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Abstract

Objective. In autologous chondrocyte implantation (ACI), there is no consensus about used bioscaffolds. The aim of this
study was to perform an in vitro comparative analysis of 2 clinically applied biomaterials for cartilage lesion treatment. Design.
Monolayer expanded human chondrocytes (n = 6) were embedded in a collagen scaffold (CS) and a hyaluronic acid—based
hydrogel (HA). Cells were cultured in chondropermissive medium supplemented with and without interleukin-10 (IL-10)
and bone morphogenetic protein—2 (BMP-2). Gene expression of chondrogenic markers (COLIAI, COL2AI, COLIOAI,
ACAN, SOX9) was detected via quantitative real-time—polymerase chain reaction (RT-qPCR). Biosynthesis of matrix
compounds, cell viability, morphology as well as migration from surrounding native bovine cartilage into cell-free scaffolds
were analyzed histologically. Adhesion of the material to adjacent cartilage was investigated by a custom-made push-out
test. Results. The shift of COLI/2 ratio toward COL2A| was more pronounced in HA, and cells displayed a more spherical
morphology compared with CS. BMP-2 and IL-10 significantly increased COL2A1, SOX9, and ACAN expression, which
was paralleled by enhanced staining of glycosaminoglycans (GAGs) and type 2 collagen in histological sections of CS and
HA. COLIOAI was not significantly expressed in HA and CS. Better interfacial integration and enhanced cell invasion was
observed in CS. Push-out tests using CS showed higher bonding strength to native cartilage. Conclusion. HA-based hydrogel
revealed a more chondrocyte-like phenotype but only allowed limited cell invasion, whereas CS were advantageous in
terms of cellular invasion and interfacial adhesion. These differences may be clinically relevant when treating cartilaginous
or osteochondral defects.
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Introduction

Articular cartilage repair remains a challenging task in the
field of orthopedic surgery aiming to prevent joint dysfunc-
tion and the development of post-traumatic osteoarthritis.
Autologous chondrocyte implantation (ACI) has become
the gold standard for the regenerative treatment of large size
cartilage defects.'> Within the last 3 decades, the originally
introduced technique was further developed by utilizing
additional biomaterials as cell-carrier systems.>*

Different generations of ACI development have aimed to
overcome the issue of chondrocyte de-differentiation,
which impairs the chondrocyte function and results in infe-
rior quality of the regenerative tissue.’ Third-generation
ACI consists of a cell-biomaterial product that has improved
both the clinical outcome and the histological quality of the
regenerated tissue, which emphasizes the constant optimi-
zation process of cell-based tissue regeneration tech-
niques.*® Numerous biomaterials have been extensively
studied in pre-clinical investigations, but comparative stud-
ies are rare. Therefore, identification of the ideal biomate-
rial candidate regarding its cell-matrix interactions,
cytocompatibility, biomechanical properties, and surgical
application techniques is insufficient. In addition, due to
regulatory restrictions and financial burdens, it is not feasi-
ble to examine the whole spectrum of biomaterials clini-
cally. A deepened knowledge about biomaterial advantages
in clinically established biomaterials may help to focus cur-
rent efforts in further ACI development. In this regard, bio-
materials based on collagen and hyaluronic acid, which are
inspired by the natural architecture of articular cartilage, are
of high interest for investigators in this field.” Fiber-based
matrices have shown to support chondrocyte differentiation
and formation of cartilaginous matrix in several in vitro and
in vivo studies.'®!' Hydrogels, on the contrary, have also
been investigated intensively due to their water-binding
capacity that mimics cartilage tissue.'> Especially, gels
based on naturally derived biopolymers such as hyaluronic
acid are interesting for cartilage tissue engineering due to its
chondroprotective effects.'

Another improvement in ACI treatment may be achieved
by a pre-conditioning using soluble adjuvants that improve
cell differentiation prior to ACI implantation. In this context,
interleukin-10 (IL-10) and bone morphogenetic protein—2
(BMP-2) have been described,'*!> which were shown to have
potential chondrogenic effects, even in the post-traumatic
micromilieu after ACI graft transplantation.'®!” Our study
group previously demonstrated that IL-10 significantly
enhances chondrogenic differentiation of cells embedded in
collagen matrices and stabilized the chondrogenic pheno-
type with less extracellular matrix loss after mechanical car-
tilage injury.'*'® BMP-2, a member of the transforming
growth factor—f3 (TGF-P) super-family, plays an essential
role in the regulation of chondrocyte proliferation. '®

Given the abundant spectrum of eligible biomaterials,
deepened understanding of clinically applied scaffolds may
help to focus further ACI developments. This study aims to
identify advantageous biomaterial properties of 2 clinically
used ACI grafts (macroporous type I/III collagen matrix vs.
injectable hyaluronic acid-based hydrogel) in a comparative
in vitro study with respect to (1) cell viability, (2) chondro-
genic potential, (3) bio-adhesion, (4) lateral integration, and
(5) additional adjuvants such as IL-10 and BMP-2. It was
hypothesized that both biomaterials have distinct biological
differences regarding cell differentiation and graft
integration.

