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Recent Advances in “Functional Engineering of Articular
Cartilage Zones by Polymeric Biomaterials Mediated with
Physical, Mechanical, and Biological /{Chemical Cues”

Dorsa Dehghan-Baniani,* Babak Mehrjou,* Paul K. Chu,* Wayne Yuk Wai Lee,*

and Hongkai Wu*

Articular cartilage (AC) plays an unquestionable role in joint movements but
unfortunately the healing capacity is restricted due to its avascular and
acellular nature. While cartilage tissue engineering has been lifesaving, it is
very challenging to remodel the complex cartilage composition and
architecture with gradient physio—mechanical properties vital to proper tissue
functions. To address these issues, a better understanding of the intrinsic AC
properties and how cells respond to stimuli from the external
microenvironment must be better understood. This is essential in order to
take one step closer to producing functional cartilaginous constructs for
clinical use. Recently, biopolymers have aroused much attention due to their
versatility, processability, and flexibility because the properties can be tailored
to match the requirements of AC. This review highlights polymeric scaffolds
developed in the past decade for reconstruction of zonal AC layers including
the superficial zone, middle zone, and deep zone by means of exogenous
stimuli such as physical, mechanical, and biological/chemical signals. The
mimicked properties are reviewed in terms of the biochemical composition
and organization, cell fate (morphology, orientation, and differentiation), as
well as mechanical properties and finally, the challenges and potential ways to
tackle them are discussed.

1. Introduction

Articular cartilage (AC), a 2-4 mm thick
hyaline cartilage that covers the epiphyseal
surface of joints, provides low-friction artic-
ulation to facilitate load transmission to the
subchondral bone due to the extraordinary
viscoelastic properties.[!l Each zone in the
hyaline cartilage has its own features and bi-
ological functions. Lubrication and painless
slipping of joints originate from the super-
ficial zone (SZ) while the middle zone (MZ)
is responsible for transfer of the applied
load to the SZ toward the bottom layers of
the cartilage. Moreover, the deep zone (DZ)
beside the calcified cartilage (CC) is respon-
sible for load passing and connection to the
subchondral tissue. Hyaline cartilage is an
aneural connective tissue with low cell den-
sity that can be damaged by trauma, inflam-
mation, aging, and degenerative joint dis-
eases like osteoarthritis. Insufficient supply
of blood, stem/progenitor cells, and nutri-
ents to the damaged cartilage tissues owing
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to the avascularity and limited proliferation and migration capa-
bilities of mature chondrocytes are the main reasons for slow
turnover of the cartilage extracellular matrix (ECM),['%! which is
further challenged by the anisotropic nature and unique struc-
tural organization with unique biochemical and biomechanical
properties.

Surgical approaches such as microfracture, debridement,
partial meniscectomy, and tibial osteotomy have been used
clinically, but their outcomes, particularly cartilage tissue re-
pair/regeneration remain unsatisfactory.”! For example, they of-
ten result in fibrocartilage formation which lacks the durability,
microstructure, and load-bearing properties of a healthy hyaline
cartilage.l®] This fibrocartilage is substantially different from hya-
line cartilage specifically regarding zonal configuration, thus not
favorable for long-term daily activities. While scientists have been
searching for new cartilage treatment methods,*'?] they have
been also focused on improving the outcomes of currently used
surgical techniques. For example, incorporation of chitosan hy-
drogel (BST-CarGel) with the blood originating from microfrac-
ture operation provides better stability to newly formed tissues in
phase II of the clinical trial.'*-!5] The other limitations of the cur-
rent clinical approaches include donor-site morbidity, lack of suit-
able donors, immune rejection, graft instability, invasiveness of
surgical procedures, and disappointing long-term efficiency.!¢!
Accordingly, in many cases, total joint replacement is the ulti-
mate option despite difficulties including the limited in vivo life-
span of implants.[1718]

Given the drawbacks associated with current interventions, tis-
sue engineering (TE) of AC has provided tremendous, advanced
alternatives in this field.?%] Employing this approach can be
game changing as it has the potential to restore the zonal config-
uration and thus the full functionality of the lost AC.[?!] Cartilage
TE is a promising approach wherein scaffolds with or without
cells and bioactive molecules are designed to produce functional
cartilages.?>?’] In this method, biomaterials are indispensable
and must be able to withstand chemical and mechanical treat-
ments and be processed into structures with the suitable surface
chemistry as well as biological, physical, and mechanical prop-
erties according to needs. Considering the capability of biopoly-
mers to be chemically and physically modified to tune the afore-
mentioned properties like morphologies, porosities, surface-to-
volume ratios, swelling, and biodegradation rates along with their
processability to develop films, sponges, scaffolds, and hydrogels,
they have been employed in various TE applications.[2$2]

Generally, scaffolds should offer sufficient porosity through in-
terconnected pores with the appropriate size to accommodate cell
attachment, proliferation, and migration as well as satisfactory
nutrient diffusion. They must also possess acceptable cytocom-
patibility while providing a controllable degradation rate match-
ing that of neo-cartilage formation.?*3!] They may be loaded
with signaling biomolecules and drugs for defect management
and cartilage regeneration. Since these matrices are implanted
or injected into defects, they must be sufficiently sturdy to be
handled by surgeons. Scaffolds can be incorporated with cells
such as chondrocytes, multipotent mesenchymal stromal cells,
and stem/progenitor cells before implantation/injection or for a
period of in vitro culture up to weeks before transplantation.l®]
Although cell-based therapies are more complicated than im-
planting acellular matrices, they are believed to provide bet-
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ter/accelerated tissue regeneration and remodeling by inducing
extracellular matrix (ECM) deposition and secreting regenerative
factors in the defects.’?3*] Moreover, the cartilage immune na-
ture arising from the dense ECM and avascularity paves the road
for utilizing allogenic cells in scaffolds without the need to use
immunosuppressants.!*!

A successful cartilaginous construct should be able to inte-
grate with both the subchondral bone and adjacent cartilage as
required for mechanotransduction and proper load distribution.
Therefore, the mechanical properties should be the same as those
of adjoining cartilage, otherwise it could be prone to degrada-
tion because of strain mismatch. It should be resilient enough
under loading which can be achieved by the unique zonal mi-
croarchitecture of the native cartilage. Furthermore, the compo-
sition ought to replicate that of the native cartilage ECM to de-
liver to cells biologically relevant signals while withstanding the
inflammatory environment of injured tissues.'83¢-38] Neverthe-
less, despite advances pertaining to cartilage TE in the past 20
years, very few orthopedic products have reached the market.*%!
Therefore, to develop effective functional bioscaffolds for carti-
lage restoration that can totally mimic the inherent properties of
the native cartilage, the zonal configuration of AC should be con-
sidered and designed more realistically. This is because the AC
optimal performance originates from the distinct functions of its
layers which in turn arise from their unique composition, struc-
ture, and the associated mechanical properties.

Accordingly, this review focuses on polymeric-based bioma-
terials designed for functional engineering of AC zones. An
overview of AC zonal organization is presented in terms of the
microstructure, composition, and functions which should be
considered when designing scaffolds. The exogenous stimuli-
assisted layered organization of cartilages in biopolymeric con-
structs is described and important results from the past decade
are summarized. Finally, recommendations are proposed to en-
able development of better polymeric scaffolds for the repair of
AC layers.

2. Articular Cartilage Structure and Functions

The ECM of AC is dense and considered as a biphasic compos-
ite embedded with sparsely distributed chondrocytes. It consists
of an organic solid matrix made of the fibrillar collagen network
(mainly type-II, Col II) filled with glycosaminoglycans (GAGs),
proteoglycans (PGs), and a lesser amount of glycoproteins, all of
which are saturated in a liquid phase composed of water (70—
80% by weight) and mobile ions (Ca’*, K*, CI~, Na*).[14041] The
stiff and elastic crosslinked collagen network (fiber diameters:
50-300 nm) provides the cartilage shape and strength to resist
lateral expansion upon axial compression. PGs such as aggrecan
and sulfated-GAGs (sGAGs) that bind to collagen fibers main-
tain the large water and ion contents through negative charges
and offer unique load bearing properties.>*?!

Histologically, AC ECM consist of four different layers based
on the ultrastructure and functions, namely the SZ, MZ, DZ, and
calcified zone (CZ) as mentioned before (Figure 1). The struc-
ture, ECM composition, metabolic activity, density of chondro-
cytes, morphology, and organization across the AC depth are de-
scribed in the following sections.*]
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Figure 1. Schematic illustration of the AC layers; SZ, MZ, DZ, and CZ with zone-dependent ECM composition, collagen fiber orientations, and cell
alignment and morphology. The GFs governing the chondrocytes are categorized based on the stage of chondrocyte lineage.

2.1. Superficial Zone

The SZ or tangential zone comprising almost the first 10-20%
of the AC thickness is located right under the surface adjacent
to both the synovial fluid and MZ (Figure 1). It provides a fric-
tionless gliding surface and protects the deeper zones from shear
stress by densely packed collagen fibers (primarily type-II and
IX) aligned parallel to the joint surface. It facilitates dissipation
of high tensile and compressive stresses during articulation.**!
While the collagen fibrils are thinner in this region, they possess
the biggest collagen content, low levels of aggrecan and the small-
est compressive modulus compared to other layers (x~25 times
more deformability than the middle region).?**] Therefore, the
integrity of this layer is of great importance as it functions as a
filter for large macromolecules and segregates the deeper zones
from the synovial immune system. If disrupted, the mechanical
properties of the cartilage will deteriorate leading to rapid carti-
lage wearing and breakdown. It is the first layer that shows de-
generative alterations in osteoarthritis development.®]

The superficial layer has a relatively large density of flattened
and disc-shape chondrocytes which are clustered horizontally. It
has a small density of PGs attached to the collagenous mem-
brane that effectively resists fluid flow out of the cartilage upon
compression.’! Fibril related decorin and biglycan exist in higher
concentrations in this region. SZ chondrocytes exclusively ex-
press clusterin which is a glycoprotein that controls cell death and
complement activation. Besides, they express SOX-9 which is a
pre-chondrogenic marker as well as the lubricating protein pro-
teoglycan 4 (PRG4)/superficial zone protein (SZP) also known as
lubricin which functions as a boundary lubricant by abating wear
and friction.['*#546] The SZ has the highest fibroblast growth fac-
tor (FGF) which declines by depth.[?!]

Since the superficial layer tolerates the maximum load, atten-
tion needs to be paid to the mechanical properties of the sub-
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stitutes in this region. Figure 1 also illustrates that the growth
factors (GFs) govern chondrocytes which are categorized based
on the stage of chondrocyte lineage.*’]

2.2. Middle Zone

The MZ (transitional zone, TZ) is located immediately under the
SZ and in contact with the DZ. The thicker collagen fibers in this
region are oriented randomly and packed loosely to form a back-
bone for water retention in the matrix when combined with larger
PGs contents. The aggrecan content in the MZ reaches the max-
imum level>#*+*8] and TZ covers 40-60% of the overall AC thick-
ness that is populated with low-density spherical chondrocytes.
Moreover, hyaluronic acid (HA) and collagen type-II are highly
expressed by the pre-hypertrophic chondrocytes in this layer.[*¢]
It possesses a higher compressive modulus than the tangential
layer, thereby providing more resistance to the compression ap-
plied to joints.31* Functionally, this layer provides the transi-
tion between the SZ shear force and deeper zone compressive
force.[*)

2.3. Deep Zone

Nearly 30% of AC is the DZ which is also termed as the radial
zone due to the radially arranged components. It is a dense PG-
rich matrix (highest amount of PGs among all the layers) with
the thickest collagen fibrils aligned perpendicular to the articu-
lating surface to distribute the load and display the highest re-
sistance to compressive stress. The DZ has the smallest water
content and chondrocyte population that is large and spheroidal
and typically orientated in a columnar arrangement parallel to
the collagen fibrils.[*44°]

© 2023 Wiley-VCH GmbH
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Figure 2. Schematic illustration of the exogenous stimuli including the physical cues, mechanical forces, and biological/chemical signals for cartilage

TE.

2.4. The Calcified Zone

The CZ is separated from the DZ by a tidemark, revealing a tran-
sition to the stiff subchondral bone. It is called CC because of
mineralization that delivers a smooth transition of mechanical
properties between the cartilage and subchondral bone by redis-
tributing mechanical forces at the interface. Chondrocytes in this
region are scarce and small, possessing hypertrophic phenotype
and nearly no endoplasmic reticulum. In some parts, chondro-
cytes are surrounded by calcified matrix, demonstrating a very
low metabolic activity.[*+>]

CZ plays an essential role in anchoring the cartilage to bonel>!]
via securing the DZ collagen fibers to the subchondral bone by
hydroxyapatite (HAp) crystals.[!] This region acts as a barrier for
blood diffusion from the underlying bone to hyaline cartilage
through which the interstitial fluid can be transferred to each
layer. Considering the hypoxic microenvironment in the cartilage
which governs the cell growth and tissue repair, the CZ lower per-
meability is vital for stabilizing such required physiological con-
dition inside the cartilage.l**° The hypertrophic chondrocytes in
the CZ express alkaline phosphatase (ALP) and collagen type-X
and osteocalcin.[*]

The significant role of each layer for proper functioning
of AC requires biomaterials that can replicate the AC zonal
arrangement with anisotropic properties by TE approaches.
Recent progress in bioscaffolds for cartilage TE have been
reviewed.>*163235] Among the various types of biomaterials used
for this purpose, biopolymers have attracted substantial attention
on account of the processability and flexible biophysical and bio-
chemical properties. However, the biomimetic properties of en-
gineered scaffolds are still not satisfactory in order to fully repair
large cartilage lesions.
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Here, we discuss the exogenous stimuli including physical, bi-
ological/chemical, and mechanical signals employed in biopoly-
meric scaffolds for regional organization of engineered AC (Fig-
ure 2). Selected published works in the past decade are summa-
rized in Table 1 to exemplify the exploitation of these stimuli in
scaffolds to imitate AC zones and the mimicked properties in
terms of the ECM composition, morphology, cell fate, and me-
chanical properties.

3. Exogenous Stimuli Assisting Zonal Organization
of Cartilage in Biopolymeric Constructs

3.1. Physical Cues

Cells, regardless of whether they are pre-seeded on biomaterials
or from the host tissues, sense physical cues in the peripheral
environment such as the biomaterials stiffness, microstructure,
and surface topography, which determine the cell fate and bio-
logical response.[235233] Accordingly, attention must be paid to
physical cues in designing microenvironmental niches that are
recognized by cells. If the improper physical stimuli are exerted,
undesired cell differentiation or delayed tissue healing may oc-
cur. In the following sections, these features are discussed in de-
tails.

