing
CARs concentrations withir
chitosan, when compared t
pristine chitosan
Addition of fucoidan [118]
promoted osteocalcin and
ALP production whilst
supporting hBMSC growth

Encapsulated cells express: [120]
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Ulvan

Sulfated
hyaluronic acid

Sulfated
hyaluronic acid

Sulfated
hyaluronic acid

Sulfated chitosan

Sulfated chitosan

Sulfated alginate

hydrogel

Methacrylated
ulvan hydrogel

Heparin
decorated
hyaluronic acid
hydrogel

Perlecan-
(domain I)
decorated
hyaluronic acid
hydrogel
Sulfated
methacrylated
hyaluronic acid

GelMA
hydrogels
loaded with
sulfated
chitosan
nanoparticles

PLGA scaffolds

Alginate
hydrogel

BMP-2

BMP-2

TGF{;

BMP-2

BMP-2

In vitro

Human mesenchymal

stem cells

Bone

In vitro

MC3T3-E1 pre-
osteoblast cells

Cartilage

In vitro

Murine mesenchymal

stem cells
Cartilage

In vitro

Murine mesenchymal

stemcells
Cartilage

In vitro

Human mesenchymal

stemcells
&
In vivo

Rat osteoarthritis

model

Bone

In vitro

Human mesenchymal

stemcells
&
Invivo

critical-sized segmental

defect in rabbit

Bone

In vitro
C2C12 cells

Cartilage

In vitro

Chondrocyte cells

a higher level of
chondrogenic markers and
produced a higher GAG
content. Cells also expresse
a significantly lower level of
hypertrophy markers, wher
compared to alginate
hydrogels

The lowest methacrylated- [123]
ulvan group, showed the
highest ALP activity

Improved BMP-2 delivery [133]
and chondrogenic
differentiation when
compared to pristine
hyaluronic acid
Exhibited the ability to bind [134]
significantly more BMP-2 as
compared to HA alone and
promoted higher level of
chondrogenesis
In vitro, sulfated [53]
methacrylated HA hydrogel:
promote the chondrogenesi
and suppresses the
hypertrophy of encapsulate
hMSCs.

Invivo, intra-articular
injections of the sulfated HA
hydrogels averted the
cartilage abrasion and
hypertrophy in the animal
osteoarthritic joints.

Invitro, this scaffold could [142]

significantly prolong the
growth factor release and
up-regulate ALP activity as
compared to the pristine
GelMA hydrogels loaded
with BMP-2.

In vivo, this scaffold
provided a higher repair rate
and better integrity of the
healed bone as compared to

the pristine GelMA
hydrogels loaded with BMP-
2.

Improved BMP-2 adsorptior [128]
and prolonged release
process, increased ALP

activity and cell attachment

Sulfation maintained the [162]
proliferative capacity as well
as phenotype of
encapsulated chondrocytes.
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Also, enhanced chondrocyte
proliferation and
differentiation

Sulfated cellulose  Gelatin scaffold Cartilage Enhanced chondrogenesis [172]
compared to scaffolds made
Invitro from pure gelatin.
Human mesenchymal

stemcells