Method

Articular Chondrocyte Isolation and Culture

Human articular chondrocytes (hCh; n = 6) were isolated
from femoral heads of patients (mean = 70.3 £ 5.3 years)
undergoing hip replacement surgery (ethical approval was
obtained of the University Kiel D572/17). The cartilage tis-
sue was dissected into small pieces and digested with 0.1%
pronase (Roche, Mannheim, Germany) followed by diges-
tion with type 2 collagenase 600 U/ml (Worthington,
Lakewood, USA) in Dulbecco’s Modified Eagle Medium
(DMEM). Isolated hCh were cultured at a density of 10,000
cells/cm? in chondropermissive medium (CPM) consisting
of high-glucose DMEM (HG-DMEM) supplemented with
10% Sera Plus (PAN-Biotech, Aidenbach, Germany), 10
mg/ml Penicillin G, 10 mg/ml of streptomycin (PAA
Laboratories, Pasching, Germany),1% L-ascorbic acid
(Sigma-Aldrich, St. Louis, USA) and 2 ng/ml fibroblastic
growth factor—2 (FGF-2; R&D Systems, Minneapolis,
USA). Medium change was twice a week. Cells were har-
vested at cell passage 3 (P3) by trypsin—ethylenediaminetet-
raacetic acid (EDTA; Lonza, Cologne, Germany) treatment
and used for further in vitro cultivation.

Embedding of hCh in HA and CS

Monolayer expanded chondrocytes (P3) (n = 6) were seeded
either onto the macroporous part of a biphasic type 1/3 col-
lagen scaffold (CS) as used in Novocart 3D® (TETEC
Tissue Engineering Technologies AG, Reutlingen, Germany)
or were embedded in an albumin-hyaluronic acid—based
hydrogel (HA) as used in Novocart Inject® (TETEC Tissue
Engineering Technologies AG, Reutlingen, Germany).
Therefore, 2.5 X 10° hCh/ml/cm? were re-suspended in
HG-DMEM and seeded onto the CS and HA, respectively,
and cultivated in 24-well plates coated with 2% agarose
(Sigma-Aldrich, St. Louis, USA). The hydrogel is based on
chemically activated maleolyl-albumin supplemented with
HA and was cross-linked by a specific thio-polyethylene
glycol (PEG)."3
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Table I. Human Primer Sequences (5'-3").

Human Target Sequence (5'-3")

ACAN sense
ACAN antisense
COL2A] sense
COL2A| antisense
SOX9 sense
SOX9 antisense
COLIAI sense
COLIAI antisense
COLIOAI sense
COLIOAI antisense
GAPDH sense
GAPDH antisense

GAGGCCAGCAGAGAAGATTCTG
GACGCCTCGCCTTCTTGAA
CAACACTGCCAACGTCCAGAT
CTGCTTCGTCCAGATAGGCAAT
CTCGGAGACTTCTGAACGAGAG
CGTTCTTCACCGACTTCCTCC
AATTCCAAGGCCAAGAAGCATG
GGTAGCCATTTCCTTGGTGGTT
CCCTTTTTGCTGCTAGTATCCTTGA
AACTGTGTCTTGGTGTTGGGTAGTG
GCCTCAAGATCATCAGCAATGC
TGGTCATGAGTCCTTCCACGAT

ACAN = human aggrecan; COL2A| = type 2 collagen; SOX9 =
transcription factor SOX-9; COLIAI = type | collagen, COLI0A| = type
10 collagen; GAPDH = glyceraldehyde 3-phosphate dehydrogenase.

Cellularized constructs were cultured in CPM (without
Sera Plus) that was supplemented with 1% insulin-tranferrin-
sodium selinite liquid media (Sigma-Aldrich, St. Louis, USA)
and 0.1 mM nonessential amino acids (Sigma-Aldrich, St.
Louis, USA) and renewed every 3 days. The samples were
divided into 4 different treatment groups: non-supplemented,
additional human IL-10 (100 pg/ml; Kingfisher Biotech,
Saint-Paul, USA), additional human bone morphogenetic pro-
tein—2 (hBMP-2; 250 ng/ml; R&D Systems, Minneapolis,
USA), and co-treatment with IL-10 and BMP-2.

Cell Viability, Morphology, and Expression of
Microfiber Assessment

To determine the morphology and viability of cells within
the biomaterial live/dead (L/D), staining was performed
after 7 and 28 days of culture. Therefore, HA and CS sam-
ples were stained with 10 uM calcein-AM and 5 uM
ethidium homodimer-1 (both Sigma-Aldrich, Buchs,
Switzerland). After 1-hour incubation, the samples were
imaged using confocal laser scanning microscopy (CLSM
510; Carl Zeiss, Germany). To quantify the number of
L/D cells, 3 images were taken from 3 different fields of
view, and a minimum of 100 cells were counted using
image J (Wayne Rasband, NIH, USA). To visualize the
expression of F-actin, additional staining with phalloidin
and nuclear staining (4',6-diamidino-2-phenylindole
[DAPI]) was performed followed by CLSM.