3.1.1. Mechanical Properties of Biopolymers
The substrate stiffness can regulate the cellular morphology,

fate, development, and differentiation substantially.>%] Gen-
erally, substrates with similar stiffness as native cartilage have

© 2023 Wiley-VCH GmbH



www.advhealthmat.de

(panuiguod)

uolysey Jeuwn|od
B Ul pajejusiio

deyns

© 2023 Wiley-VCH GmbH

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

sajkooupuoyd ay 03 sasod sejngmy edIN £00°0 F £0'0 DYDS 21eIpaLLIIU|
padeys [eondij|3  pajusuio AjleuoSoyu  :sninpow aaissaidwio) ‘uojewioy dyH Vs
8ojoydiow BdIN ¥0'0 F 610
sa14004puoyd [eduayds ND3 paziuediosiq :snjnpow aAissaidwio) DyOs ydiH 1
saiod a1 Suoje
aunpnis uoiisodap |\D3
sa1fdoipuoyd Jejngny ayy Suoje paping ‘adepns ayy edIA LOO'0 F 800°0
[36] — |e19) uBWINH sa1ko0upuoyd pajeduo|g o1 ja|jesed saiod Jejngny  :sninpouw aAissaidwio) DYDS a1eIpauialu| 2
$43q14 12d edMOE'6Y F LL9€EL
Pa1e1uU3LIO-A||BDILAA  iSn|npow aAIssaidwo) 2
wrl €90
F 007 :219Welp
13q14 *s13q14 10d yE'SLFTS6E
pa1eluaLIo Ajwopuey  :sninpow aAissaidwiod ,
ployeds
w1 g0 F paJake|-L1y
0L H1a1RWelp 13q14 Ov'E F 6661 usaped
[gg] — — — “10d ZB||uqy paudily  :sninpow aAissaidwiod - , uadejjon
Bd|\l 9 & snjnpow
aunynd Bale |32 159yd1y anissaidwiod ueda.33e pue ‘|| |0
|92 0a3iA Ui uodn yum uiened 10d ayr  wrl ooz :ded 1uswiey ‘BdIN ZZX 159y8iH ‘uonisodap
Ansuap sOSING 184 y3iH  Suoje s|j@d pajeSuolg ‘uianed umop-Ae| ,0¢/0 :sn|npow a|1sua| D3 1saySiH 2,
B4l §'6 ~ Snjnpow
ainyynd || anissaidwio) X pue ‘| [0
0J31A ul uodn Ayisuap uianed g ayy  wri gog :des juawe)y ‘ed|N 8¢~ 1s9yd1y ‘uoiisodap
SDSING 14 a1eipawaiu]  3uoje sjja0 pajeduojg ‘usaned umop-Ae| ,09/0 1snjnpow 3|Isua| ND3 31eIpawuIau| 2
BN ZELF
y¥°07 :snnpow 1PNIISU0d
ainyno anissaidwio) X pue ‘| [0 patake|-Ly
1192 0J31A Ul uodn uianed 1Dd ayy  wri gog :des juawe)y ‘edIN S0'Z F 159Mo0| ‘uonyisodap Sjuswe|y paseq
[z8] — Ausuap sOSNG 1ed Mo Suoje s|j90 pajeduoj] ‘usaiied umop-Ae| ,06/0 £S'L9 :SN|NpOW 3|ISud| DT 15aMOT , umop-Ae 1 -O7v-12d
ainyynd || Bdy| § F Qp :snjnpow
OJJIA Ul $393M § uodn wr gl F9| anissasdwod uoiyisodap
Aisuap saikoipuoyd :ssauy8nos adeuns ‘edIN 20°0 ND3 4aMo] ‘X pue
aUINOQ JaMOT] ‘2INn1dNIIs snolod F $(°Q :SN|NPOLU 3[ISUa| 10D ‘DYDS JamoT] 2
edy|
ainynd || wil | F 07 F OvL :snjnpow
OJJIA Ul $329M 4 uodn ¢ :ssauydnos adeuns  anissaidwo) ‘ed|N ¢ uonisodap ployeos
Kyisuap saikdoipuoyd ‘ssauydnou pasnpai F gz :sninpow D3 13ydiH X pue usaned paiake|-iq
[sot] — auinoq JaydiH — ‘usaned tejjuqy paudiy 3|Isua) ‘ssajuoldly | 10D ‘DyDs 4aydiH 2 Je||uqiy , Paseq-1Dd
uoljeuUaLIo uolssaidxa
'J9y  SaIpNIS OAIA U] adky/Ausuap 120 pue £3ojoydiow |30 saiadoud [ed1sAyq  sanuadoud [eotueydapy  suad/uonisodsp ND3 I o =z v m % T la) % ) T =z z Jowk|odolg
1S & = < o) 3 o bl P <3 o 9] @
a 8 § % = 5 3 42 3 s 8
» ©° 2 2 = 3 = ° ° s
g 3 2 2 3 2 2 3 g g
N 3 o =® o @ o & (<] g
) ° = = @ n « = ] o
S 2 0N 2 & o <
@ ) e El < o
a 3 3 3
@ a o
g 3
=3 @
F] 2
[a}
5
@

59210 [EDIUBLIAW

sand [ed1wayd/[edidojoig |eua1xg sand [ed1sAyd

saipadoud paydiwiw pauteiqo auoz papIWIN IInwing

*saipiadoud paydiwiw ayy yim Jayadoy 3| a8eiued [euoz Joj Inwiys snouadoxs Zuisn apedap 1sed ayy ul padojaasp spjoyeds duawkjodoiq ay1 jo Aiewwins *| a|qer

2202581 (5 of 33)

Adv. Healthcare Mater. 2023, 12, 2202581



www.advhealthmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(panunnuod)
pu2J} UOIBIUSLIO
1192 JuBUIWOp
-lejnoipuadiad wnl 0oz
B UHM SDSINE Hqqes :Bupeds 4aq14 ed) 6'77 F 9'95C 0D y31y ‘uedai33e
SDSING 11qqey o uonnquisip Jeindaui| ‘uianed umop-Ae| ,06—0 :SN|Npow aAIssaidwio)) pue 4712 15aySiH
saiayds
-oniw
vDd pue
Jawikjod
P0iqt
-D3d-12d
el €77 ynm
|apow 193)9p siaqy wrl 0oL F9°¢g :sn|npow LdNg usaped pauiquiod
|eapuoyd Jo sixe 3uo| ay1 Suoje :Budeds Jaqiy anissaidwod 11102 Y31y ‘6-X0S ‘ZdINg snoiqy 180upAy
[zl -09150 Nqqey SOSING Hqqey  SDSING Hqqed paudily ‘ussned umop-ke| 00 ‘uonesnqn| 1saysiH pue dzs 1s3ysiH ‘Lg-40L umop-ke1 A YINIRD
20BNS uonisodap
Ju sad ay3 0 Jejnoipuadiad edIN 0Z¢€ |eJaulw pue
SI12D 40L X L ‘SDSY s1aqyoueu \1d pauBily :sninpow anissaidwiod Dy X [0D 1sayBiH
DVD aeIpawLalu|
Jui sad edN LT ‘uedai33e
SII3D 0L X 0Z ‘SDSINY snnpow aAlssaidwo) pue || |0D 1saySiH
siaqyoueu
V1d yum
1-401 pauiquiod
qw uad ed) 08 |1 10D pue ‘OyD ‘/dINg susaed s|a80aphy
[vol — S| 40L X 09 ‘SISWY SDSINY papunoy — snjnpow aAIssaidwio)  35aMOT ‘4ZS IS9YSIH dyH ‘Ld-401 snoiqly 4 Ppaseq-Did
snjnpow
Ajisuap sOSNY Mo JISBR BYY ELX  dTV PUB X |0D 4aydiH
Ajisuap snnpow
SDSINY d1BIpaLLIIU| Jnsed ey gL~ uesai33e 1oy
1491 [9804pAy
‘HHI D3
sninpow 6-XOS ‘LdINg panusp
[go1] —  Ausuap sOSINY y3iH SDSINY papunoy — JIISB|D BgY €L~ PUEB ‘|| [0 ‘dZS 4ay3iH auinog ‘14-401 -a8eue)
uoneUALIO uoissaidxa
4oy SaIpnis OAIA U] adf1/kuisuap |12D pue A3ojoydiow |3 saiuadoud [edisAyq  senuadoad [ediueyoaly  auad/uonisodap NDI m vz o m % oH D %3 o] M M JawAk|jodoig
$ s &% = = 5 7 £ 3 g
g 5 3 2 3 3 s 3 ]
N a3 g & s 2 g & g
=7 : e 3
° i B
5

aunpnaisosniw/ASojoydiopy

sand [eo1wayd/|esidojoig

sand [ed1shyd

saiuadoud paydiwiw pauleiqo

IInwng

“(panunuo)) “L 9jqer

© 2023 Wiley-VCH GmbH

2202581 (6 of 33)

Adv. Healthcare Mater. 2023, 12, 2202581



www.advhealthmat.de

© 2023 Wiley-VCH GmbH

2202581 (7 of 33)

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(panuiiuod)
Bd) £€°8VC F 8°TLLL Il pue | |03 153Mmo|
:snjnpow aAissaidwio) ‘X |0 pue DyD 1saySiH 2
B 6V'SLT F ¥ SLL X pue ‘|
:sninpow aAIssaidwio) 0D ‘DyD 1eIpaluIau| 2
dad-d AN
‘VH
‘SO yum
paulquiod
Bd) LLLYL FOLTUY 11 pue | |03 1s3y81H s|o8
l68t] - SDSINg dsnow ‘L. - — :snjnpow anIssaidwod X [0D PUB DYD 1S9MOT] / SO'VH /' Peseq-Did
Bd) LEL€ F 8L'89
:sninpow aaissaidwio) X0D1saydiH 2
Bd ¥1°20L F €6'LTCL oD Y8iH
:snnpow aAissaidwo) ‘I1 10D 159M0T] ,
BdY 655°LE F £8°0LT oVD
:snnpow aAissaidwio)  pue || [0D) aleIpaLuIalu| 2
VH pue
SO yum
pauiquiod
ed) 91°8€ F L'60C s|o8
[381] — SJSING @show ‘| — — isninpow anissaidwio)  1saMmo) / SD'VH / Paseq-D3d
Va
RS ERIN
pue SYH
uonejue|duwi ‘uesonyd
pjoyeds paiake OAIA UI S}99M ain1pnuis pasake|-iq ‘vOld
|apow 12349p Jo uonejuejdwi 9L uodn ssauyjoows Jo uonejue|dwi oAIA ‘uale|jod
a3e|1ed OAIA Ul S$39aM g adepns ydiy ‘edy 'L ul s39am g| uodn SYH uo paseq
2111Y1E03]ISO uodn saikdoipuoyd :plogeds ajoym ayy odap D3 ‘uage|od saiysosod p|oyeds
[8£1]  eowynqqey SOSNE pausije Ajuiojiun — jo||npow anissaidwiod  snouiBejied isaydiH , N 19-401L Jengny 4 pasekejig
SOSNEY ployess
[epiosdijja-uou BdIN £°0 dzs ‘NvoV I uiaped paseq-sod
SOSNEY |edusayds-uoN — Fg'LL Snnpowi 3|isuaL [0D ‘6-XOS ‘DYDS Y3IH snoiqi4 pue 1dd
edy|
|013u0d §'8 F §'G/ :sninpow
a3e|ued auoz 01 pasedwod eale Jeays dlweukq uoiisodap 19804pAy
daap aulnoq wouy adeyns Jadie| yum ‘Bd §L FLLT |eJauiw pue || paseq
[sz1] —  paje|osi sajldoipuoy) sa1kd0ipuoyd papunoy — :sninpow aAissaidwio) pue ‘| ‘X [0D ‘DyD ySiH , VH €l -asouedy
UoIeIUILIO uoissaidxa
Joy  SaIpnis OAlA U] adky/Ausuap 120 pue £3ojoydiow |30 saiuadoud [edisAyd  sanuadoud [edtueydsy  suad/uonisodap ND3 ) U =z v m © T [a) © ) T =z z Jawk|odoig
5 8 § 5 2 R 7 3 § = s i
5 © o 2 £ 3 23 R
g 3 2 7 3 8 E g 3
N a ] o o 2 @ o 9] q
o =1 @ ] 5 (] =N
3 @ N a a 9 <
] o < 3 -~ o
a 3 3 3
? g 3
o 3
g 3
g a
a
g
@
$9240§ [EDIUBYIAW
sand [eo1wayd/|esidojoig |eusa1xg sand [ed1shyd
saiuadoud paydiwiw pauleiqo 3U0Z pRPIWIN 1|nwins

“(panunuo)d) °L s|qeL

Adv. Healthcare Mater. 2023, 12, 2202581



DV,
A
A
www.advhealthmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(panuuo)
uedau38e ySiy ‘ones
[02:11 102 43y81H
1102 ‘11 10D ‘NVIV
SOSINY Aluo ssaugns JoydiH X102 dIV YSIH - A
y
»
VH pue
VH ‘SO ‘DY
11103 ‘D ‘unepn
|apow pue uedai33e ySiy “(dd1) uo paseq
199)9p [eIp sOVY X |0D a1eydsoydwnipjesi plogess
[£6L] -uoydoaiso jey SDSIAY JO ONEd |ig — — SSaUYIIS JIMOT  1|] [0D O oljed JayBiH 2 - 2 paiake|ig
uianed
s3|ngnjoudI snoiq
921w apnu jo ay1 Suoje -youeu NWD3
esI0p Ay} Ul UOIJBIUBLIO [|3D YHM ‘san a3e1ed
uonejue|dui SOSIN adeys  ainjdnuis Jejjuqyoueu -1sosod pazuen|222q
[p6L]  snoaueinogng SDSIN 1qqey  3jpuids pue [epiosdi||3 |ed11iaA paudily —  DyDpue || oD ySiH , D3 DV sengnp
Adoujosiue Bd) 6°CLR
uage||od Je|juqy y3iH :sninpow aAssaidwiod - p
Adousjosiue Bd) LTLR
uade||0d Je||lqYy 1S9MOT  :SN|NpoW dAISsaIdwo)) - 2
VH
dyH pue | |0
‘VH uo paseq
Adosnjosiue ed) TLR ‘uade|jod saiysolod ployess
[e6L] — — —  uaBejjod se|uqy ySiH :snjnpow anissaidwod - , Je|ngnp S paiakel-ninpy
el GL~
sninpow aAIssaidwio) X [0 pue DyD 1saySiH Vs
ed 9~
sninpow aissaidwod  DyD pue || 0D y3iH 2
VH pue
SO yum
pauIquiod
ployess
edy Sex paseq-D3d
lLeL] — SOSINGY — — isninpow anIssaidwiod DD Mo| ‘I 0D 153yBiH , SO'VH S pasakeul
uoneIUALIO uoissaidxa
oy SaIpnis OAIA U] adf1/kuisuap |12 pue A3ojoydiow |3 saiuadoud |edisAyq  sanuadoud [ediueyoaly  auad/uonisodap NDI ) g z v m © T [a) %) i) T = Jswdjodolg
£ §8E§8 ¢ §¢§5§ = ;
ES o o @ = 3 8 = >
g 5 & 2 3 3 g g £
N 2 g 2 s 2 e a, 8
3 > 8 2 8 g
E g K
]
5

aunpnaisosdiw/ASojoydiopy

sand [eo1wayd/|esidojoig

$92104 [edlueydaw
|eusaix3

sand [ed1shyd

saiuadoad paypiwiw pauteiqo

3U0Z pRPIWIN

inwing

‘(penunuod) | s|qelL

© 2023 Wiley-VCH GmbH

2202581 (8 of 33)

