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Abstract

Background: Traumatic impacts to the articular joint surface are known to lead to cartilage degeneration, as in
post-traumatic osteoarthritis (PTOA). Limited progress in the development of disease-modifying OA drugs (DMOADs)
may be due to insufficient mechanistic understanding of human disease onset/progression and insufficient in vitro
models for disease and therapeutic modeling. In this study, biomimetic hydrogels laden with adult human mesenchy-
mal stromal cells (MSC) are used to examine the effects of traumatic impacts as a model of PTOA. We hypothesize that
MSC-based, engineered cartilage models will respond to traumatic impacts in a manner congruent with early PTOA
pathogenesis observed in animal models.

Methods: Engineered cartilage constructs were fabricated by encapsulating adult human bone marrow-derived
mesenchymal stem cells in a photocross-linkable, biomimetic hydrogel of 15% methacrylated gelatin and promoting
chondrogenic differentiation for 28 days in a defined medium and TGF-33. Constructs were subjected to traumatic
impacts with different strains or 10 ng/ml IL-13, as a common comparative method of modeling OA. Cell viability and
metabolism, elastic modulus, gene expression, matrix protein production and activation of catabolic enzymes were
assessed.

Results: Cell viability staining showed that traumatic impacts of 30% strain caused an appropriate level of cell death
in engineered cartilage constructs. Gene expression and histo/immunohistochemical analyses revealed an acute
decrease in anabolic activities, such as COL2 and ACAN expression, and a rapid increase in catabolic enzyme expres-
sion, e.g., MMP13, and inflammatory modulators, e.g., COX2. Safranin O staining and GAG assays together revealed a
transient decrease in matrix production 24 h after trauma that recovered within 7 days. The decrease in elastic modu-
lus of engineered cartilage constructs was coincident with GAG loss and mediated by the encapsulated cells. The
acute and transient changes observed after traumatic impacts contrasted with progressive changes observed using
continual IL-1( treatment.

Conclusions: Traumatic impacts delivered to engineered cartilage constructs induced PTOA-like changes in the
encapsulated cells. While IL.-1b may be appropriate in modeling OA pathogenesis, the results of this study indicate
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it may not be appropriate in understanding the etiology of PTOA. The development of a more physiological in vitro
PTOA model may contribute to the more rapid development of DMOAD:s.

Keywords: Human mesenchymal stem cells, 3D cartilage models, Methacrylated gelatin chondrogenesis, Traumatic

impact loading, Post-traumatic osteoarthritis (PTOA)

Introduction

Osteoarthritis (OA) is the most prevalent joint disease,
affecting over 500 million individuals globally [1, 2]. The
majority of people suffering OA are over the age of 65;
however, joint trauma is a major cause of OA in young
patients, where studies link injury, for example in the
knee, in young adults to a fourfold to sevenfold increased
risk for knee OA by middle age [3-5]. Despite the high
burden of OA in society and research resources expended
in understanding the etiology and pathophysiology of the
disease, there are no FDA-approved disease-modifying
OA drugs (DMOAD:s) to treat or prevent the disease [6].

Limited progress in DMOAD development may be due
to insufficient mechanistic understanding of human dis-
ease onset and progression stemming from insufficient
in vitro models for disease and therapeutic modeling
[7-9]. Of note, congruency between clinical outcomes
and the data derived from in vitro and preclinical mod-
els for DMOAD:s are especially low [10-12], necessitating
the development of affordable, in vitro human cell-based
models that allow for direct mechanistic analysis of target
cell populations [10, 13].

In developing in vitro models of cartilage, hydrogels
have proven very effective in providing a viscoelastic
environment suitable for promoting and supporting
the cartilage phenotype [16]. Many studies have dem-
onstrated the ability of human bone marrow-derived
mesenchymal stem cells (MSCs) to undergo chondro-
genic differentiation and elaborate function matrix
when encapsulated within various hydrogels in vitro
and in vivo [17]. MSC- and chondrocyte-based hydrogel
models of cartilage have been important in establishing
the importance of mechanical stimulation in inducing
and increasing matrix elaboration[18] and the ability of
chronic overloading to induce catabolic activities similar
to that observed in vivo [19], supporting the physiologi-
cal relevance of these models.

The utility of in vitro engineered cartilage models for
the study of pathogenic mechanisms and therapeutic
interventions following acute joint trauma has not been
as successful. Acute trauma, defined by acute high load
and strain, is difficult to replicate with soft hydrogels.
Though a characteristic of OA, the use of inflammatory
cytokines such as IL-1p and TNF-a to induce a chon-
drocyte disease state is more appropriate to the study of
rheumatoid arthritis (RA), not OA [20-24]. And, while

mechanical disruption using high strain dynamic loading
(up to 25% at 1 Hz) has been shown to induce OA-like
cell responses in MSC-laden hydrogel [19], these models
do not generate the etiology of PTOA because they do
not use acute loads to initiate the onset of OA.