Gene Expression Analyses by Quantitative Real-
Time PCR

Gene expression was analyzed after | and 28 days. HA sam-
ples were pre-digested with proteinase K (3 mg/ml in

HG-DMEM; Roche, Germany). Total RNA of the digest of
HA and CS samples was extracted using the RNeasy Mini
Kit according to the manufacturer’s instructions (Qiagen,
Hilden, Germany). Complementary DNA was obtained by
reverse transcription using Qiagen RT-PCR Kit (Qiagen,
Hilden, Germany). Quantitative real-time—polymerase
chain reaction (RT-qPCR) was performed using glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) as the refer-
ence gene and Qiagen QuantiTect SYBR® Green RT-PCR
Kit according to manufacturer’s instructions with a 7500
Fast Real-Time PCR System (Applied Biosystems,
Darmstadt, Germany). Human aggrecan (4CAN), type 2
collagen (COL2A1I), transcription factor SOX-9 (SOX9),
type 1 collagen (COLIAI), type 10 collagen (COL10A41),
and GAPDH (all Biomers, Ulm, Germany) primers were
used at a concentration of 0.3 uM (Table 1). Data analysis
was performed using a comparative quantification (AACT-
method). Untreated monolayer (P4) served as control group.

DNA Quantification and DMMB-Assay

After 28 days, CS and HA samples (n = 3) digested with
0.5 mg/ml proteinase K (Roche, Mannheim, Germany).
Sulphated glycosaminoglycans (sGAG) content within the
digest and the cumulative supernatant was detected with
modified 1,9-dimethylmethylene blue (DMMB) assay
(Sigma-Aldrich, Darmstadt, Germany) according to Zheng
and Levenston.'” The DNA content of the digest was quan-
tified using a bisbenzimide-based DNA quantification assay
according to manufacturer’s protocol (Promega, Mannheim,
Germany).

Histology Studies

After 28 days, samples were mounted in tissue compound
and cryo-sectioned (thickness: 10 um) using Microm HM
56Cryostat-Microtome (Carl Zeiss AG, Ziirich, Switzerland).
CS and HA samples were stained with toluidine blue accord-
ing to standard protocol.?’ Immunohistochemistry (IHC) of
type 2 collagen (mouse anti-type-II-collagen antibody; Clone
CIIC1, DSHB, Iowa, USA; as described in) and type 1 col-
lagen (mouse anti type-I-collagen antibody; C-2456 Sigma-
Aldrich) was performed as described in Gille et al.?' and
Kurz et al.??

Preparation of Bovine Cartilage Plugs and
Invasion Assay

Cartilage cylinders of bovine stifle joints were harvested as
described before.?* The defect was filled with cell-free HA
and CS (n = 6). Agarose 2% (Lonza, Basel, Switzerland)
served as negative control. Chondrocyte invasion from a
bovine cartilage into the embedded biomaterials was ana-
lyzed using CLSM (as described above) after 28
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days cultivation time. The plugs were cultivated in an 2%
agarose coated 24-well plate with CPM. For quantification
of cell invasion in %, the total area of embedded biomateri-
als was divided into 100 equal areas. Using image J, areas
colonized with cells were counted. Images of n = 6 were
used to quantify cell invasion in CS, HA, and agarose.

Investigations of the Biomaterial/Tissue Interface

To determine the bonding strength of HA and CS to native
cartilage tissue, push-out tests were performed as described
before.?? For the push-out test, the defect was filled with
HA and CS (without and with 2.5 X 10% hCh/ml/cm?) or 2%
agarose (Lonza, Basel, Switzerland) as negative control.
Tissue/scaffold constructs were cultured in CPM for up to
28 days. The mechanical test was performed with 6 carti-
lage rings for each condition and repeated using the carti-
lage rings isolated from 3 different animals. The bonding
strength was calculated by dividing the loading peak (N) by
the bonding area (m?).

Biomechanical Testing: Young’s Modulus

Biomechanical tests were carried out in a standard material-
testing machine (Instron 5866 electromechanical test
device) equipped with a 10 N load cell. The initial sample
height h, was measured with a caliper and samples placed
in a cell culture dish filled with chondrogenic medium. A
1-step unconfined compression test was performed by load-
ing the sample through a flat-ended indenter (0.02 N pre-
load) at a strain rate of 0.5 mm/min until 50% h, strain was
reached. The Young’s modulus was then calculated at the
initial linear part of the stress-strain-curve (n = 6).

Statistics

All data were tested for normality using the Kolmogorov—
Smirnov test. Statistical analysis was performed using
Graph Pad prism 5 program (San Diego, CA, USA). One-
way analysis of variance (ANOVA) with Bonferroni’s mul-
tiple comparison was used to compare means among the
independent experimental groups. Differences were consid-
ered significant if P = 0.05. Quantitative data in the text are
presented as mean and standard deviation (SD).