Adv. Healthcare Mater. 2023, 12, 2202581



www.advhealthmat.de

© 2023 Wiley-VCH GmbH

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(panuinuod)
Jw ad S13qy pajualio BdIN 0Z¢€
SI12D DSINY 0L X SL Alejnoipuadiad  :sninpow aaissaidwiod Ty pue X [0D 1saySiH ,
quw Jad s1aqy BdIN LT ueda.33e
SII?D DSINY 0L X 0T paziuedio Ajwopuey :snjnpow aAissaidwod pue || |0D 159y3IH Vs
L suiaped
Jwi sad siaqy ed’ 08 6-XOS -dINg snoiqy
[gs] - s|]2D DSINY 40L X 09 PajuaLIo A|[BUOZIIOH  SNINPow dAISsaidwiod pue || 0D 159ySiH , dyH ‘1-4D1 paualQO
Jw Jad
S| ,0L X 8z¥'L ¥Oud
‘214d0.puoLp 11qqey pue ‘| |02 ‘DYD Mo ,
quw Jad
S|I?D ,0L X 958C ¥D¥d Pue ‘Il
‘a14001puoyd 11qqey 10D ‘DyD 31eIpaWILIU| ,
Jw sad 19804pAy
S| 0L X ¥8T'¥ ¥Ddd paseq
lzot] —  ‘aboospuoyp 1qqey — — —  PuE‘|I|0D ‘DYD Y3IH /e -uage|jod
Va
SJSIN duinby 11102 pue DyD JayiH ,
splogeos
poseq-vH
wng
7S 28e|1ed ue|j23/yINReD
[961] - auinba jo sHdoV — — — Al uedkjSoaroud saySiy 2 VH
(ELENY
49 [el]pyiopus
Je|NJSEA pue ‘X [0D
‘10D ‘wnpe>saydiy
Va
2
aeyd
imosd
pue Dy
uoljejue|dwi J1auadouax
p|oyeds syuow z| wouy
|]apow uodn ajApuod anijeu panuap
10940p [BIP o1 Jejiwis (sauoz SIND3 SIND3
-uoY203350 daap 03 [epysadns ae|d uo paseq
suuded pazis (sa1pnis oy woyj) uoneziuedio ymmosd ployeds
looz] ~ -Ajjeonud 3B0D  ulioy) SDOSINgG Budiod — spomiau uade|jod — 110D pue DYDS JaydIH / PpuEdY pauake|ig
uoljeuaLIo uolssaidxa
'J9Yy  SaIpNIS OAIA U] adky/Ausuap 120 pue A3ojoydiow |3 saiuadoud [edisyq  saiuadoud [ediueyday  auad/uomisodap NDI ) o z v m % T [a) %) i) T z z Jowkjodoig
1 3 s s e} 3 19 pal 3 ] o 9] @
5 s & 3 = EE g8 3 s 5
@ N @ = ° » = = ®
a ) N O 3 3 & I o 3.
N 3 o =B o 2 o & o )
o ° = - @ 4 n = [] 1N
= [ N a « = =<
@ ) e El < o
a 3 3 3
@ [a) o
g 3
=4 @
F] 2
n
g
@
$3210} [EDIUEYDAW
sand [ed1wayd/[edidojoig Jeusa1x3 sand [ed1shyg
saipadoud paydiwiw pauteiqo auoz papIWIN IInwing

“(panunuod) *L 3jqeL

2202581 (9 of 33)

Adv. Healthcare Mater. 2023, 12, 2202581



www.advhealthmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(panuiguod)
UOIIBZIIB|NDSEA 2
- /
auoq pajesauaal
Ul PaLLIO) SEM U03]SO
puE U33S SEM dBUNDE|
u1 Buipisal 7§ ul
s||22 jo A3ojoydiow ‘auoq pue age|ied
punou 43ojoydiow ua3M3Iaq u3ds
pue adkjouayd SEM 3JBLIBPI] 3|qISIA
|euoz pajdope ‘f198ins-1sod sypam dyH
pue pjoyeds ay; ZL 1e eaJe [eipuOYd pue splogeds
|]apow ojul pajeayjyul Ajisea -gns pajesauadal ‘YH paseq -yH
129J3p [BIPUOLD03]SO s|jod ‘uonejuejduu ur uaas sem usayed ‘uade|jod -uage|j0d
[zl SSaWPIYL-||Ny Hqqey oAIA Ut uodn Je||awe| dL3udU0D — 11100 y8iH , S pasakel-niniy
SO0 |-Tw
Bw oz yum auoz
SIy1 Ul paules]sal
UOIIBZIIB|NDSEA 2
- Vs
panalyde sem siake| ased
1w U23M]2q UOI}ISUEI] Bd) €60 F 69°€ JdD/S
apnu 3y ojul yroows DdD/SIN - Pue ‘9L°L F £0°€ 'SO'L SO0 snid
uonejue|dwi Jo Ausotod ayy ojul F ¢8°L :sp|ogeds jo L= Twi Sw oz yum || 19801pAy
[L]  snosueinogng DSING 18y — $D0/29H 3uisnyip kg sy18uans anissaidwiod  [0D pue 6-XOS 15ay3IH 1 (o) 1 SD0/29H
-/
VNQ/DVD 152y8IH
uedai33e pue
‘11102 ‘6-XOS 153431H ,
- Vs
sdnosd
adejiued pua
Jo siake| wooq oy |oys pue
doy o1wiw 031 edy 09 auloqiou
01 7 wouy padues yim
SS2UYNS JUIAYIP sja80upAy
[sol — sa1kooipuoyp Jjed uonedayijoid 1saySiH — yum sja8oaphy juaipesn - 2 / peseq-Did
uoljeuU3LIO uoissaidxa
'}y SIIPNIS OAIA U] adky/knsuap |20 pue A3ojoydiow |2 saiadoud edishyq  sanuadoud [edtueyoay  aual/uonisodap D3 0 o z v m % T [a) %) i) T z z Jawkjodolg
= 2 3z s 2 3 e & 3 g o 9] @
5§ s & 8 < E g 3 s 3
A 3 3 4 s s =
N 3 o o o o & o )
s " 3 N 2 2 A g =
: g = : 3 3
o w m w
2 2
3
=3
<
ol
53210} |EDIUEBYDDW
sand [ed1wayd/|esiSojoig |eusaixg sand |edisAyq
saiadoud paydiwiw paureigqo auoz paydIWIN 1|nwns

“(panunuod) - 9|qerL

© 2023 Wiley-VCH GmbH

2202581 (10 of 33)

Adv. Healthcare Mater. 2023, 12, 2202581



www.advhealthmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(panuiguod)
mmw_\_\t_um Ez_ﬂw_t ﬂEN
1J0s uo A|jeoyioads
‘sie||idoueu uo
131399 passaidxa asam
d1ID Pue ‘6|02 ‘Il [0
Ajanpadsas
“12d pue ‘vid
'¥Dd 40§ BAIN 667
pue ‘1’88 ‘9'L9L
s3unesSoueu aJam SunesSoueu SO yum
uo pajeduoje pue 10} 3|1ym ed|N 9°5Z sSunesd pajeod
paseasnul sie|idoueu pue ‘9z8 ‘€'6vlL pue sie||id siake|
JO sS9UYNS UBYM auam Jefjidoueu :s9dBJINS paseq-ynd
SDSIA [euod4jod Jo snjnpow sSuneiSoueu 121405 pausapedouen pue
[66] — SOSIN 0] papunoJ Wwoi4 —  uoissaidwod adejng uo passaidxa yHYd [} Ve ‘v1d “10d
s1aqy ayy snoiqyo.diw uo Dy
Suoje s|j22 pajuaLio Jo uonen3aiumop
yum (wu 000¢ ‘ainpnis s1aqy
pue 00§ :sia19wWelp SnoJqyoueu Lo [9A3] oueu/oud sp|oyeds
[o6] — SOSINY s|192 pa1esuo|3 Jaqy) s1aqy 1Dd pausily 03 pue DyD J2ydiH -l pajuaLO paseq-1dd
XI[3Y Jo wioj ayy
ul s1aqy pajulid-okiy
siaqy
undsou1paje wopuey
s1aqy s1aqy spjoyeos
[v8] — DS —  undsoipaje paudily — - pajsLo paseq-10d
auo snoiod
uonejue|duil OAIA Ul ay1 01 pasedwiod
uodn ainpnJsoIW auo snosod 2inpPNsoDIW
pajuauo ay 03 pasedwod pajuauo
|euonaIIpIUN aInpnIsoIdIW |euonaIIpIUN sainpns plogess
ul uonnqguIsip pajuauio Ul uoljewo} snoiqy aysodwiod
|22 wiogiun |euoalIpiun UI2A poo|q 49113q yum paseq
|]apowi 1es 2i0W pue uoljes|yul Ayisosod wopues ul sninpow snid uonisodap saisosod -ueuaafesre)
[og] snoaueinogng 112 §DALY 21129 — pue [euoidalIpiun anissaidwod 1aydiH 0D pue DyD JaySiH pajuaQ pue YAd
uoljeIUALIO uoissaidxa
'}y SIIPNIS OAIA U] adky/knsuap 120 pue £3ojoydiow |30 saiuadoud |edishyq  sanuadoud edtueydapy  suad/uonisodap N3 m ﬂ M Jawk|odolg
=z )

auo0z payd(ed
auoz deag
SUozZ 3|PPIN
auoz [epysadng

SauowlioH

sa|nd3|jow ||ews

$S2115 JBAYS
uoissaidwo)

aunpnasoniw/A3ojoydiopy
saiadoud |ediueyda|y

sand |ed1wayd/[edidojolg

sand [e21sAyd

saiadoud paydiwiw paureiqo

IInwis

“(penunuod) *L ajqeL

© 2023 Wiley-VCH GmbH

2202581 (11 of 33)

Adv. Healthcare Mater. 2023, 12, 2202581



www.advhealthmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(panunnuod)
AjaAidadsal ‘sOSING sployeds
pue saikdoipuoyd [9A3] || |0D pue paseq -yH
Buipaas Jaye edy 08 | |0D U1 9duaiayIp pue ‘sH
SDSIA pue pue Q|| punose ou ‘uedai83e pue X ‘aunejad
[seLl —  saykooipuoyd uewny — — :sninpow aAissaidwo)  |0D jo uoissaidxa ySiH , VH ‘SO , ‘uroiqy y|is
s1aqy uade|jod
ZS papiwiw piny [e1nouds
os|e siaqyoniw yum  Junuasaidai edy z'oL
adBJINS ysawi jj|1S ‘adepns :sninpow Jeays
ay3 01 |9||eued siaqy. ay1 01 |3|jesed siaqy || 19804pAy uesoyyd ainpnis 19804pAy
uage||od passaidxe siejjidoueu  |oD passaidxe paudije pue zs Sunuasaidai uedai33e ysawi/snoiq uesoyyd
ay3 Suoje paziuedio uo adeys sOSAYY ‘uonejue|dwi N edIAl LZ6 :Sn|npow pue 6-X0S ‘II -y pue yum
[ez] — SOSINYY paudiy |epiosdijja pauane|4  Aq adepns d1jiydoipAH aA1ssa1dwiod YIS [0D) jo uoissaidxe ydiH , NI sJe|jid oueN ysaw y|is
sie|jidoueu uo
uoisnuxa |eipodojy (s)ju3ouep) ssauyns
M SOSIN papunoy de)uNns BN OE~ - ,
Ajanpadsas
‘sie|idoueu sie|idoueu
pue sajoyoueN uo passaidxa
sajoyoueu 10} SS3UYYIIS DBUNS os[e sem X |0D) 3|Iym
uo sJS|IA [euodAjod edIN GZ~ pue Oy~ ‘uedas33e pue || 0D ,
s1aqy
uage||od pajuaLio
Alwopued ays jo uiod
Suiyoasiaqul paje|nwia
siejjid-oueu
pue ‘siaqy
uage|jod paziuedio pue ‘sie|
Ajwopuel ay) Suowe doueu
pawiioy saiod ayy ‘sajoyouru
payPILiW $3|0y-oukU ‘susaned
‘s1aqy uale||0d zQ s||18oueu oueu SO yum
s||u8oueu pue 7s 9|esed ayy  (s|juBoueN) ssauyis uo passaidxa os|e pajjoJjuod pajeod
loot] — SOSWY uo sOSIN adeys-ajpuids  pajejnwis s|u8-oueN 9BUNS BJIN Q€  SBM | 0D 3|IyMm ‘$DYd , o] Ajeneds swiy 10d
uoljejuaLI0 uoissaidxa
4oy SaIpnis OAIA U] adf1/kuisuap |12D pue A3ojoydiow |3 saiuadoud |ediskyd  sanuadoud [edlueyday o) g z v m © T [a) %) i) T z = Jawkjodolg
= § 3§ 2 g ©° 3 § 3 § 7
g s g & = C g 3 s 5
g 5 2 2 3 3 2 g g 35
N a o o o 2 @ o 5] a
o = @ 0 5 [] 2
E @ N a & o <
a o =4 3 = o
@ 2 ;8
s =
@ 3
=3 @
g &
a
g
o
$9210} [EDIUBYDDW
sand [eo1wayd/|esidojoig |eusa1xg sand [ed1shyd
saiuadoud paydiwiw pauleiqo 2U0Z pRPIWIN 1Inwins

“(panunuo)) “L 9jqer

© 2023 Wiley-VCH GmbH

2202581 (12 of 33)