The goal of this study is to develop a model of PTOA
using acute injury onset and engineered cartilage mod-
els for deployment in a mesoscale microphysiological
microJoint chip [14, 15]. As a first step, we hypothesized
that a single traumatic impact to human cell-based engi-
neered cartilage models induces appropriate, physiologi-
cal markers of early PTOA similar to those observed
in in vivo and in vitro model, including changes in cell
viability, changes in cell gene expression and matrix
elaboration.

Methods

Materials and reagents

All reagents were purchased from Sigma-Aldrich unless
otherwise stated. Methacrylated gelatin (GelMA) was
obtained through the reaction between gelatin and
methacrylic anhydride (MA) as previously described
[25]. The photoinitiator lithium phenyl-2,4,6-trimeth-
ylbenzoylphosphinate (LAP) was synthesized as previ-
ously described by Fairbanks et al. [26]. The impactor
employed was used as previously described [27].

Culture media

hBM-MSC growth medium (GM): Dulbecco’s Modi-
fied Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and 2% penicillin/streptomy-
cin/fungizone; hMSC chondrogenic medium (CM): GM
without FBS, supplemented with 10 ng/mL TGF-$3, 1%
insulin-transferrin-selenium, 50 pM L-ascorbic acid-2
phosphate, 10 nM dexamethasone and 23 pM pro-
line; chondrogenic basic medium: Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 1% insulin-
transferrin-selenium, 23 pM proline and 2% penicillin/
streptomycin/fungizone.

Cell culture

hBM-MSCs were obtained, with IRB approval of the
University of Pittsburgh, from femoral heads of patients
who underwent total joint arthroplasty, according to a
previously described procedure [52]. hBM-MSCs were
cultured as monolayer in GM at 37 °C and 5% CO,. GM
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was changed every 2-3 days until ~80-90% confluency.
Aliquots of cells were collected before plating (p4) for
CFU (Additional file 1: Fig. S1); tri-lineage differentiation
(Additional file 2: Fig. S2); and surface antigen profile
(Additional file 3: Fig. S3). All experiments were per-
formed in triplicates, using cells pooled from 8 different
donors (mean age = 54.5 yo, age range =38-76 yo).

Engineered cartilage construct preparation

After trypsinization, passage 4 (p4) hBM-MSCs, usu-
ally 9 T175 (Falcon flasks of 80% confluent cells) con-
taining 24-27 million cells, were washed twice in Cat/
Mg**-free HBSS. After careful removal of the superna-
tant above the final pellet, the cells were resuspended in
a volume of 15%(w/v) liquid GeIMA/LAP to produce a
concentration of 20 million cells per ml. Hydrogel con-
structs, 2 mm(h) x 5 mm (¥), were prepared by aliquot-
ing 40 pL cell/hydrogel suspensions into silicone molds,
comprising a 5x 5 array of 5-mm-diameter holes pro-
duced by biopsy punch in a 4 cm x 4 cm square piece of
2-mm-thick silicone, that were placed in a sterile 100-
mm cell culture dish. After deposition of the liquid cell
suspension into the mold, a coverslip was placed on top
and the cell/hydrogel mixture was exposed to UV light
from a dental lamp (wavelength 430-490, power 1400
mw/cm?) for 120 s [17, 54]. After polymerization, the
constructs were removed from the mold, trimmed of any
excess hydrogel with a scalpel, placed into chondrogenic
medium and allowed to differentiation for 28 days (Addi-
tional file 4: Fig. S4).

Traumatic impact delivery

An impactor system (Fig. 1) previously used to deliver
single traumatic impacts to articular cartilage in vivo
and ex vivo was utilized for impact loading [24, 27]. The
essential characteristic used in this study is the ability of
the device to deliver a single impact at a very high strain
rate (up to 30%). As the hydrogels used here are not able
to withstand high-energy impact loading, a special cham-
ber system (Fig. 1B—D) was designed to protect hydrogel
constructs from being crushed during unconfined impact
loading. Engineered cartilage constructs were subjected
to high velocity (<1 ms time to peak). The percent strain
of impacts was regulated by restricting the movement
of the impact plate. This was accomplished by fabricat-
ing chambers with ledges to stop the progression of the
impact plate at specific heights corresponding to 10,
20 and 30% strain of a 2-mm-tall construct (at heights
of 1.8, 1.6 and 1.4 mm from the bottom of the loading
chamber). Traumatic impacts were delivered to hydrogel
constructs 28 days after differentiation in chondrogenic
medium. IL-1f stimulation was used as a positive control
and comparative treatment. Outcomes were analyzed at
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1, 3 and 7 days after impact loading or IL-1f stimulation.
Engineered cartilage models were put into chondrogenic
basic medium after stimulation until collected for analy-
sis. All processes related to delivering a traumatic impact
were conducted using a-septic technique in a sterile
biosafety cabinet.