Results

Both Biomaterials Support High Cell Viability

Detection of metabolic cell activity at day 1 and day 28
showed similar results for hCh seeded in both biomaterials.
Relative fluorescence units increased significantly from day 1
to day 28 in non-supplemented and IL-10 supplemented HA
and CS (HA day 1 vs. day 28: P = 0.0004; HA + IL-10 day 1
vs. day 28: P = 0.0176; CS day 1 vs. day 28: P = 0.0005; CS

+ IL-10 day 1 vs. day 28: P < 0.0001; Figure 1a(A)). The
presence of BMP-2 led to an initial significant increase of
metabolic cell activity in both biomaterials at day 1 (HA vs.
HA + BMP-2 and HA vs. HA + BMP-2 + IL-10day 1: P <
0.0001; CS vs. CS + BMP-2 and CS vs. CS + BMP-2 +
IL-10 day 1: P < 0.0001; Figure 1a(A)).

Cell quantification of live and dead cells revealed a high
proportion of viable hCh in HA and CS during 4 weeks of
in vitro cultivation (HA day 1: 93% = 1.76%; CS day 1:
84.33% = 8.48%; Figure 1a(B)). At day 28, significantly
more viable hCh were detected in HA (P = 0.0006), but still
more than 74% = 8.85% hCh were viable in CS.
Supplementing BMP-2 and IL-10 had no significant influ-
ence on cell viability (data not shown).

Morphologically, hCh embedded in hydrogel showed a
spherical phenotype in contrast to a fibroblastic-like cell
phenotype in the 3D collagen matrix (Fig. 1b(A1 and C1)).
The ramified cell phenotype was paralleled by greater
F-actin accumulation in cells embedded in CS (Fig. 1¢(A
and B)).

Chondrocytes in Hydrogel Show Superior
Chondrogenic Re-Differentiation

Cells cultivated in CPM showed a time-dependent increase
of chondrogenic marker expression in both biomaterials
(Fig. 2(A-F)), except COL2A1 in untreated HA. Cell re-
differentiation was strongly enhanced by BMP-2 treatment,
while supplementation of IL-10 was less effective. Overall,
a trend for marked chondrogenic marker expression was
observed in the hydrogel groups as demonstrated by shift
from COL1A1 to COL2A1 (Fig. 2(F)).

In detail, BMP-2 supplementation significantly
increased relative gene expression of COL2A1 in HA by
3.4 (P = 0.0039; Fig. 2(A)). After 28 days, significantly
increased COL2A1 expression was detected in those
experimental groups that had received the addition of
BMP-2 and the co-treatment of IL-10 and BMP-2 (HA day
28 vs. HA + BMP-2 day 28: P < 0.0001; HA day 28 vs.
HA + BMP-2 + IL-10 day 28: P < 0.0001). For CS
groups, a comparable COL2A1 induction was observed
but the expression levels remained significantly lower
compared with the hydrogel groups (HA + BMP-2 day 28
vs. CS + BMP-2 day 28: P < 0.0001). Transcription lev-
els of ACAN showed a comparable pattern (Fig. 2(B)). In
HA groups, relative mRNA expression was significantly
amplified under BMP-2 treatment (HA day 28 vs. HA +
BMP-2 day 28: P = 0.0002; HA day 28 vs. HA + BMP-2
+ IL-10 day 28: P < 0.0001) and was also significantly
higher than of CS groups after 28 days (HA + BMP-2 day
28 vs. CS + BMP-2 day 28: P = 0.0004). For SOXO9,
mRNA expression tended to be higher in HA groups with-
out significant effects of IL-10 and BMP-2 (Fig. 2(C)).
Furthermore, there was a trend for lower mRNA



224

CARTILAGE 14(2)

(a)

50000

40000

RFU

20000

10000

0

€S +2.5x 10° hCh/ci
/Eth

(c)

Phalloidin/DAPI HA + 2.5 x 10° hCh/cm?

wio

supplements

+IL-10

+BMP-2

+BMP-2 + IL-10

ek

ek

30000 e

I

Sk
/i

ek
(|

day 7

JF PP ¥ PP ¥ PP ¥ PG

£
Q
=
o
£
1)
x
0
o~
iy
1]
(6]
o
<
a
5
T
o

— HAday1 == HA day28 = CSday1 === CSday28

day 28

Viable cells [%]

100

50

T U
1 28

Time (days)