Adv. Healthcare Mater. 2023, 12, 2202581



www.advhealthmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(panuinuod)
UoIjEIUALIO
o1dosjosi atow
s||92 yum s1aqy uae|jod
JO JuaWaSUBLIE [BDILDA  JO UOIJBIJUIDUOD 537 ,
- - - /
siaqy uade|jod
pajuauio ||ejuoziioy ed)| DyD pue uade|jod 1804pAy
[Lst] — sarooipuoyd Siq — pue payded-aso) G| g6 snjnpow s Sunoj Jo uoissaudxa y3iH , , Vs VH-uuqi4
(s25d4) |22 VDS
wa)s panuap-ped “ed\ S¥' L~ MO| YIM UO132123S 19804pAy
lovL] — 18} JejjPredeyul aupiog — — sninpow dIweukd  ¥D¥d Pue |1 0D Y3IH , €d-4D1L , asouedy
s1aqy uade|jod X |0D pue uonisodap
SOSING JO UOIIBIUBLIO 3dBNS wnijes ySiH ,
salkooupuoyd s1aqy uade|jod
pue sOSINgG O uoNEIUBLIO WopURY DVDs YBIH ,
aoeyins doy aunpnis
(L:€) sarkdoipuoyd ay3 0 s1aqy uade|jod BdIN § €~ isnjnpow Je||uqy ployeds
leell — PUESDSING JO NI - paiuaiio |9||esed winuquinba pjoyess  udLqn| pue || 03 y3iH , Va pajualio VINIRD12d
Vs
ainjesadwal/awiy
uone|as ‘Buijjams
‘sninpow Jeays
se yons sajadoud 6-XOS
|ediueydaw-oiskyd edy pue ‘uesai33e ‘| |98owuayy
[zal - SOSINVY - d|qeunL G F g/:SNNPOW JeayS  [0D JO UoIssaidxd ySiH Vs NOM Va uesouyd
wii | 85 F 0£°65L
Ja13Welp A11s040d
wii y/°99 F 71°997
J1219Welp A315010d 1
wii €172y F LELST
1a19welp Aisolod 2
(ed’ 9z~) dnoug uoisnyiad
Sid-luiw jo 3uipeo| uoissaidwiod ul aiow passaidxa uesoyyd
jutof 2auy uo JO sy9am 7 Jaye SEM 6-XOS 3|Iym pue)|
Awojoiyue salpnis wn €976 F 1£°7€€ PaAaIyde S3553115 uedai33e pue || [0D saijsosod uo paseq
[og1] |eJa1B[IUN  OJYIA UL JOJ SDSING 18y — ia19welp Alisolod  anissaidwod 3saySiy  padueyus uoissaidwo) 2 dyH , ualpeln spjoyeds
uoljeuUALIO uolssaidxa
'J9Y  SaIpNIS OAIA U] adky/Ausuap 120 pue A3ojoyd.iow |30 saiadoud [edisyq  saiuadoud [ediueydaly  auad/uomisodap NDI ) o z v m % T [a) % i) T z z Jowk|odolg
=N @ T S o 3 9] pal 2 ° o 9] I
5 s & 3 = E g 3 s 5
@ N @ = o " = = ®
a ) N O 3 3 = I o 3.
N 3 o =B o ] o & o )
o ° = - @ n n = [] o
S 2 0N 3 a <) <
I} o < S - ©
a o 3 3
w [a} °
g 3
=4 @
F] a
[a}
g
@
$3210} [EDIUBYDAW
sand [ed1wayd/[edidojoig Jeusa1xy sand [ed1shyg
saipadoud paydiwiw pauteiqo auoz paIWIN IInwing

“(panunuod) *L 9|qeL

© 2023 Wiley-VCH GmbH

2202581 (13 of 33)

Adv. Healthcare Mater. 2023, 12, 2202581



www.advhealthmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(panunguod)

»
w81ay
ainpnus ajoym
a1 Jo %06 “Ansosod
%L6~ ‘92UBISID
Jaqyuaiul wil oog
‘506—0 YHm siaql4 /
S8y aunpnis 19801pAy
ajoym ays jo pue sazi BN[PD
%01 ‘Ausoiod 940/~ Kysosod yum 1aqy
‘9DUB)SIP Jaqyaa)ul a8eed Jualaylp pauids
wnl 0§ .SEL—06-57—0 9AI1BU O} IOIABY3q asim yum siaqy -01129)9
_mw_ —_ wwiuo_bcot_u auinby —_ YHM Siaql{ UOIexe|al-SSalls 4 ;Ew_u Dy aseatdu| Va Lg-401 Va UaAOMIRIU| 1Dd-dIND
ainjesadwal/awiy 198owiay
uone|a8 ‘Buijjoms aysod
‘sninpow Jeays -Wwod0uBU
se yons saiadoud 6-XOS 3|qedaful
|ediueydaw-oishyd ed)| pue uedaidde ‘|| paseq
logt] — SOSAVY - 3|qeunt ¢ F £91:SN|Npow Jeays 0D Jo uoissaidxd ySiH Va NDM v -uesojyd
ed) 7'y + G8°GL 1190
S||92 pajuaLio JeUWN|O) S|9UUEBYD [DIUBA  iSN|npow aAIssaidwio)  1samo| ‘DyD 1saySiH 2
s||2> pajedaidde s1aqy ed} 67 +9L°9L 11102 Y81y pue | |03
pajualio Ajwiopuey pajualio Ajwopuey :snjnpow aAlssaidwo)  pue Dy dleIpawiIalU| 2
saysaw
Jaqyoueu
Vid yum
suiajred Sp|oyeds
saifo0ipuoyd siaqy edd §°¢ + L¥'SL 110D Y31y Je||liqy Jakejninw
[ze1] — auinog Aiewid |22 pajeSuola paudily [ejuozuioy paudily :sninpow aAssaidwiod ‘|1 10D puE DYD MO 2 VH pajuauQ paseq-yH
Va
/
Ajanadsas
‘edIN 7 Pue BdIN L
‘ed 0€ ‘Bd’ 09~
S31pN1S OAIA 0} paydeal SIINIISUOD
ul Joj sapk0ipuoyd 33e|1ueD05U UBWINY
BRI auinog pue ssalls Jo sninpowi s 8unox (1na3suod
Jiwyie uo S91PNIS OJIIA Ul 10} seays 3uik|dde uodn pue ‘s1N ‘sninpow WD3 z a3e|ied
uonejueidwi  saikdooipuoyd uewny Ausuap Supjuijssoid Jeays ‘sninpow  uoissaidxa zQyld pue panusp IXO1 -0au) ND3
[L9L] snosueinogng pue auinoq ajiuaAn( — s1aqy uadejoo ySiy  a1e8au88e ‘|4 Japun LAMd ‘uadejjod ySiH , “12D ‘14 401 2 panuap-||3D
uoI3eIUILIO uoissaidxa
4oy S2IpN3Is OAIA U] adky/kusuap 12D pue £3ojoydiow |30 sainadoud [ed1sAyd  sanuadoud [edtueydsly  suad/uonisodap ND3 ) o =z v m © T [a) © ) T z z Jowik|odoig
2 @ T 35 8} 3 ] by a g o o @
a. s £ 3B < = 3 v 2 3 3 Q
» ©° 2 2 = 3 = ] ] Ea
g 8 % 7 3 3 2 3 3 5
N F ) o o 2 B & o 2
o =1 @ 3 5 (] =N
=1 o N [a] « o =<
o o f= =1 -~ o
a o 3 3
g 3
o 3
g 2
B a
a
g
@
$9240§ [EDIUBYIAW
sand [eo1wayd/|esidojoig |eusa1xg sand [ed1shyd
saiuadoad paypiwiw pauleiqo 2U0Z pRPIWIN 1|nwins

“(panunuo)d) *L s|qeL

© 2023 Wiley-VCH GmbH

2202581 (14 of 33)

Adv. Healthcare Mater. 2023, 12, 2202581



www.advhealthmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

/
juswaduelre uojesedas
JBUWIN|OD JE[IWIS |euoz aAipUISIg 610D pue || |0 JaySiH ,
|apowi 1934p
|eapuoyd (qw sad )10 No: aNssI] AU Y1M uonnquisip
[os1] aauy aupiod  saikooupuoyd Sidiuiy —  ssauwyiy) 3|qesedwio) — DY MosieN , , uuqi4
| |00 ut a3ueyd oN
22B4NS Y} 0} yD¥d Pue 'sod |
[zs1] —  qwuad |22 o0l X 0F S2I4004pUOYd pauanel  S1aqL4 uaBe||od [3]jeied — 0D jo uonaidas JaydiH , , asousedy
wrl 0oz pue 6-XOS
uianed umop-Ae| ,0¢/0 pue ueda.38y 1s9ySiH ,
de3
juawey wri gog pue
uiaized umop-Ae| ,09/0 X [0 PUE | |03 1s2y3IH ,
Ajanadsas degd
‘edIN ZE'L F uawely
ded juaweyy ¥¥°0Z PUB B4IN S0'C 3|qeLIEA aeuide
wi go¢ pue uianed F£§'L9 ‘sninpow yum pare|
umop-Ae| ,06/0 aAIssaidwiod ones uolje} -Kideyaw
3] — SDSING ey ym ugisap [euo3oulo puE 3|1sua} 3saY81H 1102/11 10 153y8IH , -uauo Jaq4 /12d
AjaAndadsal
(a8ep1ed ‘DyDs pue
Je|ndIlE AU JO uade||oD jo unowe
(52:54) VINSDIVINRD  @8ued ayy ul) g Z6H~ 153yB1Y pue 3s9M07 ,
(0L:06) VINSD:VINIRD ed)| §7Z~ - ,
AjaAndadsal 30
‘DyDs pue -joydiow
uoqqu oiw paudiy uage||o) jo unowe uoqqu VINSD/VYIN[RD
[osl — S —  (0:00L) YWSD:YI[2D ed)| G5~ 1samo| pue 3sayBiH , (o] ODIN
uoljeuaLIo uolssaidxa
'J9Yy  SaIpNIS OAIA U] adky/Ausuap 120 pue A3ojoyd.iow |30 saiadoud [edisyq  saiuadoud [ediueydaly  auad/uomisodap NDI ) o z v m % T [a) %) i) T z Jowkjodoig
> 8 3 s 2 3 2 a3 g8 = 2
5 © = & ¥ 53 8 3 g
@ N @ = ° " = ®
a ) N O 3 3 Z I 3.
N 3 o =B o 2 o & )
S 3 N 2 ¢ a o =
a ® 9 2 5 )
3 & S
o w <
]
5

ainpnasosniw/A3ojoydiopy

59210 [EDIUBLIIW

sand [ed1wayd/|esidojoig |eusaxg

sand [ed1sAyd

saipadoud paydiwiw pauteiqo

auoZ papIWIN

l|Inwns

“(panunuod) *L 9|qeL

© 2023 Wiley-VCH GmbH

2202581 (15 of 33)

Adv. Healthcare Mater. 2023, 12, 2202581



ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

www.advhealthmat.de

Figure 3. a) Schematic representation of the construct made of the SPELA hydrogel with different mechanical properties and incorporation of collagen
fibers with the preferential directions and specific GFs corresponding to each zone of the cartilage for zonal cartilage TE. Reproduced with permission.[>8]
Copyright 2016, Elsevier. Visualization of microscopic repair of the distal femur defects at 12 weeks post implantation: b) Empty defect group and c)
Multi-layered scaffold group. Reproduced with permission.[’’] Copyright 2016, Elsevier.

higher chondrogenic properties.>*’] Hydrogels based on the
star acrylate-terminated lactide-chain-extended polyethylene gly-
col macromer (SPELA) with different stiffness have been fabri-
cated to mimic the three different cartilage zones.’®! The ma-
trix compressive moduli of 80 kPa, 2.1 MPa, and 320 MPa are
chosen for the SZ, MZ, and CZ, respectively (Figure 3a). Mean-
while, to better mimic the native cartilage ECM, poly(p,1-lactide)
(PLA) nanofibers are dispersed in the hydrogels horizontally, ran-
domly, and perpendicular to the surface of the SZ, MZ, and CZ,
respectively. Parallel dispersion of PLA nanofibers results in sig-
nificantly higher expression of Col II in the SZ. Although spe-
cific GFs are used for each zone, the matrix physico-mechanical
properties exhibit more dominant effects in modulating the cell
fate than biological stimuli. For example, the SZP expression is
higher in the superficial than calcified gels, although transform-
ing growth factor 1 (TGF-$1) is supplemented in both.[%8!
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Considering the stepwise cartilage gradient characteristics, it
is highly desirable to design scaffolds with the temporal mor-
phology and mechanical properties while avoiding sharp zonal
interfaces.[*%*] This offers a tissue scalable cell niche for zonal
differentiation of Mesenchymal stem cells (MSCs) as demon-
strated by Zhu et al.[%] For example, gradient photo-responsive
polyethylene glycol (PEG) hydrogels have been developed by ad-
justing the hydrogel concentration. The graded hydrogel pos-
sesses five regions based on the stiffness ranging from 2 to
60 kPa corresponding to the SZ to DZ. MSCs cultured in each re-
gion secrete different biomarkers comparable to the natural car-
tilage zonal configuration probably due to the sensed stiffness.
Although the tissue-scale hydrogel does not show a sharp zonal
interface, but future improvement of the mechanical properties
and tuning the cell density similar to the native cartilage may add
value to the structure.[66-68]

© 2023 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

In addition to the target tissue/zone mechanical properties,
the stiffness of biomaterials should be adjusted according to the
cell type.[*?] For instance, although MSCs proliferate and regen-
erate cartilages better on the gradient PEG-based hydrogel with
relatively soft stiffness (1-15 kPa), juvenile chondrocytes per-
form better on stiffer hydrogels (stiffness: 15-50 kPa). MSCs on
the softest hydrogel (stiffness:1 kPa) increase the compressive
modulus by about 30 times due to extensive ECM deposition
after culturing for 3 weeks. In contrast, the amounts of newly
formed sGAG and Col II by chondrocytes increase on the stiffer
substrate. Subcutaneous implantation of the MSCs-seeded plat-
forms in immune-deficient mice show promoted angiogenesis
by MSCs after 2 weeks with secretion of collagen type-X (Col X),
implying that the cartilage is going to be replaced by bones and
the cells undergo endochondral ossification. However, chondro-
cytes seeded on stiff scaffolds do not develop considerable Col X
or blood vessels which keep the original cartilage phenotype.[*]

Furthermore, gradient of mechanical properties is combined
with gradient of biochemical components like chondroitin sul-
fate (CS) to show better chondroinductive results. Although, this
strategy led to similar chondrocytes morphology and sGAG dis-
tribution to the native cartilage and higher collagen deposition,
however, low Col II/Col I ratio in the SZ and high expression of
MMP13 gene as a hypertrophy marker necessitate a better strat-
egy to tackle such drawbacks.”"]