Live-dead staining

Twenty-four hours after trauma or IL-1p treatment, engi-
neered cartilage constructs were bisected transversely
and stained with Calcein AM (Invitrogen, Cat# L3224A)
and ethidium homodimer (Invitrogen, Cat# 13224B) for
45 min in a 37 °C incubator. Images of the cut, trans-
verse plane through the center of the construct were
taken using a confocal microscope (Olympus FluoView
FV1200) set for red (527, nm/624,,, nm) or green (488,
nm/520,,, nm) detection. 40 x and 100 x magnification
were used to take pictures. Ten stacks for each construct
were taken with a z-stack density of 10 um. Fiji Image]
software was used to process images and quantify live
and dead cells.

Cell Counting Kit 8(WST-8) assay

Cell metabolic activity was quantitated. Cell Counting
Kit 8 (WST-8 / CCK8) (Abcam, ab228554) was used to
test cell viability and metabolic activity of cells within the
engineered cartilage constructs. The constructs were col-
lected and submerged in WST-8 solution and incubated
in a 37 °C incubator for 2 h, under agitation. The absorb-
ance (460 nm) of the WST-8 solution collected after incu-
bation was measured by a microplate reader (BioTek).

Elastic modulus

A MATE (mechano-active tissue engineering) system
was used to measure elastic modulus of engineered carti-
lage constructs and hydrogels without cell seeded [53]. A
special 6-well plate for the MATE system was used to put
the constructs on the MATE system, and analysis mode
was used to measure elastic modulus of the constructs. A
safe strain of 30% was set to protect the constructs from
being crushed. The constructs were loaded to 30% strain
in the first second of the test (Fig. 4A) and then allowed
rest under that deformation for an additional 10 s. The
force—strain curve of each sample was generated from
these data (Fig. 4B), and the elastic modulus was calcu-
lated using the MATE software according to these force—
strain curves and sample size (2 mm (h) x 5 mm (9)).

Gene expression analysis

Total RNA was extracted from the cells within engi-
neered cartilage constructs by grinding the constructs
with motorized pestles (Fisherbrand, cat #12141363
of the motor and pestle) within 1.5-ml Eppendorf
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Fig. 1 Mechanism to deliver traumatic impacts to hydrogel-based MSC-derived engineered cartilage constructs. A Spring-loaded impact device
in vertical alignment. B Chambers fabricated to restrict compression of hydrogel to a specific strain protect hydrogel from being crushed while
subjected to a traumatic load. B Mechanism of how impact loadings of specific strain were delivered. C Schematic depicting means of delivering
traumatic impact loads of a specific strain to a hydrogel. D Schematic depicting different chambers for the delivery of impacts with specific strains

tubes, fully mixing the suspension in TRIzol reagent
(Ambion, cat#15596018) and isolating purified nucleic
acid according to the manufacturer’s instruction. An
RNeasy Plus Universal Mini Kit (QIAGEN, cat#74136)
was used to purify the RNA. RNA concentration of
the final products was measured using a NanoDrop
2000C (Thermo Scientific). Purified RNA extracts were
reverse-transcribed into cDNA using SuperScript IV
Reverse Transcriptase (Invitrogen, cat #18090050).
The ¢cDNA was used for subsequent qPCR in a Quant-
Studio 3 real-time PCR system (Applied Biosystems)
and SYBR Green Reaction Mix (Applied Biosystems,
cat#A25742) with a maximum cycle of 40. The expres-
sion of COL2A1, ACAN, SOX9, MMP13, ADAM-TS4,

ADAM-TS5, INOS and PTGS2 was detected through
qRT-PCR (Table 1).

Histology and immunohistochemistry

Samples were fixed in 10% neutral buffered formalin for
24 h and thereafter went through an ethanol dehydra-
tion series, xylene exchange and paraffin embedding
following standard procedures, and sectioned at 6 pm
thickness. For histology, sections were rehydrated and
stained with hematoxylin (Harris cat #HHS16, Sigma-
Aldrich) and eosin (alcoholic, Sigma-Aldrich,
cat#HT110132) or Safranin O (Sigma 477-73-6) and
Fast Green (Sigma 2353-45-9) to study cell morphology
and sulfated proteoglycan deposition, respectively. For
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Table 1 Primer sequences for gRT-PCR analysis of gene
expression