Figure 1. (a) Metabolic cell activity and viable quantification: (A) Celltiter-blue assay of hChs embedded in HA and CS after | and
28 days with and without supplementation of IL-10 (100 pg/ml) and BMP-2 (250 ng/ml). (B) Quantification of viable cells (%) after

| and 28 days. Cells were cultured in chondropermissive medium without IL-10 and BMP-2 supplementation. HA = hyaluronic
acid—based hydrogel; CS = collagen scaffold; IL-10 = interleukin-10; BMP-2 = bone morphogenetic protein—2; ANOVA = analysis
of variance; SD = standard deviation. Asterisks indicate significant differences with *P < 0.05, **P < 0.01, **P < 0.001, ****P <
0.0001, one-way ANOVA. Data are presented as mean + SD (n = 3). (b) Chondrocyte viability and morphology in HA and CS:
(A-D) Representative 3-dimensional reconstructions of cell-laden HA and CS after L/D staining at day | and day 28. Cells were
cultured in chondropermissive medium without IL-10 and BMP-2 supplementation. An increase in cell density indicates proliferation
in both biomaterials. (A 1-D1) Representative 2-dimensional sections. Chondrocytes in HA appear spheric while cells in CS displayed
a ramified phenotype. (c) Cytoskeletal changes: Expression of actin stress-fibers. Phalloidin/DAPI staining of human articular
chondrocytes embedded in CS (A) and HA (B) after 7 days of culture in chondropermissive medium (b and c). HA = hyaluronic

acid—based hydrogel; CS = collagen scaffold; IL-10 = interleukin-10; BMP-2 = bone morphogenetic protein—2; ANOVA = analysis of
variance; DAPI = 4',6-diamidino-2-phenylindole. Bar 25 pm
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Figure 2. Chondrogenic potential of human articular chondrocytes embedded in HA and CS. Transcription levels of messenger
ribonucleic acid (MRNA) of chondrogenic markers ((A) COLIAI, (B) ACAN, (C) SOX9) and markers of de-differentiation ((D)
COLIAI, (E) COLIOAI) were measured after | and 28 days incubation with IL-10 (100 pg/ml), BMP-2 (250 ng/ml), and co-
treatment. COL2A|/COLIAI ratio is displayed in (F). Gene expression levels were normalized to that of GAPDH reference gene
and then normalized to day | monolayer chondrocytes, which had an expression level = |. HA = hyaluronic acid—based hydrogel;
CS = collagen scaffold; COLIOAI = type 10 collagen; ACAN = human aggrecan; SOX9 = transcription factor SOX-9; IL-10

= interleukin-10; BMP-2 = bone morphogenetic protein—2; GAPDH = glyceraldehyde-3-phosphate dehydrogenase; ANOVA =
analysis of variance; SD = standard deviation. Asterisks indicate significant differences with *P < 0.05, **P < 0.01, ***P < 0.001,
kP < 0.0001, one-way ANOVA. Data are presented as mean + SD (n = 3).

expression of the cell de-differentiation marker COLIAT  BMp-2 day 28 vs. CS + BMP-2 day 28: P = 0.003). The
in untreated HA compared with CS groups (Fig. 2(E)).  cell hypertrophy marker COL10A1 was similar in HA

Treatment W.ith BMP-2 led to posi'tive effect's by signifi-  gimilar to monolayer chondrocytes but reduced in CS
cantly lowering COL1AT expression levels in HA com-  groups (Fig. 2(D)).

pared with CS groups after 28 days of culture (HA +
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Figure 3. (a) Glycosaminoglycan content and release in cell-laden HA and CS normalized to DNA content (A-C). Cell-laden
biomaterials after 28 days of culture with and without IL-10 (100 pg/ml), BMP-2 (250 ng/ml), and co-treatment, respectively. (A)

Total sGAG content and cumulative GAG release were analyzed by DMMB assay and normalized to corresponding sample’s DNA
content (GAG/DNA ratio). (B) Total DNA content and (C) total sGAG content in HA and CS groups. Asterisks indicate significant
differences with *P < 0.05, **P < 0.0, one-way ANOVA. Data are presented as mean + SD (n = 3). (b) Glycosaminoglycan
biosynthesis in cellularized HA (A-D) and CS (E-H). Representative images of TB staining after 28 days of in vitro culture in
chondropermissive medium with and without IL-10 and BMP-2 supplementation (enhanced metachromasia due to acidophilic sGAGs).
HA = hyaluronic acid-based hydrogel; CS = collagen scaffold; IL-10 = interleukin-10; BMP-2 = bone morphogenetic protein—2;
sGAG = sulphated glycosaminoglycans; DNA = deoxyribonucleic acid; DMMB = dimethylmethylene blue; TB = toluidine blue. Bar
200 um (Al-DI, EI-HI: 100 um).
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Figure 4. (a) Type 2 collagen biosynthesis in cellularized HA (A-D) and CS (E-H). Representative images of type 2 collagen
immunohistochemistry after 28 days of culture in chondropermissive medium with and without IL-10 and BMP-2 supplementation
(brownish staining indicating type 2 collagen). (b) Type | collagen biosynthesis in cellularized HA (A-D) and CS (E-H). Representative
images of type | collagen immunohistochemistry after 28 days of in vitro culture in chondropermissive medium with and without IL-10
and BMP-2 supplementation (brownish staining indicating type | collagen) (a and b). HA = hyaluronic acid-based hydrogel; CS =
collagen scaffold; Coll = type | collagen; IL-10 = interleukin-10; BMP-2 = bone morphogenetic protein—2; Coll = type 2 collagen.
Bar 200 um (AI-DI, EI-HI: 100 um).