Although the above studies point out the importance of adjust-
ing niche signals based on the cell type and mechanical proper-
ties of the scaffold, cell-seeded hydrogels have not been assessed
using a relevant animal model to examine the functionality of the
construct in the real tissue environment by taking into account
hypoxia, avascular, and acellular nature of the cartilage while be-
ing exposed to different types of mechanical forces during the
healing process.

3D printing of cartilaginous structures with zonal config-
urations fosters the development of personalized engineered
scaffolds.l”73] For example, the combination of calcium phos-
phate cement (CPC) with mesoporous silica (MS) has been 3D-
printed according to the shape of the patient’s injured site. The
hydrogel based on hydroxybutyl chitosan (HBC) crosslinked with
oxidized CS (OCS) is 3D-printed on top and the in vivo results
after subcutaneous implantation of the scaffolds into the dorsal
region of nude mice show that MS/CPC promotes angiogene-
sis and subchondral bone development. Increasing the gel OCS
concentration triggers strong anti-angiogenesis effects, while the
MSCs remain spherical and express chondrogenic markers in-
cluding SOX-9 and Col II. Therefore, the top layer promotes the
hyaline cartilage because of the proper physical, biological, and
anti-angiogenesis properties, whereas the bottom one stimulates
subchondral bone. Owing to diffusion of the HBC/OCS hydro-
gel through pores, a transition layer is also formed.l’!! Although
the feasibility of this approach to fabricate a 3D structure with a
similar defect shape is demonstrated, the scaffold performance
requires further investigation using a clinically relevant animal
model besides subcutaneous implantation.

On top of the current available cell-based therapies, there is
a huge clinical demand for user friendly and off-the-shelf solu-
tions. In this regard, a multi-layer scaffold based on collagen and
HAp has been designed to mimic the three layers of AC.[7+7°]
Combination of Col I, II, and HA for the SZ, Col I, II, and
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HAp for the intermediate layer, and Col I and HAp for the DZ
have been implemented for zonal cartilage regeneration.””) Ac-
cording to the International Cartilage Repair Society (ICRS) as-
sessment, the healed critical-size defects in rabbit knee by the
multi-layer scaffold obtains a higher score than empty defects,
as it is analogous to the adjacent host tissues compared to the
fibrous and discontinuous ones generated from empty defects
(Figure 3b,c). This scaffold confines bone regeneration and vas-
cularization underneath the cartilage tidemark to avoid early de-
generative damage.l””7°] Besides the dense subchondral tissue
development, the cartilage nature of the other parts is preserved,
particularly compared with the fibrous tissues generated from
empty defects with the subchondral cyst and deep fissure. Al-
though this scaffold is cell-free at the time of implantation, the
host cells can easily infiltrate and differentiate into the desired
cell types under the influence of zonal configurations and their
specific mechanical and physical properties.’”]

3.1.2. Morphology, Microstructure, and Surface Topography of
Biopolymers

The well-known physical parameters such as surface nanofea-
tures and scaffold morphology and microstructure should be op-
timized based on the stepwise cartilage heterogeneity which is a
key point of effective cartilage regeneration. In this regard, mor-
phologies that simulate the collagen orientation/organization in
cartilaginous zones have been developed. For example, scaffolds
with mesh/fibrillar patterns could mimic collagen fibrillar mor-
phologies with different orientations in cartilage layers. Such
morphologies can be developed in polymeric scaffolds by intro-
ducing unidirectional/tubular porosities through different mate-
rial processing methods including but not limited to the unidi-
rectional freezing or electrospinning approach.[8%-82]

A bizonal scaffold is made by electrospinning of GMP-
polycaprolactone (PCL) with different porosity dimensions and
fibers alignment for superficial, middle/deep zones which ex-
hibits similar stress-relaxation to the native cartilage tissue
although its equilibrium modulus is not similar.®*] Electro-
spun structures representing SZ and MZ made from PCL, are
mounted on top of a helix-shaped cryo-printed PCL scaffold to
mimic the complexity of AC. Although the reduced Col I expres-
sion along with the elevated aggrecan expression upon culture
represent the cartilage maturation, however the study of their
spatial distribution could be clarified for better understating.[34]
Zone-dependent microstructures in layered scaffolds such as ori-
ented fibrous or homogeneous pores!®>#8 can result in diverse
cellular phenotypes.l’88081 1t is shown that, micro-ribbon mor-
phology of gelatin methacrylate (GelMA) and (CS methacrylate)
CSMA presents superior properties in terms of zonal-biomarkers
expression and mechanical properties compared to the tradi-
tional hydrogel format.[*®! Different combinations of GelMA and
CSMA are chosen for SZ, MZ, and DZ, based on the reduction
effect of CS content on collagen expression, and the highest com-
pressive modulus that can be achieved. Besides this, by introduc-
ing aligned micro-ribbons to the surface for mimicking SZ, ex-
pression patterns of collagen and sGAG appear to be more simi-
lar to that of the natural cartilage layers. Furthermore, this struc-
ture shows its superiority against the traditional one by provid-
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ing 452 kPa compressive modulus in the DZ, while withstanding
more than 100 kPa before failure. Aside from the lack of in vivo
studies, expression of other genes should be implemented. Ad-
ditionally, the limited expression of Col X in all layers along with
poor mechanical properties of SZ and DZ should be addressed
in the next studies.

Zhang et al.®% have fabricated a polyvinyl alcohol (PVA)-
carrageenan-based construct by unidirectional freezing followed
by lyophilization to produce oriented porosity. In vivo results
show that in addition to vascularization in the scaffold, the uni-
directional porosity provides the suitable mechanical support
(~6 MPa compressive stress at 55% strain before immersing in
PBS) and space for cells to infiltrate and secrete Col IT and sGAG.
By considering vascularization, the construct can mimic the car-
tilage DZ. Polymer chain modification is another way to adjust
the pore sizes and improve the mechanical properties in ther-
moresponsive hydrogels.”!] Accordingly, better interconnectiv-
ity and larger pore size are achieved by introducing phenylala-
nine into PA-PEG-PA co-polymer, which result in significantly
better chondro-inductive behavior in vivo. Nevertheless, the me-
chanical properties of the newly formed tissues are weaker than
the native cartilage and there is still room for improvement.[??!
Also, PLGA-PEG-PLGA thermogel made by co-polymerization
of PLGA and PEG, is incorporated with BMSCs by which a full-
thickness cartilage is successfully regenerated, providing 80% of
the native cartilage Young’s modulus.®®! The regenerated tissue
by the co-polymerization approach has higher ICRS score with
higher GAGs and Col II expression compared to the non-cell
loaded gel.P*-%4]

Yang et al.®® have fabricated fibrous and porous hydrogels
based on methacrylated Col I. The bone marrow MSCS (BMSCs)
seeded on the fibrous structures upregulate the expressions of
Col II, SOX-9, and sGAG, while Col X is also expressed more
compared to the porous structure. The in vitro and in vivo evi-
dence suggests that the fibrous pattern enhances the chondro-
genic properties better than the porous structure, but still not
able to inhibit MSCs hypertrophy. In the in vivo experiments, the
scaffolds are implanted subcutaneously in nude mice, but eval-
uation using other common animal models for cartilage repair
is required to confirm similar gene expressions by MSCs after
introducing them to the joint/cartilage.

In another experiment,[®®! PCL is electrospun with two differ-
ent fiber diameters (500 and 3000 nm) to mimic the SZ. Although
MSCs proliferation is improved by culturing on the nanofibrous
network and SZ relative biomarkers are expressed, the cells elon-
gate and contradict the flattened/ellipsoidal chondrocytes in the
natural cartilage SZ.[%")

The importance of a guided microstructure for cartilage zonal
tissue differentiation has been demonstrated by Camarero—
Espinosa et al.l®®] A multi-layer PLA nanocomposite is developed
with the microarchitecture, mechanical properties, and chemical
cues mimicking the mature AC. To emulate the ECM environ-
ment and tune the cells phenotype, chemical cues are introduced
in the form of rod-shape cellulose nanocrystals (CNCs) contain-
ing a few sulfate (S-CNCs) or phosphate (P-CNCs) ester groups
by which the mechanical properties can be improved. The ther-
mally induced phase separation (TIPS) approach is applied to cre-
ate tubular pores parallel to the surface for the superficial layer
and guide ECM deposition along them. The middle layer is pro-
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duced with S-CNCs/PLA that produces the spherical chondro-
cyte morphology accompanied by disordered ECM, suggesting
that S-CNCs can have a high concentration of SGAGs to domi-
nate the disorganized ECM morphology. Furthermore, orthogo-
nally oriented tubular pores on the surface of the P-CNCs/PLA
layer replicate the collagen arrangement in the deep CZ (Figure
4a,b). The phosphate groups on the nanoparticle surface promote
HAp formation and the graded chemical cues and pore size in
the final construct lead to depth-dependent mineralization. De-
spite achieving similar H, values reported for AC (0.1-2 MPa),
the weak E is compensated by the ECM deposited by the cells af-
ter culturing for 4 weeks (0.16 + 0.06 MPa), but it is still lower
than that of the native cartilage (0.3-0.8 MPa).[%!

Surface topographies on the other hand substantially affect
the cell morphology and differentiation. Hence, they can be em-
ployed as effective regulators of cell fate/phenotype according
to our needs. The roles of stiffness and surface topography on
chondrocytes differentiation, shape, and proliferation have been
studied by Wu et al.® using PCL, PLA, and polyglycolide (PGA)
with different stiffness and two surface topographies; nanopil-
lars and nanogratings. The morphology of MSCs changes from
round to polygonal when the stiffness of the nanopillar substrate
increases. Meanwhile, the fibroblastic cells on the nanogratings
are elongated with increased cell fiber lengths when the stiff-
ness is raised. The nanopillars express the MZ and DZ biomark-
ers such as Col II, cartilage intermediate layer protein (CILP),
COMP, and Col IX compared to the nanogratings, especially on
soft and medium stiffness substrates. On the other hand, PRG4
is mainly expressed on the nanogratings.[*! Similarly, the effects
of PCL-based nanopillars, nanoholes, and nanogrills on the cell
morphology, differentiation, and proliferation of human MSCs
(hMSCs) have been investigated.['®! A round morphology with
filopodial extrusion, polygonal, and spindle shape are observed
from nanopillars, nanoholes, and nanogrills, respectively. The
nanogrills elevate both the SZ and fibrocartilage formation due to
larger expressed amounts of PRG4 and Col [, respectively. Mean-
while, the cells on the nanopillars express Col II and aggrecan
(biomarkers related to the hyaline cartilage) and Col X with in-
significant amount of PRG4.

Although the aforementioned studies specify the importance
of the biomaterials mechanical and physical properties in achiev-
ing zonal cartilage configuration, consistency of the chondrocytes
shape and expressed zonal biomarkers on specific nanopatterns
is challenging. Dehghan-Baniani et al.l?* have employed hexago-
nally close-packed arrays of silk nanopillars fabricated by colloidal
lithography and oxygen plasma etching to emulate the SZ. A
chondro-inductive small biomolecule, kartogenin (KGN), is con-
jugated with the nanopillars to promote chondrogenesis of hu-
man adipose MSCs (hAMSCs). A chitosan hydrogel is combined
with the substrate to deliver the viscoelastic properties resem-
bling those of the synovial fluid. The nanopillars alter the hAM-
SCs morphology from being elongated to nearly flattened ellip-
soidal to mimic the chondrocytes in the SZ (Figure 4c—g). Secre-
tion of Col I, SOX-9, and aggrecan is elevated due to the nanopat-
terns and gradual KGN release. The substrate elastic modulus is
about 920 MPa but as the pillar bending rigidity is much lower,
MSCs can bend it and form the ellipsoidal morphology mimick-
ing the SZ chondrocytes.[9191-1041 Co] 1T expressed by the cells
is also oriented parallel to the surface similar to the innate SZ
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Figure 4. a) SEM images of the different layers from the top and side view and laser scanning microscopy (LSM) images revealing the location of
Rhodamine-labeled fluorescent CNCs (pink) and Alexa 488-labeled PLA (green) in the different layers (Scale bars: 200 um). b) SEM images of different
layers after assembly showing pore shapes and sizes. Reproduced with permission.I?8] Copyright 2016, Elsevier. SEM and cytoskeleton staining of
hAMSCs cultured on ¢,d) N implanted silk loaded with KGN and e,f) N implanted nanopillar silk loaded with KGN, showing how nanofeatures manipulate
the cell morphology. g) SEM image of silk nanopillars. h) Immunoflourescent staining of expressed Col 11 (green) which are oriented parallel to the surface
and SOX-9 (red) on N implanted nanopillar silk loaded with KGN (Scale bar: 100 um). Reproduced with permission.[23] Copyright 2021, Wiley-VCH

GmbH.

(Figure 4h). Previous studies have shown that the SZ biomarkers
express mostly on the nanogratings or nanogrooves, but the cell
morphology is not completely consistent with the original state in
healthy tissues. Nevertheless, evaluating the SZP expression and
wear resistance properties in conjunction with in vivo tests im-
parts more information about the application of this platform.[?3]

The SZ fibrillar collagen and mechanics are mimicked by PCL
Fibers laminated to a PCL scaffold wherein NaCl porogen is em-
ployed to adjust the desired porosity for deep cellular infiltration
and substantial ECM deposition.['%! Considering the increasing
trend of sGAG/DNA in the bulk scaffold, a more DZ-resembling
construct is likely to be developed upon extended culturing. The
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reduced roughness of the first layer retains the frictionless prop-
erties of the articulating surface and the aligned Fibers provide
similar topographical cues and tensile strength of the SZ. The
depth-dependent expression of SZP along with the zone-specific
morphology of chondrocytes needs to be emulated.!!%]

In another attempt inspired by zone-dependent collagen fiber
architecture in AC, a tri-layered stratified PCL composite is 3D-
printed and seeded with rBMSCs followed by impregnation with
the cell-loaded methacrylated alginate (ALG) hydrogel. The in-
terconnected pores with gradient geometries along the longitu-
dinal direction offer a conducive microenvironment to regener-
ate cartilages and emulate the SZ, MZ, and DZ.I%] Although the
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compressive moduli of the three zones resemble those of the nat-
ural cartilage (2.75-21.4 MPa), tuning the fiber diameters and
expression of zone-specific markers throughout the composite
can improve the properties.l®”] Girdo et al.l®¥] have imitated the
anisotropic fibrillar collagen arrangement in the SZ, MZ, and DZ
by intercalating PCL fibers in the graphene oxide—collagen hydro-
gel which assembles the fibrous layers with a microporous net-
work. The DZ resists more to compression (compressive modu-
lus: ~#136.77 KPa) than the other layers because of the vertically
orientated fibers. Despite the depth-dependent mechanical and
morphological properties, the biological properties must be in-
vestigated both in vitro and in vivo.[38]

Despite multi-layered structure can impact zonal cartilage de-
velopment, discrepancy also reported that star-PEG hydrogels
combined with PCL meshes with both zonal and non-zonal in-
tentions result in worse healing conditions after implantation
for 6 months in mini-pigs.l'%! Dislodging of the hydrogel con-
taining cells and the PCL leading to bone loss, lower PG expres-
sion, and higher formation of cysts and fibrous cartilage, which
are the main reasons for the poor outcome. Empty defects are
healed better while there is no significant difference between
the zonal and non-zonal constructs. These studies!'%1%7] indi-
cate that while some zonal/non-zonal constructs show promis-
ing results in vitro or even for a short period in vivo experiments,
more work is needed prior to their clinical practice and routine
approaches such as microfracture are still the first and best op-
tion for surgery operations.