Forward 5'-3' Reverse 5'-3/

RPLT13A GCCATCGTGGCTAAACAG GTTGGTGTTCATCCGCTTGC
GTA

COL2AT TGGACGATCAGGCGAAACC  GCTGCGGATGCTCTCAATCT

ACAN ACTCTGGGTTTTCGTGACTCT  ACACTCAGCGAGTTGTCATGG

SOX9 AGCGAACGCACATCAAGAC  CTGTAGGCGATCTGTTGGGG

MMPI13 ACTGAGAGGCTCCGAGAA GAACCCCGCATCTTGGCTT
ATG

ADAMTS4  GAGGAGGAGATCGTGTTT CCAGCTCTAGTAGCAGCGTC
CCA

ADAMTS5  GAACATCGACCAACTCTA CAATGCCCACCGAACCATCT
CTCCG

INOS TTCAGTATCACAACCTCA TGGACCTGCAAGTTAAAATCCC
GCAAG

PTGS2 CTGGCGCTCAGCCATACAG CGCACTTATACTGGTCAA

ATCCC

immunohistochemistry (IHC), sections were pre-incu-
bated for 10 min with 3% H,0O, in methanol solution
to quench endogenous peroxidase activity. Nonspe-
cific binding was then suppressed with 1% horse serum
(Vector Labs) in PBS for 45 min. Sections were then
incubated overnight at 4 °C with primary antibodies
against Collagen II (Invitrogen MAS5-12789, 1:100),
MMP13 (Invitrogen MA5-14238, 1:25) and ADAM-
TS4 (Invitrogen MA5-26715, 1:150) followed by 30-min
incubation with biotinylated secondary antibody (Vec-
tor Labs). Immunostaining was detected using horse-
radish peroxidase (HRP)-conjugated streptavidin and
Vector® NovaRED™ peroxidase substrate, with hema-
toxylin (Vector Labs) as counterstain. After stain-
ing, both histology and IHC slides were dehydrated,
mounted, coverslipped and imaged with microscope
(Nikon Eclipse E800).

Glycosaminoglycan (GAGs) assay

Engineered cartilage samples were washed in PBS and
digested in 300 pl papain solution (Sigma-Aldrich
P3125, Papain buffered aqueous suspension 50 x) at
60 °C overnight. After centrifugation at 12,000xg for
15 min (room temperature), the supernatant was kept
for DNA and GAG quantification. The PicoGreen Assay
Kit (Invitrogen cat#P11496) was used to quantify DNA.
The glycosaminoglycan (GAG) Detection Assay (Chon-
drex, cat #6022) was used to quantify the solubilized
GAGs. A microplate reader (BioTek) was used to meas-
ure absorbance at 656 nm (for GAG), and fluorescence
at 520 nm (for DNA) was measured using an HT Syn-
ergy microplate reader (BioTek).
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Statistical analysis

Each sample was assayed in triplicate, and the quantita-
tive data were reported as mean=SD. Statistical analy-
ses were performed using GraphPad Prism 8 (GraphPad
Software Inc.). Student’s t test, and one-way ANOVA/
post hoc Tukey test were used to compare two or more
independent groups, respectively. Statistical tests were
two-tailed, and significance was set at p<0.05, but
reported at p <0.05, 0.01, 0.001 or 0.0001, as detailed in
each figure.

Results

Traumatic impacts induced changes in cell viability

We used the Live/Dead™ cell viability test to character-
ize the effect of traumatic loads with different strains
(0, 10, 20 and 30% strain) upon cell viability within the
chondrocyte constructs 24 h after loading (Fig. 2). We
were interested in inducing a level of cell death greater
than 30% previously demonstrated to reliably induce
chondrocyte catabolic activities [28]. Microscopic imag-
ing of Live/Dead™ staining imaged in transverse section
and assessed for percent live cells revealed that strains of
10% had no significant effect on viability, while strains of
20% and 30% induced 28 +6% and 44+ 9% rates of cell
death, respectively. Based on these results, we chose to
continue the study with traumatic loads with 30% strain.
The CKK8/WST8 assay was then used to more fully char-
acterize changes in cell viability and metabolic activity
1, 3 and 7 days after impact. Exposure to 10 ng/ml IL-1(
was used as a comparison for increased catabolic activ-
ity. The results (Fig. 3) showed that traumatic loading
induced a significant decrease in absorbance at 460 nm
(indicating decreased cell viability and metabolic activ-
ity) of 68+19% as compared to unimpacted controls
after 24 h, with no significant changes observed over the
next 6 days. In comparison, IL-1f stimulation induced a
steady decrease in absorbance that reached 42% =+ 31%
by day 7. The absorbance of hydrogels collected 7 days
after impact loading increased, which could be regarded
as a recovering activity of traumatic engineered cartilage
constructs.