228

CARTILAGE 14(2)

Agarose day 28

/Ethidium homodimer-1

Agarose

]
[}
1
1
)
L)
3
1
[}
Y
[}

/Ethidium homodimer-1

HA day 28

CS day 28

D OA cartilage day:28

/Ethidium homodimer-1

D1 OA cartilage day 28

Figure 5. Live/dead images of cell invasion assay. (A-C) Representative tile scans after L/D staining of bovine cartilage rings with
agarose (negative control), HA and CS embedded after 28 days in vitro culture in chondropermissive medium. (Al-C1) Higher
magnifications of the biomaterial/cartilage interface. (C2) Morphology of bovine chondrocytes after invasion into CS. (D and DI)
Cellular invasion into CS from human osteoarthritic articular cartilage. Bar (A-D) | mm, (C2) 100 um. HA = hyaluronic acid-based
hydrogel; CS = collagen scaffold; OA cartilage = osteoarthritic cartilage.

In summary, hCh encapsulated in the HA showed favor-
able chondrogenic phenotype alterations, which was paral-
leled by chondrocyte morphology as previously observed.

Deposition of Cartilage-Specific ECM s
Enhanced in CSs

Quantification of sSGAG in digested scaffolds normalized to
DNA content revealed higher SGAG synthesis in HA in all
treatment groups without reaching statistical significance
(Fig. 3a(A)). DNA content in HA samples was generally lower

in all groups (HA + BMP-2 vs. CS + BMP-2: P = 0.0232;
Figure 3a(B)). There was a trend for higher sGAG content in
IL-10 and BMP-2-treated samples with pronounced increase
in biosynthesis in the co-treatment group (Fig. 3a(C)).
sGAG loss in the medium was less pronounced in CS
groups, which was paralleled by higher amount of retained
sGAG in CS groups, observed in histology studies (Fig.
3b(A-H)). Toluidine blue staining of HA and CS showed
more enhanced metachromasia within the CS grafts with
BMP-2 treatment and co-treatment (Fig. 3b(G and H). No
distinct effects of IL-10 were detected. A similar staining
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Figure 6. Bonding strength of HA and CS to articular cartilage. (A) Quantification of bonding strength to articular cartilage of cell-
free and cell-laden HA and CS. Asterisks indicate significantly differences with *P < 0.05, **P < 0.01, one-way ANOVA. Data are
presented as mean + SD (n = 6). Agarose served as negative control, fibrin glue served as positive control. (B) Representative images
of cartilage-CS interface stained with toluidine blue (B 1) and before push-out testing. (C) Depth-coding tile scan of cell-laden CS
embedded in bovine cartilage ring with a representative image of the interface (Cl magnification of the cartilage/CS interface area).
Bars (B and D) 50 um. HA = hyaluronic acid-based hydrogel; CS = collagen scaffold; ANOVA = analysis of variance; SD = standard

deviation.

pattern was observed for COL2A1 in IHC (Fig. 4a(A-H)).
Distinct staining was observed in the same treatment groups
as before (Fig. 4a(G and H), but especially the combination
of IL-10 and BMP-2 led to significant COL2A1 deposition.
Particularly, the application of BMP-2 promoted the deposi-
tion of ECM. Positive staining of sGAG and COL2A1 was
mainly located on the cell-seeding site of CS. IHC staining
of COL1A1 showed minor accumulations in HA groups
(Fig. 4b(A-D)). As the CS consisted mainly of COL1A1,
the staining for COL1A1 was disregarded.

Summarizing, on a histological level, the synthesis of
sGAG and its release was higher in HA while chondrocytes
embedded in the CS showed markedly enhanced ECM syn-
thesis under the treatment with BMP-2.

Cell Invasion Properties of Hydrogel Are Inferior
Compared with CS

CLSM imaging revealed high cell invasion into CS (Fig. 5).
After 28 days, CS explants were almost completely

+

colonized (93.16% 7.36%) by bovine chondrocytes
through all depths (Fig. 5(C)). Similar results have also
been observed for human osteoarthritic cartilage (Fig 5(D)).
In contrast, almost no cell invasion was detected into HA
(9.33% = 4.41%; Figure 5(B)), and there was no invasion
into agarose (0%; Fig. 5(A)).

In addition, it was observed that migrating chondrocytes
underwent morphological changes. Chondrocytes that colo-
nized CS scaffolds showed a ramified phenotype.