3.2. External Mechanical Forces

External forces have undeniable effects on cell fate and can be
opted to develop zonal cartilage."® Among them, mechanical
cues are one of the most interactable forces with cartilage tissue
in daily activities. They stimulate the cells in the two ways of ac-
tive and passive forms. While the passive form originates from
the basic properties of biomaterials, the active form is mainly de-
rived from extrinsic mechanical force/deformation imposed to
the cells which boosts ECM deposition.[1%11% Hyaline cartilage
repeatedly experiences mechanical force during normal life.[!*!]
The dynamic force alters the cell microenvironment and subse-
quently the intracellular forces and cellular response.l"'2113] The
cells interact with ECM molecules via membrane proteins includ-
ing adhered molecules and integrins, cytoskeleton constituents,
and perturbation of ion channels. These are crucial mechan-
otransduction pathways by which cells sense and transfer the
mechanical stimuli.['' Therefore, the hydrostatic pressure (HP),
fluid shear force, and compression can be employed as external
stimuli to achieve better cartilage regeneration.[!>]

3.2.1. Hydrostatic Pressure

The cartilage is a biphasic entity composed of liquid and solid
compartments and continuously subjected to dynamic pressure.
The interstitial fluid applies a constant HP to the solid phase. The
hydrostatic signal is transferred through mechanosensitive ion
channels such as the transient receptor potential family (TRP)
like TRPV1, TRPV4, TRPCI, and piezo ion channel family in-
cluding PEIZO1.1'1¢118] Consequently, applying HP in cellular
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or animal models is believed to create a more realistic exper-
imental condition through effect on protein secretion and cell
phenotypes.[11-122] Applied HP along with other external forces
elevates secretion of Col II, SOX-9, sGAG, Collagen/DNA, and
GAG/DNA while suppressing Col I and Col X.['2>-126] Absence
of HP may upregulate osteoarthritis genes such as that observed
during long-term space mission and other more common un-
loading conditions in bedridden patients.[12-130]

Some reports have revealed the advantages of HP for chon-
drogenicity compared to other mechanical stimulil’*'-13% and the
importance of substrate stiffness and timing of mechanical stim-
ulation on the chondrogenic results has been disclosed.!'** Al-
though these studies indicate the effectiveness of HP on chondro-
genicity and upregulation of hyaline cartilage, in the last decade,
published work on zonal configuration of cartilage tissue was not
found in our research. This may stem from the difficulty in apply-
ing different mechanical forces to different scaffold layers, specif-
ically where the layer dimensions are small.

A collagen-I based matrix (NeoCart) has been seeded with
chondrocytes and incubated for 6 weeks in a bioreactor. After
exposure to HPI'?] at a low pressure in knee-like environment,
better results are observed compared to microfracture.>1%! The
commercial product is still under investigation for clinical trial
phase IIL[M! but nonetheless, it shows the great potential of ex-
ternal mechanical stimuli to improve cartilage TE. However, even
these biomaterials are not suitable for advanced osteoarthritis in-
juries and therefore, a meticulously designed platform is highly
desirable. Up to now, most of the works have been done in vitro
and there is a lack of suitable in vivo studies. Furthermore, most
of them were focused on upregulation of general hyaline cartilage
biomarkers regardless of the spatial distribution or zonal speci-
ficity and there is less sign of the accurate zonal cartilage TE.

3.2.2. Compression

Since compressive forces are routinely applied to human joints,
numerous attempts have been made to simulate the conditions
when developing cartilage constructs. For instance, applying
compression regime while the construct is immersed in PBS, can
mimic the real conditions and result in higher GAG and Col II
production.®3] The level of secreted GAG in this condition is sim-
ilar to the one with presence of TGF-f1 in the static mode. Nev-
ertheless, sole compression may not be sufficient to fully restore
cartilages with the zonal organization.!®"]

Sawatjui et al.'3] have utilized dynamic compressive force
as the mechanical stimulus to BMSCs and chondrocytes seeded
on silk fibroin scaffolds to develop a cartilaginous construct. Al-
though more aggrecan and GAG/DNA are expressed by the cells
subjected to compression than the control group, there is no dif-
ference in the Col II/Col I ratio. Specific targeted zones are not
mentioned and by taking upregulation of Col X into account, the
platform is beneficial to the cartilage DZ.[**]

In another experiment,['*] a four-layer scaffold made from chi-
tosan, silk fibroin and nano-HAp has been designed to mimic
the SZ, MZ, DZ, and CZ. rBMSCs are cultured on the layers and
the platform is subjected to on/off cyclic compression loading (at
10% strain and 0.5 Hz, 2 h each time/4 h off, 4 times a day plus
continuous perfusion (10 mL min~!)) for 2 weeks in vitro. After-
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Figure 5. a) Digital image of the injured site on the day of operation and 3 months later. Visible cyst and fibrous cartilage can be seen from all the groups
except the compression one, wherein native-like cartilage fills the defect. Reproduced with permission.['*¢] Copyright 2019, Wiley Periodicals LLC. b)
Schematic and macroscopic cross-sectional view of the cell-seeded 3D printed PCL structure with a new cartilage layer formed on top by Alcian blue, Col
11, Col X, Col I, and lubricin staining. c) Polarized light and d) Color maps showing the collagen fiber orientation after in vitro cell culturing for 10 weeks.

Reproduced with permission.['*”] Copyright 2019, Elsevier.

ward, the cell-seeded scaffold is implanted into a mini-pig joint
cartilage defect. The bottom layer is made of chitosan/nano-HAp
and the other three layers are fabricated using a gradient com-
position of chitosan and silk fibroin in the reverse order. The in
vivo results indicate that the mechanical loading regime gener-
ates new tissues with a similar appearance as the native AC with-
out detectable fibro cartilage (Figure 5a).!'3¢!

By 3D-printing a PCL microchamber, human tissue-scaled
scaffolds are made to promote full cartilage development
from the SZ to the endochondral region under dynamic
(0.05 mm s7!) and static culturing conditions using propor-
tional BMSCs/chondrocytes.['*”] A mixture of BMSCs and
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chondrocytes is employed to regenerate tissue resistance to
hypertrophy and ossification for the cartilage zone!'*”138] while
BMSCs are used in the endochondral region. Next, the chondro-
inductiveness of the platform and cell design is evaluated under
dynamic compression (DC). As a result, the entire substrate
surface is covered by new tissues. Col X and a high concentration
of calcium are detected from the subchondral region, whereas
SZ markers such as Col II and lubricin are observed from the
hyaline cartilage part (Figure 5b). Even though the sGAG content
reaches that of the native tissue under dynamic condition, the
level of expressed collagen is still lower than that of the natural
counterpart. Nonetheless, the design can keep the oriented col-
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lagen fibers parallel to the surface in the SZ and perpendicular
to the surface in deeper zones (Figure 5c,d).['”] Nonetheless, in
vivo implantation of this platform based on a relevant animal
model is necessary to assure the potential functionality of the
regenerated zones in real applications.

Application of DC with a specific regime (sine wave at 10%
strain amplitude with 1 Hz frequency for 4 h per day, 5 days
per week for 3 weeks) to the cell-loaded agarose hydrogel regu-
lates oxygen level, SGAG, collagen, and PRG4 secretion depth-
wise through the construct. Although, combination of DC and
confinement does not alter SGAG level, however, compared to
the unconfined group, collagen secretion is reversed, with more
collagen found on the top area which reduced depth-wise. Specif-
ically, on the top region, Col II and PRG4 secretions are elevated
while Col I and Col X are decreased.!'*! Furthermore, the zonal
cartilage configuration is mimicked by confining agarose hydro-
gel embedded with infrapatellar fat pad-derived stem cells (FP-
SCs) and applying compression for 3 weeks at ~10% strain and
1 Hz, for 2 h per day and 5 days per week.l*"] The results in-
dicate that, only hydrogel confinement or compression may not
be adequate to boost chondrogenesis, especially for the hydrogel
with a height of 4 mm. The combined stimuli do not alter total
ECM deposition significantly, but the SZ mimics that of the na-
tive AC since the Col Il and PRG4 are secreted more, whereas the
GAG expression is not significant. The dynamic modulus of the
construct increases from 0.96 to 1.45 MPa after exposure to DC.
By this approach, the oxygen content decreases to an acceptable
level for chondrogenesis,['*!] while the glucose level continues to
be safe.

3.2.3. Shear Stress

Daily activities impose shear stress on chondrocytes which af-
fects their proliferation, degeneration, ECM production, and
up/downregulation of some genes.[*2143] Tmposing dynamic cul-
ture through medium stirring results in higher expression of
chondrogenic biomarkers.['** Shear stress can be applied to
the construct through fluid flow!!®! or directly to the whole
platform!*¢ by which the nutrition transport within the con-
struct may increase. However, by fluid flow, the difference be-
tween the sensed stress in the outer and inner parts of the
construct would be larger compared to the other case, al-
tering the structural integrity and favorable gene expression
significantly.'¥’] Therefore, applying shear stress in a control-
lable manner should be investigated to ensure reliable and fa-
vorable results.[1814]

The effects of shear stress alone or when combined with
other mechanical stimuli like compression and HP on cartilage
restoration have been studied.[">*>!] Furthermore, the impact of
combined mechanical stimuli on minimizing the shear stress
catabolic effects have been explored in several works.[152-1%4]
However, limited number has been focusing on the zonal ar-
rangement of hyaline cartilage. For example, in the work done by
Tee et al.,!'>*! a microfluidic device is developed, and shear stress
is applied to expand chondrocytes derived from different cartilage
zones while retaining their unique size and morphology. Given
the complex and graded features of the cartilage zones and vari-
ations in the size and morphology of chondrocytes, the use of
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chondrocytes from the exact targeted zone is desired for cartilage
repair. Unfortunately, the availability of primary chondrocytes is
limited and probable phenotypic changes in chondrocytes dur-
ing in vitro expansion hamper the effectiveness. After sorting the
on-chip expanded chondrocytes according to their size, it is real-
ized that, upon the dynamic culturing conditions, their morphol-
ogy remains unchanged, while expressing more hyaline cartilage
biomarkers. When the sorted chondrocytes are cultured in 3D fib-
rinogen hydrogels, the ones related to the specific cartilage zones
express zone-related markers.'>>] The same approach is applied
recently!’®® to investigate the performance of zonal-sorted chon-
drocytes through expansion-sorting strategy when loaded within
fibrin hydrogel in vivo. Here, before expansion-sorting, chondro-
cytes were undergone dynamic culture with dynamic microcar-
rier and shear stress was applied to the cells followed by static
culture. In vivo results indicate the positive impact of this method
as the morphology of the cells in DZ, the thickness of the regen-
erated tissue, the PRG4 distribution, distinct zonal differences,
PGs secretion, and their distribution appear more similar to that
of the natural cartilage.

Another application of shear stress for cartilage zone-specific
TE is demonstrated by Chen et al.[**”] wherein SZ is successfully
mimicked through applying shear stress via fluid flow on the
surface of an agarose gel containing chondrocytes. The motion-
induced shear stress is applied by stirring the culture medium in
a half-square wave for 40 min (0-25 rpm at 0.004 Hz) followed
by a steady stirring at 25 rpm for the remaining time of the day.
After applying this regime for 2 weeks, the nominal shear stress
of 0.12 Pa is applied to the platform surface. As a result, higher
amounts of Col II, PGs, and PRG4 are secreted compared to the
static mode without any change in Col I content. Also, the mor-
phology of chondrocytes and collagen Fiber alignments are more
resembling the natural SZ; flattened and parallel to the surface,
respectively.

Although some detrimental impacts of shear stress on chon-
drocytes such as matrix degradation and downregulation of chon-
drogenic genes have been observed,[***1%] Salinas et al.!*®!] have
shown that by applying a specific shear force regimen, chondro-
cytes proliferate considerably leading to promoted neocartilage
formation. Although this study did not deal with each cartilage
zone individually, however, the in vivo outcome indicates the ef-
fectiveness of the wisely selected shear stress regime when ac-
companied with bioactive factors including TGF-f1 and LOXL2
for cartilage TE. Even though the results provide valuable clues
about ECM-derived cartilaginous structures and adjustment of
mechanical properties of the scaffold-free neocartilage accord-
ing to the defect properties, additional evaluations using ani-
mal models applicable to cartilage/osteochondral diseases will be
beneficial.

3.3. Biological/Chemical Cues

Exposing cells to an array of biological or chemical signals that ex-
ist naturally in the native cartilage ECM recruits and regulates the
cellular response for cartilage repair.'%2-1%4l The sustained inter-
action between cells and adjacent ECM allows biological signals
transfer between the extracellular and intracellular environment
leading to improved tissue remodeling. CS, HA, and Col II are
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examples of biological factors incorporated in cartilaginous scaf-
folds to promote stem cell chondrogenesis by boosting the tissue
specificity.”8] Manipulation of the pathways by delivering solu-
ble signals such as GFs, cytokines, chemokines, and hormones
accelerates tissue healing. After diffusion in the cell microenvi-
ronment, they are distinguished by the specific cell surface re-
ceptors. Thus, cells regulate the signalling pathways and influ-
ence their own and other cell functions through autocrine and
paracrine signalling, respectively.!1%]

3.3.1. Growth Factors

GFs are soluble signaling molecules based on polypep-
tides/proteins that are secreted by cells. They not only govern
cell proliferation, migration, and differentiation, but also control
ECM production.**} Although the recombinant forms of GFs
are directly injected into the damaged site or administered
systematically in clinical practice, the large molecular size, slow
tissue infiltration, short half-life, and possible systemic toxicity
limit their application. These issues have been addressed by em-
ploying polymeric-based materials as drug carriers in cartilage
TE. TGF-p and correlating bone morphogenic proteins (BMPs),
IGFs including insulin and FGF are the main classes of GFs that
have been exploited in chondrogenic studies.!1%¢!