Traumatic impact-induced changes in gene expression

We were now interested in assaying changes in MSC-
derived chondrocyte gene expression within the con-
structs that might be associated with the traumatic
impacts. Quantitative RT-PCR (Fig. 4) showed that the
expression of COL2A1 and ACAN chondrocyte anabolic
genes was downregulated by 3 days after traumatic load-
ing, while that of SOX9, a key regulator of cartilage dif-
ferentiation, was unchanged at day 3. Similarly, IL-1p
exposure induced a gradual and increasing reduction in
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Fig.2 Cell death after traumatic impact Live/Dead™ staining of MCS-derived chondrocyte constructs subject to A, B 10%, C, D 20%, E, F 30%
strain of G, H for impact imaged at A, C,E, G 8 x ot B, D, F, H 100 x magnification (n=5/group). Green labels live cells and red indicates dead cells. |
Quantification of cell loss. **p < 0.01, ***p <0.001. The scale bar in all images = 100 micrometers
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the expression in COL2A1 and ACAN with an increase in
SOX9 expression detectable on day 7. Whereas COL2A 1
expression remained decreased at day 7, expression of
ACAN returned to a level statistically equivalent to con-
trols, while SOX9 expression actually increased by day 7.
Similarly, IL-1p exposure induced a gradual and increas-
ing reduction in the expression in COL2A1 and ACAN
with an increase in SOX9 expression detectable on day 7.

The expression of ADAM-TS4 and ADAM-TSS5,
chondrocyte catabolic genes, was upregulated 1, 3 and
7 days after traumatic impact. Surprisingly, the expres-
sion of MMPI3, a well-established marker of cartilage
catabolism and OA, remained low through the 7 days
post-impact. The expression of PTGS2, a gene that pro-
duces COX2 responsible for prostaglandin E2 produc-
tion, also remained largely unchanged after traumatic
impact. In contrast, INOS gene expression was elevated,
albeit slightly, after impact at all three time points. In

comparison, IL-1p treatment induced much greater
increases in the expression of all catabolic genes tested:
MMP13, ADAM-TS4, ADAM-TSS, INOS and PTGS2.

Traumatic impacts induced changes in matrix elaboration

We were then interested in confirming some of these
results with histochemistry and immunochemistry
(Fig. 5). Staining of paraffin-embedded, sectioned sam-
ples with hematoxylin and eosin (H&E) indicated both
a loss of nuclei and basophilic (blue) matrix with impact
with a slight recovery in matrix basophilia by day 7.
IL-1B, on the other hand, caused a gradual loss in baso-
philia that was highest by day 7. Safranin O/Fast Green
staining showed that traumatic impacts to engineered
cartilage constructs caused a decrease in GAG deposi-
tion in the hydrogel constructs evident at 1 day after
impact, with an apparent recovery in GAG deposition
by day 7, presumably by surviving cells in the constructs.
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In contrast, IL-1p treatment caused a progressive loss
of Safranin O staining during the 7-day culture period
(1d, 3d and 7d). COL2A1 immunohistochemistry (IHC)
showed that impact loading and IL-1pB treatment both
caused decreased COL2A1 expression in the hydrogel
constructs. Unlike GAG deposition, COL2A1 produc-
tion/deposition did not recover by the 7-day time point
after traumatic loading. IHC for MMP13 in control sam-
ples produced light HRP staining in the cells themselves.
Traumatic impacts apparently increased MMP13 signal
both with the cells and in the matrix, where the intensity
of staining decreased to control levels at day 3 and 7. The
MMP13 signal in the IL-1p -treated samples was less pro-
nounced but persistent at all experimental time points.
ADAM-TS4 staining after traumatic loading increased
over time, with the highest signal detected within the
cells on day 3, a pattern similar to that observed for IL-1
treatment.

Traumatic impact-induced reduction in sulfated
proteoglycan content and elastic modulus

We used the glycosaminoglycan detection assay to quan-
titate the GAG deposition within the constructs (Fig. 6).
Our data showed that the traumatic impact caused a
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rapid decrease in GAG content on day 1 followed by a
trending increase in GAG detected on days 3 and 7. In
contrast, IL-1p treatment caused a progressive decrease
in GAG content in the constructs from day 1 to day 7.
Using the MATE system (Fig. 7A,B), we also observed
a concomitant decrease in the elastic modulus of the
cellular engineered cartilage constructs on day 1 with
traumatic impacts of 20 and 30% strain (Fig. 7C). Inter-
estingly, we did not observe a difference between 20
and 30% traumatic loads, suggesting that the viable cell
response to load is maximally induced at 20% strain.
Although the overall elastic modulus of a-cellular con-
structs was lower than cell-laden, differentiated chon-
drocyte constructs, significant decreases after traumatic
impact inducing strains up to 30% did not cause a change
in this mechanical property of the a-cellular constructs,
indicating that the changes in the mechanical properties
were due to cell-mediated processes.