Graft Integration of CS Is Superior and in
Biomaterial Stiffness Indicates Matrix Deposition

Cellularized HA resulted in a higher initial bonding strengh
(HA + hCh day 0: 19.86 = 10.96 kPa; CS without hCh day
07.12 = 4.95 kPa; CS + hCh day 0: 11.5 = 6.46 kPa; aga-
rose day 0: 7.35 = 4.12 kPa; Figure 6(A)) compared with
agarose and CS grafts, but no significant difference was
detected when compared with fibrin glue (17.11 = 10.2
kPa). Bonding strength improved over time in all
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Figure 7. Young’s modulus of cell-laden biomaterials.
Quantification of changes in biomaterial stiffness in cell-laden
HA and CS after 28 days compared with day |. Asterisks
indicate significant differences with *P < 0.05, **P < 0.01, one-
way ANOVA. Data are presented as mean + SD (n = 3). HA =
hyaluronic acid—based hydrogel; CS = collagen scaffold; ANOVA
= analysis of variance; SD = standard deviation.

experimental groups except cellularized HA. Highest
increase was observed in cellularized CS (CS + hCh day 28:
32.76 = 27.36 kPa vs. agarose day 0: 7.35 = 4.12 kPa; P =
0.0032). Bonding strength of cell-free hydrogels did not dif-
fer significantly at day 28 from initial measurements.

In cellularized CS increasing bonding strength was par-
alleled by matrix deposition indicating interface maturation
(Fig. 6(B1)). Neosynthesis of sGAG was detected adjacent
to the cartilage cutting surface and collagen fibers, but also
surrounding cell clusters. In addition, macroscopical analy-
sis of the cartilage/HA interface revealed partial detachment
after 28 days of culture.

Initial Young’s modulus (CS day 1: 1.7 = 0.35 kPa vs.
CS day 28:4.17 = 1.03 kPa; P = 0.0375; HA day 1: 2.77 =
1.04 kPa vs. CS day: 28 7.83 = 0.67 kPa, P = 0.0004) sig-
nificantly increased after 28 days in both biomaterials indi-
cating matrix deposition (Fig. 7). Final Young’s modulus of
HA was significantly higher compared with CS (P =
0.0036).

Discussion

Many different biomaterials have been proposed in pre-clinical
studies to be used in cartilage tissue engineering, but clini-
cal data and comparative analyses are rare. By deepening
the knowledge about clinically established ACI products,
this study aimed to help future biomaterial development
and set a benchmark for new generation technologies.?*
Our study revealed significant differences of 2 biomateri-
als used for ACI manufacturing, which can help future tissue
engineering and biomaterials science to approach the chal-
lenge of articular cartilage repair and regeneration.

The collagen membrane showed distinct advantages in cell
colonization and extracellular matrix retention as well as
structural integration into native cartilage tissue, while chon-
drocytes in hydrogels displayed a cell morphology reminis-
cent of that in hyaline cartilage with a corresponding positive
influence on cell differentiation. Administration of BMP-2
during cultivation significantly enhanced chondrogenic dif-
ferentiation, while IL-10 was less effective. Regarding
matrix neosynthesis, the combinatory treatment with both
adjuvants revealed synergistic effects.

As expected from clinically applied products, both bio-
materials showed a high viability of embedded chondro-
cytes. In support, hyaluronic acid and CSs have been
identified to be ideal biomaterials regarding biocompatibil-
ity in numerous studies.?>?’ In this study, higher cell num-
bers were observed in collagen matrices and this effect was
most likely supported by the lack of extracellular binding
motives for hChs in HA because it is known that chondro-
cytes proliferate faster in the presence of structures with
extracellular binding motives.?® A potential mechanism
behind this is the binding of chondrocyte integrins to tripep-
tide Arg-Gly-Asp (RGD) sequences of collagen fibers.?*3°
In this context, the lack of cellular binding motives incorpo-
rated in HA seems to slow proliferation. Instead, the cells
must synthetize their own extracellular matrix to proliferate
and achieve full scaffold colonization. As a potential result
of the initially provided biomaterial matrix, the phenotype
of the encapsulated chondrocytes also differed. In the gel-
based biomaterial, hCh maintained a spherical phenotype
similar to that of chondrocytes in hyaline cartilage, while
the chondrocytes in the collagen matrix displayed a more
ramified phenotype and accumulated F-actin. It is known
that chondrocytes adopt a spherical phenotype when embed-
ded in gels although they have been expanded into mono-
layers beforehand.?'-33 Such differences in the morphological
phenotype in turn correlate with the functional cell pheno-
type.***> The morphological appearance correlated with an
increased COL2A1, COL2A1/COL1AI ratio, and ACAN
mRNA expression in the HA compared with the CS, which
was consistent in all experimental groups. Type 2 collagen
expression at the time of ACI implantation has been identi-
fied to correlate with improved clinical outcome data at a
24-month follow-up indicating the relevance of the used
biomaterial.** The expression of chondrogenic mRNA
markers was paralleled by increased GAG neosynthesis per
cell and collagen type 2 expression. However, the total
amount of sGAG and type 2 collagen staining was more
distinct within the CS. By supplementing IL-10 and BMP-2,
mRNA expression levels of these markers were increased
significantly indicating a positive pre-conditioning effect in
the process of ACI manufacturing. Although the effect of
IL-10 was less pronounced compared with BMP-2, it may
exert additional beneficial effects post ACI implantation.
Given the catabolic and proinflammatory micro-environment
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following a joint trauma, IL-10 was shown recently to antag-
onize certain mechanisms of post-traumatic cartilage
degeneration.'*'®3” Therefore, BMP-2 is an interesting can-
didate to support chondrocyte re-differentiation during the
ACI manufacturing process while IL-10 is promising to be
used as a post-implantation factor to immune-modulate the
post-traumatic joint environment. However, this approach
requires post-implantation cytokine release as proposed by
different study groups.*®3° Another factor for advantageous
chondrogenic differentiation in HA might be the hyaluronic
acid in the biomaterial itself. The hyaluronic acid is passively
immobilized in a maleolyl-albumin network cross-linked by
PEG and may therefore interact particularly well with the
embedded cells. It is known that hyaluronic acid with a lower
molecular weight positively influences the joint environ-
ment.®* Interestingly, a recent comparative clinical study
that examined both ACI types as used in this experimental
study revealed accelerated improvement in the clinical
IKDC (International Knee Documentation Committee)
score for the hydrogel-based ACI, but equivalent clinical
results at 2 years follow-up.*! There is evidence that the bio-
mechanical and ultra-structural properties, which can be
assessed by MRI correlate with clinical IKDC score.* A
recent prospective clinical trial reported high MOCART
(Magnetic Resonance Observation of Cartilage Repair
Tissue) score up to 80 points for hyaluronic acid-based ACI
as used in this study in comparison with previously reported
ACI products indicating superior regenerative tissue.*
Therefore, the reported clinical results may reflect a supe-
rior chrondrogenic graft maturation as seen in our labora-
tory study.