Immobilization of specific GFs in different zones of the lay-
ered scaffold is an attractive strategy to stimulate differentiation
of MSCs in each layer.'®’] GFs stimulation of cell-laden photo-
responsive hydrogels derived from fetal (f-CarMa) and adult (a-
CarMa) bovine cartilage ECM shows promising results in differ-
entiation of hMSCs into zone specific chondrocytes. The SZ phe-
notype chondrocytes are achieved when cells with large densities
are encapsulated in f-CarMa and exposed to the chondrogenic
medium supplemented with BMP-7 in the presence of TGF-
p1. However, when cells with low densities are incorporated in
a-CarMa, they differentiate into the CZ chondrocyte phenotype
in the culture with chondro-inductive medium/TGF-g1 and se-
quential stimulation with Indian hedgehog (IHH). Stimulation
of hMSCs-laden CarMa (fetal/adult) with insulin-like GF1 (IGF-
1) produces the MZ phenotype chondrocytes with intermediate
cell densities. Incubation of cell-laden constructs with medium
containing BMP-7 and subsequent exposure to IGF-1 produce
the MZ phenotype, whereas sequential addition of IHH into the
pre-cultured samples in BMP-7 and IGF-1 results in maturation
of hMSCS and CZ phenotype formation.[1%8!

In autologous chondrocyte implantation (ACI), chondrocytes
should be passaged serially to achieve enough cell number,
resulting in loss of chondrogenic properties. Nevertheless, re-
differentiated chondrocytes cultured with TGF-f3 can preserve
the chondrogenesis ability which cannot be accomplished by
other GFs. According to Bianchi et al.,['%] implantation of fib-
rin gel encapsulated with pre-treated chondrocytes with TGF-43
into the rabbit full osteochondral defect regrows the hyaline car-
tilage compared to using nondifferentiated chondrocytes. In this
study, the tissue granulation and vascularization are associated
with TGF-#3 treatment. The resulted tissue from this group is
stained less strongly for PGs, however, the ICRS II score is sig-
nificantly higher than the repaired tissue from non-differentiated
chondrocytes. Nevertheless, inducing vascularization by specific
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GFs like VEGF should be avoided when engineering cartilage tis-
sues as they can divert chondrogenic conditions into osteogenic
ones.[170171]

Karimi et al.[* have shown that the mechanical and biochem-
ical signals synergistically promote the zonal lineage commit-
ment of encapsulated hMSCs in the SPELA gels. The cell density
and stiffness of the SZ, MZ, and CZ are simulated and when the
soft gel (80 KPa modulus, 60 Mcells mL™!) is exposed to TGF-$1
(3ngmL~') and BMP-7 (100 ng mL™"), the SZ markers are upreg-
ulated. In contrast, lowering the cell density to 15 Mcells mL~! in
the stiffest hydrogel (320 MPa modulus) results in the expression
of CZ markers using 30 ng mL~! of TGF-f1. To make the MZ-
like tissue, the hydrogel modulus and cell density are adjusted
to 2.1 MPa and 20 Mcells mL™!, while the samples are cultured
with 30 and 100 ng mL~! of TGF-A1 and IGF-1, respectively.% To
mimic the fibrillar morphology of the CC ECM, electrospun PLA
nanofibers are aligned perpendicular to the surface. Although
promising in vitro results have been observed, integrating these
layers into one scaffold and assessing the cell fate after in vivo
implantation are necessary to improve the outcome.[**]

Recently, Qiao et al.l*?] have made a stratified fiber-reinforced
hydrogel to simulate the cartilage SZ and DZ with the adjacent
subchondral bone (Figure 6a—g). The zone-specific GFs are de-
livered by MSCs-laden GelMA which is integrated with the melt
electrowritten triblock polymers of PCL and PEG (named PCEC)
that possess zone-dependent topological cues. The PLGA spheres
loaded with TGF-f1 and BMP-7 are placed in the superficial layer
to attain favorable lubrication by inducing the expression of SZP,
whereas only the TGF-f1 carriers are incorporated into the deep
layer to maintain chondrogenic differentiation. Osteogenic dif-
ferentiation is mediated via the BMP-2 pathway for the subchon-
dral bone part using BMP-2-loaded microspheres. The bone-
mimicking layer shows a compressive modulus of 55.8 + 5.4 MPa
close to that of native spongy bone, whereas the modulus of the
bi-layered cartilage-like tissue (964.2 + 56.8 kPa) reaches the level
of native cartilage. SZP expression is the highest in the superfi-
cial layer and the highest aggrecan and OCN deposition are ob-
served from the deep and subchondral bone layers, respectively.
Despite irregular growth of MSCs and randomly organized cy-
toskeletons in the deep and bone regions, the cells and cytoskele-
tons are more uniformly aligned along the long axis of the fibers
in SZ. 6 months after implantation of the tri-layered scaffold into
rabbit osteochondral defect models, a hyaline-mimicking carti-
lage possessing a wear-resistant surface integrated with the sub-
chondral bone is observed.[**!

Apart from developing different layers of AC, CC as a transi-
tion layer between AC and subchondral region plays crucial roles.
In this regard, growth and differentiation factor-5 (GDF-5) which
belongs to the BMP family can be used for in vivo cartilage matu-
ration and mineralization enhancement. This GF increases ALP
activity and subsequently mineralization and hypertrophic activ-
ity. Supplementation of 150 ng mL~! GDF-5 into the chondro-
genic medium enhances the porcine BMSCs hypertrophic activ-
ity in vitro.['7? In the ectopic bone formation experiment by sub-
cutaneous placement of fibrin constructs containing pre-treated
BMSCs with GDEF-5 on the dorsal area of a nude mice, consid-
erable cartilage formation is seen from both the GDF-5-treated
and control groups. All the hypertrophic biomarkers are at the
same levels except for ALP which is significantly higher in the
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Figure 6. Schematic illustration of the preparation of the multi-layered composite. a) Fibrous networks produced by meltelectrowriting for the superficial
(S), deep (D), and bone (B) layers. b) Integration of the three layers. The cells and GF-loaded GelMA precursor solution of the corresponding zone diffuse
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GDEF-5-treated group. The results are verified by p-CT evaluation
showing 1.6-fold larger bone volume than the control. Therefore,
to further analyze the capability of GDF-5 to form CC, a three-
layered construct made from a bone disc, a starPEG-heparin hy-
drogel mixed with fibrin gel containing GDF-5-treated BMSCs,
and a cell-free fibrin hydrogel is placed subcutaneously in the
dorsal area of a nude mice. After 7 weeks in vivo, a CC layer is
formed flawlessly in GDF-5-treated group without cartilage de-
tachment unlike the one formed in the control group. The layer
consists of Col X with strong mineralization activity. These re-
sults are promising in the efforts to further examine the devel-
oped layered scaffold in cartilage related animal models in order
to more effectively identify potential applications in cartilage TE.

3.3.2. Hormones

Hormones are effective modulators of the cell microenviron-
ment that can activate or inhibit various molecular pathways
(anabolic/catabolic activities) by which chondrogenesis can be
governed.['”3] Triiodothyronine (T3), a hormone that selectively
promotes chondrocytes mineralization, is beneficial when de-
signing CC."74 DZ chondrocytes are treated with T3 (25 nm) for
3 days to induce hypertrophy by stimulating the ALP activity and
upregulating the Col X expression. The stimulated cells are then
encapsulated in agarose hydrogels reinforced with nano/micro-
sized HAp particles and cultured for 2 weeks to generate CC. The
higher shear modulus of micro-HAp hydrogels is related to the
higher matrix content. This can better emulate the interplay be-
tween collagen and PGs responsible for strengthening the carti-
lage shear. Hence, both HAp and T3 synergistically induce the
chondrocytes hypertrophy.['7]

The parathyroid hormone-related protein (PTHrP) can be uti-
lized to design the microenvironment resembling physiologi-
cal signaling cues in vivo to modulate the fate of stem cells.
PTHrP is a regulator of chondrocytes hypertrophy and under-
goes maturation through endochondral development.['7®! It pre-
serves chondrocyte proliferation while delaying hypertrophy via
binding to PTHrP receptors. Spatial PTHrP signaling is ap-
plied to fibrin-poly(ester-urethane) scaffolds by seeding adenovi-
rally transduced MSCs (AdPTHrP) on the composite wherein
un-transduced MSCs are incorporated evenly. AAPTHrP overex-
presses PTHrP to boost GAG deposition, chondrogenesis, and
secretion of TGF-f1 by MSCs and provide differential effects on
chondrogenesis and hypertrophic gene expression.!17¢]

3.3.3. Small Molecules

Considering the higher stability and lower cost of small
molecules compared to GFs, their application in cartilage repair
has aroused interest.'’””] KGN, a small biomolecule that selec-
tively stimulates chondrogenesis of MSCs, is a good example.

www.advhealthmat.de

Highly aligned core-shell nanofibers are electrospun coaxially to
emulate the morphology of cartilage SZ. PCL is used as the shell
materials and poly(glycerol sebacate) (PGS) loaded with KGN
serve as the core component. Sustained delivery of KGN for 21
days (0.32 + 0.03 pg KGN mg™" of scaffold) spurs proliferation
and chondrogenesis of human BMSCs (hBMSCs). Enhanced ex-
pressions of sSGAG, SOX-9, Col II, ACAN, and more importantly,
substantial upregulation of PRG4 even in the absence of TGF-f3,
confirm lubrication on the articulating surface.['””]

A combination of biological stimuli including delivering TGF-
p1 and KGN by PLGA microspheres and polylysin-heparin
sodium and structural design (oriented porous structure) has
been reported to develop cartilage-like SZ and transitional
layers.l'”8] Collagen, chitosan, and HA sodium (HAS) are em-
ployed as building blocks of the SZ to mimic cartilage ECM with
potential downregulation of inflammatory factors using HAS
and incorporation of KGN carriers. Meanwhile, collagen, chi-
tosan, and silk fibroin combined with TGF-p1-loaded particles
are used for the second zone. Release of both biological cues
synergistically increases cell proliferation in vitro. After in vivo
implantation of the dual-layer scaffold into the rabbit knee os-
teoarthritic cartilage defect model, good integration with the host
tissues is observed as manifested by a cell morphology analogous
to that of native tissues. The endogenous BMSCs migrate from
the broken subchondral bone to the middle layer due to the pos-
itive TGF-p1 effects on cell adhesion and proliferation followed
by chondrogenesis and infiltration into the SZ by KGN signaling.
Despite promising results in vivo, enhancement of the scaffold
compressive modulus (1.2 KPa) is preferred.['”®]

Incorporation of KGN in a thermogel based on PLGA-PEG-
PLGA, provides full thickness cartilage tissue regeneration with
elevated mechanical properties in vivo. The expressed GAGs and
Col II in regenerated tissue is more than 90% of the normal
tissue.['7)

In another attempt,?2l KGN is encapsulated in a thermosensi-
tive chitosan hydrogel modified with N-(f-maleimidopropyloxy)
succinimide ester (BMPS) with a shear modulus of 78 kPa. Con-
tinuous KGN release from this injectable hydrogel for a month
and upregulation of SOX-9, Col II, aggrecan, and GAG expressed
by hAMSCs along with fast gelation show a good potential to be
used in SZ/MZ defects. Furthermore, considering the changes
in the AC shear modulus depth-wise from 50 to 250 kPa, a series
of hydrogel formulations are developed, and statistical models
are generated as functions of gel ingredients to predict the
properties such as the shear modulus. This renders it possible to
tailor the mechanical properties of scaffolds based on the defect
location in order to provide the suitable shear modulus within
the range of 1.4 to 76 kPa.l??] Additionally, KGN is encapsulated
in starch microspheres produced by a droplet microfluidic chip
for better gradual drug release and chondrogenesis effect. The
KGN-loaded particles are subsequently incorporated in a BMPS-
modified chitosan thermogel containing diclofenac sodium

into the fibrillar layers and UV crosslinked to make the tri-layered structure. c) Schematic figure showing the application of the composite in zone-specific
osteochondral tissue regeneration. d—f) Expression of zone-dominant biomarkers (SZP for the S layer and CILP for the D layer) and Col Il and aggrecan
(Agg) in the chondrogenic layers (S and D) ((d) and (e), scale bar: 200 um) and the expression of Col Il for the cartilage zones and Col | for the osteogenic
region at the osteochondral junction for f) Tri-layer constructs upon 28 days induction (scale bar: 400 um). g) Orientation of the cells in the S, superficial
D, deep D, and B zones presented in the frequency distribution histogram. Reproduced with permission.[*?] Copyright 2021, Elsevier.
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(DS)-loaded halloysite nanotubes. Considering the ability to
co-deliver KGN for chondrogenesis and DS for pain reduction in
addition to the high shear modulus of 167 kPa, this system can
regenerate defects in cartilage MZ.[13%]

As discussed here, recently published papers only used KGN
for cartilage repair, however, other small molecules could be con-
sidered for this purpose. For example, BNTA is a small molecule
which has ECM modulatory properties.[’®!] Tt can highly affect
the chondrocytes derived from osteoarthritis patients by stimulat-
ing the ECM expression while curbing inflammatory mediators.
Besides this, small molecule 6 with sulfunomide has been em-
ployed as an agent that boosts chondrogenesis of hASCs. Conju-
gation of this molecule to biopolymers could be utilized in regen-
eration of AC zones and investigated in vivo.['¥2] RCGD 423 (reg-
ulator of cartilage growth and differentiation) is another potential
small molecule for rapid cartilage healing that is also able to sup-
press inflammation.[**3] Other small molecules and compounds
that show potential for cartilage repair have been reviewed by Li
et al." which could pave the road for designing novel cartilagi-
nous scaffolds.