Discussion

In vitro models are essential tools for reductionist, mech-
anistic research and drug screening. To properly apply
information to the clinical conditions, an in vitro sys-
tem needs to be physiologically relevant. The lack of new
FDA-approved for the treatment or prevention of OA,
despite our increased understanding of its pathophysi-
ology and application to sophisticated in vivo (rodent)
models, suggests that human physiology and tissue inter-
actions need to be accounted for in early benchtop and
screening phases of drug development. Recognizing this,
the NIH initiated a call for human microphysiological
systems (MPS) or tissue chips, in vitro, three-dimensional
systems constructed of human cells on bioengineered
platforms that recapitulate aspects of in vivo tissue archi-
tecture and physiological conditions, to more accurately
model tissue physiology for the purpose of (1) disease
modeling, (2) drug development, (3) clinical trial design,
and (4) chemical and environmental exposures. MPS are
increasingly applied to musculoskeletal systems, such as
the synovial joint, with impressive results. At least two
factors distinguish skeletal models and that of other tis-
sues: (1) the very high matrix-to-cell ratio and (2) the
requirement for mechanical stimulation for homeostasis
and disease modeling. We have recently reported on the
development of an interconnected microchip of joint tis-
sues (microJoint) based on tissue analogs developed with
hydrogels and specific stimulants to model inflammatory
joint disease, demonstrating physiological responses to
therapeutic agents such as nonsteroidal anti-inflamma-
tory drugs (NSAIDs) and experimental peptides [14, 15].
Mechanical loads have been to date difficult to apply to
synovial joint MPS, including traumatic loads, the causa-
tive event in the development of PTOA and responsible
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Fig. 4 Traumatic impact-induced changes in gene expression. RT-PCR analysis of the expression of genes related to cartilage anabolism (SOX9,
COL2A1 and ACAN), cartilage catabolism (MMP13, and ADAM-TS4&5) and cell stress (iNOS and PTGS2) in engineered cartilage constructs subjected
to 30% strain versus samples exposed to 10 ng/ml IL-1B at 1, 3 and 7 days of culture. n=20/group. *p <0.0001; **p < 0.001; **p < 0.01; *p < 0.05

for 10-12% of OA cases. In this study, we are develop-
ing an in vitro model of traumatic loads as a first step to
characterize a PTOA model in our synovial joint MPS.

A review of studies on chondrocyte construct load-
ing reveals the use of dynamic cyclic compression with
physiological loading frequencies with rest periods rep-
licating daily activity and continued exercise over multi-
ple days. In the existing synovial joint MPS [29-36], the
mechanical stimulation used has a strain of 0-35% at a
frequency of 0.2—-1 Hz [51]. These conditions are good
for establishing joint tissue homeostasis and possibly
modeling chronic overload as a cause of OA under the
right (to be determined) conditions. In modeling joint
trauma, we adhered to the definitions outlined by Aspden
and Burgin: rise times less than 2 ms and one or more
of the following traits: loading rates>100 kN/s, stress
rates >1000 MPa/s or strain rates >500/s. In explant cul-
tures, the spring-loaded impactor employed in this study
at its highest spring compression delivered traumatic
impact loads with rise times 1-2 ms in duration, which,
at 40 MPa, resulted in stress rates of approximately
20,000/s and calculated strain of 32% at the apex of the
hemispherical tip used. In modeling this impact in vitro
with engineered tissue, we wanted to maintain the rate of
impact and strain without destroying the samples. This is

the use of a stop ledge to prevent total destruction of the
engineered cartilage constructs.

It has been previously demonstrated that 20 x 10° cells/
ml MSCs in a hydrogel can result in construct with suf-
ficient neomatrix that significantly contributes to the
properties of the chondrocyte construct. The data pre-
sented here indicate that differentiation of the encap-
sulated MSCs resulted in GAG and COL2 deposition
representative of a chondrocyte analog. This is impor-
tant, as both matrix and water play a role in the forces
experienced by chondrocytes in trauma. In traumatic
impacts, water motion is largely canceled out and the
properties of the matrix and the interactions of the cells
with that matrix are dominant. The engineered cartilage
constructs used in this study possess an elastic modulus
of 30—40kPA and Young’s modulus of 196421 kPA by
28 days of in vitro differentiation. Upon traumatic load-
ing with 30% strain, we observed a decrease in cell via-
bility compared to that observed with impacts of similar
rate and strain [37, 38]. We also observed a loss on elastic
modulus which seemed to be dependent on the encap-
sulated cells, inconsistent with decreased modulus of
menisci and articular cartilage of PTOA lapine model
[39]. The observed changes in the expression of anabolic
genes, SOX9, COL2A1 and ACAN, and several catabolic
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| ADAM-TS4

\ \

IHC

genes including ADAM-TS4&S5, and INOS were con-
sistent with previous reports [40, 41]. However, we did
not see changes in the expression of either MMPI13 or
PTGS2, encoding COX2. Although not assayed here, it
is known that traumatic impacts induce the increases in
nitric oxide and PGE2, the product generated by COX2.
We did not assay for NO or PGE2 directly, so it is pos-
sible the activity of COX2 is increased; however, the
unchanged MMP13 expression is confounding, despite
using validated primers in the laboratory. Increases in
MMPI13 expression are considered key hallmarks of