Graft integration is another crucial aspect of successful
ACI treatment, while vertical integration with the subchon-
dral bone is commonly obtained, lateral integration is still
an issue in chondral repair.**#¢ It is likely that cell invasion
is an important mechanism to improve graft integration at
the defect site. On the contrary, primary bioadheasive prop-
erties may be favorable for successful ACI integration and
mechanically induced graft maturation. Our study shows
that matrices-based biomaterials acquire superior graft inte-
gration properties compared with hydrogels in an ex vivo
organ culture model, which is likely due to marked chon-
drocyte migration from native cartilage tissue into CSs as
well as ECM deposition at the graft/tissue interface as
observed in our histology studies.*’” The biomechanical
analysis of the lateral integration using a push-out test
underlined these results for both cell-free and celluarized
biomaterials. Reliable graft incorporation is crucial for ACI
application, as graft delamination is a major reason for ACI
failure.*® Clinically, no delamination has been reported for
the HA.* In addition, strong graft incorpotation may allow
early weightbearing, which is crucial to allow for mechano-
induced chondrocyte differentiation.?* Mechanotransduction
is an important mechanism of graft maturation,?33%3349:50

Considering the in vivo situation, a higher initial primary
stiffness might be advantageous for graft healing. Without
the addition of exogenous growth factors, Behrendt ef al.?}
showed recently that one of the most potent tissue factors,
TGF-B, is produced and activated by mechanical load,
which can significantly accelerate graft maturation and sub-
sequently lead to improved cartilage regeneration. As both
biomaterials have a rather low Young’s modulus even after
28 days of culture, a hybrid scaffold that combines both
material properties may be favorable in future develop-
ments. Importantly, an essential advantage of hydrogels is
the versatile tuneablity of its biomechanical properties like
matrix stiffness, cross-linking density, and stress relaxation,
which also affect chondrocyte differentiation.*>°

However, the impact of migrating cells on the trans-
planted cells within the biomaterial is not fully under-
stood.* As CLSM imaging in our study revealed, the hCh
that migrated into the biomaterial displayed a ramified phe-
notype similar to the ones that underwent monolayer expan-
sion. In addition, cell migration from the subchondral bone
in vivo may occur, which could be one disadvantage of
3-dimensional matrices due to the inferior regenerative
potential of bone marrow precursor cells, which in turn
leads to biological and biomechanical inferior fibrocartilage
tissue rich in type 1 collagen.’!

This study has some relevant limitations due to the in
vitro study design and usage of hip OA chondrocytes. OA
chondrocytes have known age-dependent proliferation
and differentiation capacities, which limits the transla-
tional interpretation of the results.’>%® Several in vivo
influences cannot be mimicked in vitro such as the joint
environment, which will differ from the culture media
used in this study.

Conclusion

Cell-biomaterial interactions enable distinct advantages for
chondrocyte re-differentiation and cartilage formation.
None of both biomaterials have been superior to one
another, but both revealed different advantages with respect
to cell differentiation, matrix retention, graft integration
strength, cellularity, and cell migration. Hybrid constructs
taking advantage of different biomaterial advantages as
well as soluble adjuvants to control degenerative or post-
traumatic micro-environment might be the future of further
ACI develoment.
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