3.3.4. ECM

ECM proteins governing the cellular behavior, can be used alone
or in combination with other biomaterials to develop biologically
and functionally relevant tissue alternatives that mimic the native
cartilage. HA is one of the main components of cartilage ECM
which has been utilized in various formats for zonal cartilage
TE. A 3D-printed structure is made from HA and decellularized
ECM (dECM) according to the shape of cartilage lesion accompa-
nied with thiolated-HA on the top to resemble SZ.['®5] dECM has
an undeniable impact on the final structure of the regenerated
tissue.['®¢] For example, the collagen alignment of decellularized
mature porcine AC, guides the collagen fibers secreted by the hu-
man infrapatellar fat pad derived stem cells (hiFPSCs) after recel-
lularization of the scaffold which are arranged perpendicular to
the surface.[%7]

A three-layer PEG gel has been fabricated wherein CS and ma-
trix metalloproteinase-sensitive peptides (MMP-pep) are used in
the first layer to develop an SZ-like tissue. Incorporation of CS
into the second layer and HA into the bottom layer gives rise
to TZ and DZ-resembling tissues, respectively. Gradual decrease
of Col II with moderate upsurges in Col X, PGs content, and
compressive modulus from the top to bottom layer validate the
roles of the materials composition in spatial tailoring of the scaf-
fold biochemical and mechanical properties.['#1%] In another at-
tempt, hyaluronic acid methacrylate (HA-MA) and GelMA are in-
corporated with different chondrocyte densities for cartilage re-
pair purpose showing that, GeIMA with higher cell density (25
Mcells mL™), provides higher expression of Col I, as a sign of
premature chondrocyte phenotype.'*]

Furthermore, different formulations of photocurable, inter-
penetrating hydrogels made of HA, CS, and PEG have been in-
vestigated under normaxia and hypoxia conditions to optimize
zone-dependent chondrogenesis of hBMSCs. Based on the ob-
served differences from single layers, a spatially-patterned tri-
layered construct in terms of sGAG and collagen distribution is
developed under normaxia for better ECM production. Combin-
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ing 19% PEG diacrylate (PEGDA) with 1% HA-MA results in the
most promising Col II with low sGAG, making it suitable for
the SZ. The formulation of 9% PEGDA with 10% CS-MA and
1% HA-MA exhibits high Col-II with higher sGAG concentration
which is appropriate for the TZ. The middle-like layer is com-
posed of 10% PEGDA + 10% CSMA in which Col X and sGAG
are the highest.!]

HA-based hybrid scaffolds are made with the goal of inducing
zonal-specific cellular morphology and ECM composition. Two
layers of HA hydrogels enveloping specifically or randomly ori-
entated PLA nanofibers are designed for SZ and MZ, whereas the
gel with multiple vertical channels is developed for the DZ. After
cell culturing on the SZ for 14 days, more proliferation of chon-
drocytes with an elongated shape and lower Col II and GAG and
higher Col I compared to MZ are observed. In the MZ, the cells
express more Col II while clustered, but in the DZ, the highest
GAG deposition with lowest Col I expression and cell prolifera-
tion are observed. When the layers are assembled, the cells are
aligned in the SZ, randomly aggregate in the MZ, and are ori-
ented in columns in the DZ.11%?]

A multi-layer osteochondral scaffold wherein the cartilage
ECM composition is mimicked using Col I and HA as building
blocks of the chondral compartment has been fabricated. The os-
seous part is composed of Col I and HAp which promotes os-
teogenesis by secreting phosphate ions (PO;") for intracellular
uptake. The structure provides the same architectural features
in osteochondral tissues. Despite the gradual change in the mor-
phology, composition, and mechanical properties from the super-
ficial to bone-imitating layers, the scaffold properties should be
investigated further in vitro and in vivo.[!**]

Benefiting from combination of ECM proteins and GFs pre-
served in dECM as building blocks of our scaffolds is an effi-
cient way to tackle the limited cartilage regeneration capacity.*’!
A nanofibrous scaffold derived from cartilage dECM is made to
mimic the cartilage biochemical composition while emulating
the DZ collagen alignment.['*] Vertically aligned and intercon-
nected microtubules are fabricated by the TIPS technique. Al-
though the fibrillar morphology and cell orientation along the mi-
crotubules mimic the DZ, the cultured MSCs exhibit a mostly el-
lipsoidal/spindle shape unlike the spherical chondrocytes in the
DZ.1" Even though some preliminary in vivo studies have been
performed by implantation of the scaffolds subcutaneously into
the dorsal of nude mice, further evaluations using the relevant
animal models are needed.

Whether or not exposure of cells to ECM zone-specific
molecules preferentially direct human articular chondrocytes
(hACs) toward the zone-dependent phenotypes is important to
the design of functional native-like cartilage substitutes. The ef-
fects of cartilage zone-specific ECM signaling molecules on regu-
lation/maintenance of the hAC phenotypes have been studied in
monolayers, pellets, and 3D cell cutlers by Grogan et al.!%] The
molecules include biglycan, decorin, and tenascin C for the SZ.
Col IT and HA are explored for the middle and DZ-specific ECM
molecules, whereas osteopontin is used for the DZ. ALG hydro-
gels combined with each biomolecule are used in the 3D cell cul-
tures (8 Mcells mL~!) where the concentration of ECM proteins is
adjusted to 1 pg mL~! except HA which is 1 mg mL~!. Hydrogels
supplementation with HA is most effective in inducing neocarti-
lage generation considering the enhanced aggrecan and COL2A1
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in addition to decreased COL1A1 compared to the controls. Col
II supplementation presents an increasing trend in the COL2A1
expression despite the large variability. Additionally, both decorin
and biglycan suppress PRG4 expression compared to the con-
trols. Results reveal that, application of only one/purified ECM
molecule is not ideal in promoting the zone-specific chondrocyte
phenotypes. Instead, utilizing the whole or zonal cartilage ECM
is more promising in modulating the zone-dependent gene ex-
pression profiles.[!]

A two-zone construct made of GelMA, gellan gum, and
methacrylated HA is 3D-printed to simulate the SZ and MZ/DZ
of AC.["] The AC progenitor cells (ACPCs) harvested from the
cartilage SZ are used in SZ and MSCs are incorporated into the
second layer to develop the MZ/DZ-resembling gel. Improve-
ment of the limited zonal difference between the layers and hy-
drogel mechanical properties leads to better tissue functions.['!

GelMA, HA-MA, CS-aminoethyl methacrylate (CS-AEMA),
and ALG have been used as photocurable bioinks in a microflu-
idic extruder capable of hydrogel mixing and 3D printing of
gradient hMSCs- and hACs-laden matrices for osteochondral
defects.[1971%] Two different bioinks are produced for hyaline and
CC. The hyaline cartilage-mimicking layer is composed of 4%
w/v ALG, 6% w/v GelMA, and 4% w/v CS-AEMA with a 3:1 ratio
of hMSCS:hACs and yields the hyaline phenotype with differen-
tiated hMSCs. To induce biomimicry in the CC, the hyaline carti-
lage formulation is mixed with 0.5% w/v HA-MA and 0.5% w/v -
tricalciumphosphate (f-TCP) microparticles. The layer is encap-
sulated only with hMSCs and significant upregulation of ALPL
and COL10A is accomplished.!'””] Besides this, ALG-GelMA with
0.5% w/v B-TCP is utilized for CC through 3D-printing proce-
dure. Although g-TCP acted as a physical crosslinker, however
higher amount of it can further reduce the mechanical proper-
ties of final product.['*”]

Recently, ECMs derived from xenogeneic AC and growth
plates have been used as building blocks of a two-phasic construct
to provide a functional osteochondral unit with temporal proper-
ties resembling AC and underlying bone, respectively. Accord-
ingly, arrays of regulatory proteins matching the bone and car-
tilage in each corresponding layer direct differentiation of stem
cells in vitro.?*”1 12 months after implantation of the graded scaf-
folds into critical-size caprine osteochondral defects, the archi-
tecture of the newly formed collagen network is analogous to
that of natural condyles and the regenerative properties are bet-
ter than commercial scaffolds as controls. Despite promising tis-
sue remodeling upon implantation without negative immune re-
sponse, further investigations are needed to validate their clinical
potential.

In another work done by Kunisch et al.,[2l] a stable calci-
fied layer is fabricated and the growth toward the AC layer is
prevented. A zonal construct made from pellet-like pre-cultured
porcine BMSCs on the bottom and starPEG/heparin hydrogel
with chondrocytes on top is used in the ectopic in vivo exper-
iments using the dorsal site of nude mice. Heparin, a natural
GAG, prevents the calcification of the hydrogel and growth of
the CC layer toward the AC zone. For comparison, by using fib-
rin hydrogel instead of starPEG/heparin, less mineralized carti-
lage is formed with smaller contents of Col II and the presence
of ALP and Col X is determined in half of the gel. Application
of the starPEG/heparin hydrogel on top of the BMSCs pellet pre-
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vents ossification of MSCs. While in the non-zonal construct, the
pellet finally progresses to the mature bone after 12 weeks and is
depleted from Col I1. However, in vivo studies based on a relevant
animal model for cartilage repair can reveal the functions of this
system more realistically.

To achieve anisotropic zonal distributions of ECM, Ren et
al.'%2] have used chondrocytes gradient densities in a 3D printed
Col II hydrogels to replicate the cell gradient densities in car-
tilages. The ratio of the chondrocyte densities in the SZ, MZ,
and DZ is adjusted to 3:2:1 to match that of the human femoral
condyle. This results in reduction of GAG, Col I, and PRG4 from
the top to bottom layers, although in natural cartilage, the sGAG
content increases from the SZ to deeper layers.[1%2]

Although zonal cartilage TE with the application of biopoly-
mers with different physical properties are still in the early stages
and even with some contradictory results concerning the benefits
of these approaches, in the recent decade, few matrix-associated
ACI for cartilage tissue treatment have been reached to clini-
cal trials and even available in the markets. These scaffolds are
made from different biopolymers such as collagen 1,202 HA,[203]
and chitosan-based hydrogels,['*] and usually accompanied with
autologous chondrocytes, in vitro expanded or not.[2°+2%] In the
most cases the outcome has been better compared to the available
techniques such as microfracture, nonetheless, there is no pref-
erence between them and apprehensive study within large cases
are needed.?¢2%7] For example, a recent study on one of the ap-
proved matrices, CaReS, shows that 12 weeks in vitro cell growth
on this platform in a standardized bovine punch model, enhances
the PGs deposition and overall cartilage tissue regeneration.!2%8]
These platforms can be effective mostly in grade III of cartilage
lesion, while CaReS is stated to be effective on grade IV. How-
ever, in severe OA cases, where most of the cartilage is already
damaged or worn out, they are still not practical solutions.

4. Conclusion and Prospective

The AC avascular nature, depth-dependent physio-mechanical
properties, composition, and cell phenotypes present challenges
to the regenerating process. In many cases, the regenerated
tissues are unstructured and the properties are quite different
from those of the natural cartilage.[?”! The lack of biological
and physical signals or mechanical cues imitating the joint dy-
namic microenvironment for cell guidance are the main rea-
sons underlying disappointing results in long-term follow-up.
Although changing the culturing conditions by supplementing
biomolecules/GFs or applying various mechanical loadings have
produced some success in cartilage repair in animal studies, the
optimal conditions have not been identified for zonal organiza-
tion of cartilages.

This review summarizes the recent development of polymeric
scaffolds with emphasis in mimicking the different AC zones us-
ing physical, mechanical, and biological/chemical cues. Zonal
organization of the neo-tissues in terms of the final cellular
fate, morphology, orientation, ECM composition, and physio—
mechanical properties in these constructs are described. Despite
recent advances in this field, the materials and techniques are
still not close to clinical acceptance because most of the devel-
oped scaffolds do not fully mimic the natural cartilage configu-
ration and very few of them have been tested in vivo using rele-
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vant animal models for cartilage repair. Indeed, the translation of
the bench works into real clinical practice is not accomplishable
without substantial evidence on long-term efficacy and safety in
appropriate large animal models.

One solution is to design culturing conditions suitable for ex-
pansion of chondrocytes while preserving their phenotypes. Mi-
crofluidics and advanced cell sorting systems make it more feasi-
ble to employ zone-dependent chondrocytes in the scaffolds with
relevant tissue-scaled cell densities. This facilitates spatial pat-
terning of the constructs not only with zone-specific chondro-
cytes, but also with the corresponding ECM composition with
the relevant chondrocytes subpopulations. Furthermore, deliv-
ering the right zonal GFs in an orchestrated manner with the
applicable concentration must be considered which necessitates
smart drug delivery systems. Alternatively, we can take advantage
of the zonal cartilage dECM to deliver a pool of ECM signaling
molecules and GFs related to the targeted region. The hypoxic
environment of cartilages along with the mechanical loads that
are routinely applied to tissue should be investigated systemati-
cally because they are key regulators of cell functions which can
be provided by bioreactors.

Although some researchers have mimicked the AC zones sep-
arately, assembling the layers is important to altering the scaffold
composition and physio—mechanical properties between layers
and offering a tissue-scalable construct. In the meantime, vas-
cularization needs to be confined beneath the cartilage tidemark
and triggered in the subchondral bone region. Proper integration
of scaffolds with adjacent host tissues is crucial to mechanotrans-
duction thus demanding that the scaffolds have the proper bio-
logical properties. Most of the previous studies have used animal-
derived cells but it is important to obtain the same results using
cells from patients because the ultimate objective is clinical adop-
tion.

So far, very few products have been approved and commer-
cialized for cartilage repair.!10-14:202:203.205210211] Although, all of
them show significant cartilage regeneration compared to con-
ventional methods like microfracture, however, they are mainly
suitable for grade III cartilage lesions and in the worst scenar-
ios like advanced osteoarthritis, they are still impractical. Be-
sides the unsatisfactory clinical outcome, other obstacles include
the cost of reagents and production process, difficulty in scal-
ing up production while maintaining the quality, sterility, consis-
tent manufacturing, shelf life, storage, and shipping conditions.
The NeoCart implant (Histogenics, Waltham, Massachusetts),
BST-CarGel (Piramal Healthcare Inc., Laval, Quebec, Canada),
Chondro-gide (Genzyme Biosurgery, Kastrup, Denmark), and
Hyalograft C (Anika Therapeutics Inc., Bedford, MA, U.S.A.) are
some examples of commercial polymeric scaffolds used in carti-
lage restoration.[212-214]

Allin all, in order to achieve better tissue functions and smooth
the load transfer through scaffold defects, we need to specifically
design scaffolds optimized for the targeted zone with unique fea-
tures analogous to those of the native cartilage layers. Most of the
products on the market are designed for cartilage defects without
considering the zonal location and so they do not fully emulate all
the cartilage regions.?*l On the heels of recent advances in bio-
fabrication technologies like 3D printing, microfluidic platforms
for cell culture and sorting, and smart drug delivery systems, it is
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expected that in the near future, scientists will be able to develop
personalized cartilaginous tissues with the native AC configura-
tion by taking all the exogenous stimuli into account. Meanwhile,
the potential interactions of these stimuli with each other and fi-
nal properties of the neo-tissue must be considered to control the
conditions in a more accurate way.
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