osteoarthritic disease and cartilage injury. Traumatic
impact has also been shown to increase MMPI13 expres-
sion in vitro and in vivo. The engineered cartilage con-
structs used in this study are simple both in matrix and in
cell type. It is possible that cartilage contains a heteroge-
nous cell population not represented by the MSC-derived
population here and/or the cell-matrix interactions that
contribute to increased MMP13 expression after trauma
are missing. We did, however, observe increases in signal
by immunohistochemistry. Further studies are required
to determine the mechanisms of MMP13 gene induction,
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Fig. 6 GAG deposition in engineered cartilage constructs after traumatic impact. The DMMB assay was used to quantitate the GAG content
in engineered cartilage constructs 1, 3 or 7 days after traumatic impacts or continuous IL-1@ treatment. n= 12/group. *p < 0.0001; ***p <0.001;
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protein stability and activity as they relate to cell-matrix
interactions in our chondrocyte constructs.

The comparison of the traumatic impact (as model of
PTOA) to IL-1 is for comparative purposes, where IL-1f3
is a frequently employed model of osteoarthritic degen-
eration and sometimes as a model of OA [21, 42]. The
engineered cartilage constructs used here responded as
expected and as previously reported by us and others [43,
44]. That is, in comparison with unimpacted control sam-
ples, we observed an appropriate reduction in anabolic
matrix products COL2 and ACAN and an increase in
catabolic markers MM13 and ADAM-TS4 concomitant
with increased inflammatory markers iNOS and CO2.
These changes in gene expression as well as the reduc-
tion in construct GAG content compare with outcomes
reported using explant cultures [27, 55].

The response to IL-1P differs in several ways. First,
IL-1P is initially low, but progressively higher degrada-
tive state as reflected in the catabolic gene expression and
histo/immunohistochemical data. Second, the induction
of catabolic markers is much higher. The dose of IL-1p is
high (10 ng/ml) and continuous, which may account for
these differences with the traumatic load, which is a one-
time, instantaneous insult. The fact that IL-1p induces
MMP13 as expected suggests that this component of the
physiological response to stress by the chondrocyte con-
struct is present. Although MMP13 is considered a key
investigative marker of OA, clinically its use for OA diag-
nosis and disease burden is not conclusive, as it overlaps
with other conditions and protein profiles of control pop-
ulations. In addition, the most common markers, such
as collagen type-2 c-terminal neo-epitope CTXII gener-
ated by the activity of MMP13 on COL2, are only clearly

diagnostic near the end-stage of the disease [45, 46]. Per-
haps more prolonged, altered intracellular signaling or
intra-tissue paracrine signaling is required to increase
MMP13 gene expression in our system. Future evaluation
of these hypotheses using the recently reported micro-
Joint system will help elucidate these points [47-50].

The instantaneous nature of the impact also reveals
a level of cell recovery not seen with continual IL-1p
stimulation. The potential for a recovery phase was most
clearly seen in the histological and immunohistochemi-
cal preparations, where pericellular GAG deposition
seems to increase again on days 3 and 7, a phenomenon
supported by the normalization of ACAN expression by
day 7 after impact. Decreases in COL2 expression and
increases in iNOS and PTGS2 also stopped by day 3 after
traumatic load. The only biomarker that continued to
show an increased “degenerative” arc was ADAM-TS4.
This is in stark contrast to the progressive, highly pat-
terns of common osteoarthritic biomarkers with contin-
ual IL-1f treatment. If these data hold true, the impact
model may permit a more physiological evaluation of
therapeutic interventions.

Conclusions

In summary, we have shown that a traumatic load deliv-
ered to hydrogel-based engineered cartilage using adult
human MSCs report many features of early degenera-
tive changes in cartilage after trauma in vitro and in vivo.
Such a model may prove important in the development of
high-throughput testing systems for testing and optimiz-
ing DMOAD:s specifically for the treatment or prevention
of PTOA, because it induces the early disease state in a
mechanistically relevant manner.
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Fig. 7 Changes in the mechanical property of engineered cartilage constructs after traumatic loading. Schematic description of the MATE
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engineered cartilage constructs and a-cellular hydrogels 24 h after exposure to 0, 10, 20 and 30% strain impacts was determined by uniaxial
compression to safe strain (30%) (C). EC: engineered cartilage, HO: hydrogel only (without cell seeded). n=5/group. **p <0.01




He et al. Stem Cell Research & Therapy (2022) 13:400

Abbreviations

OA: Osteoarthritis; PTOA: Post-traumatic osteoarthritis; hBM-MSCs: Human
bone marrow-derived mesenchymal stem cells; GelMA: Methacrylated gelatin;
DMOADs: Disease-modifying osteoarthritis drugs; NSAIDs: Nonsteroidal
anti-inflammatory drugs; MMPs: Matrix metalloproteinases; LAP: Lithium
phenyl-2,4,6-trimethylbenzoylphosphinate; GM: Growth medium; DMEM: Dul-
becco’s Modified Eagle Medium; FBS: Fetal bovine serum; CM: Chondrogenic
medium; MATE: Mechano-Active Tissue Engineering; GAGs: Glycosaminogly-
cans; MPS: Microphysiological systems.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513287-022-03022-8.

Additional file 1: Figure S1. A colony-forming unit assays of the MSC
population used in this study. 30/100 of seeded cells generated colonies.

Additional file 2: Figure S2. (B) Tri-lineage differentiation of the MSC
population used in this study. We assayed for: (A&D) chondrogenesis with
Alcian Blue, (B&E) osteogenesis with Alizarin Red S, and (C&F) adipogenesis
with Oil Red Staining (A-C magnification= 32x, D-F magnification=160x)

Additional file 3: Figure S3. Flow cytometric analysis of the MSC popula-
tion used in this study. The MSC population was positive for (A) CD105, (B)
CD73 and (C) CD90 and negative for (D) CD34, (E) CD45 and (F) CD31.

Additional file 4: Figure S4. Chondrogenic differentiation of engineered
cartilage constructs. (A) Results of RT-PCR for 3 chondrogenic biomarker
(COL2A1, SOX9 and ACAN) of day 0 and day 21 constructs. n=5/group. **,
p < 0.01; % p < 0.05 (B) H&E staining, Safranin O/ fast green staining and
COL2 IHC for hydrogel constructs of day 0 and day 21.

Acknowledgements

The authors thank Dr. Paul Manner (University of Washington) for providing
the human tissue samples and Dr. Jian Tan for help in isolating hBM-MSCs and
creating the cell pool.

Author contributions

CH conducted all experiments, analyzed the data and wrote the manuscript.
KLC, JT and HZ contributed to cell preparation, histological and immu-
nohistochemical staining, data analysis and otherwise contributed to the
implementation of the research. PGA and HL designed all experimental
procedures, supervised the project and revised the manuscript. RST and SW
aided in experimental design and revised the manuscript. All authors read and
approved the final manuscript.

Funding

This work was supported in part by the National Institutes of Health
(UG3TR002136, to RT and HL) and Department of Orthopaedic Surgery at the
University of Pittsburgh. Chunrong He was a visiting research scholar at the
University of Pittsburgh School of Medicine supported by The Third Hospital of
Xiangya, Central South University.

Availability of data and materials
The datasets generated and analyzed during the current study are available
from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All adult human MSCs were obtained, with IRB approval of the University of
Pittsburgh (STUDY20010187).

Consent for publication
Not applicable.

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

Page 12 of 13

Author details

'Department of Orthopaedic Surgery, Center for Cellular and Molecular
Engineering, University of Pittsburgh School of Medicine, 450 Technology
Drive, Room 213, Pittsburgh, PA 15219, USA. “The Third Hospital of Xiangya,
Central South University, Changsha 410013, Hunan, China. ®Institute for Tissue
Engineering and Regenerative Medicine, The Chinese University of Hong
Kong, Shatin, Hong Kong SAR, China.

Received: 6 May 2022 Accepted: 14 July 2022
Published online: 04 August 2022

References

1. Safiri S, Kolahi AA, Smith E, et al. Global, regional and national burden of
osteoarthritis 1990-2017: a systematic analysis of the Global Burden of
Disease Study 2017. Ann Rheum Dis. 2020;79(6):819-28.

2. Khella CM, Asgarian R, Horvath JM, et al. An evidence-based systematic
review of human knee post-traumatic osteoarthritis (PTOA): Timeline of
clinical presentation and disease markers, comparison of knee joint PTOA
models and early disease implications. Int J Mol Sci. 2021,22(4):1996.

3. Muthuri SG, McWilliams DF, Doherty M, et al. History of knee injuries and
knee osteoarthritis: a meta-analysis of observational studies. Osteoarthr
Cartil. 2011;19(11):1286-93.

4. Snoeker B, Turkiewicz A, Magnusson K, et al. Risk of knee osteoarthritis
after different types of knee injuries in young adults: a population-based
cohort study. Br J Sports Med. 2020;54(12):725-30.

5. Lohmander LS, Englund PM, Dahl LL, et al. The long-term consequence
of anterior cruciate ligament and meniscus injuries: osteoarthritis. Am J
Sports Med. 2007;35(10):1756-69.

6. Makarczyk MJ, Gao Q He Y, et al. Current models for development of
disease-modifying osteoarthritis drugs. Tissue Eng Part C Methods.
2021;27(2):124-38.

7. Samvelyan HJ, Hughes D, Stevens C, et al. Models of osteoarthritis:
relevance and new insights. Calcif Tissue Int. 2021;109(3):243-56.

8. Singh YP, Moses JC, Bhardwaj N, et al. Overcoming the dependence on
animal models for osteoarthritis therapeutics—the promises and pros-
pects of in vitro models. Adv Healthc Mater. 2021;10(20):2100961.

9. Salgado C, Jordan O, Allémann E. Osteoarthritis in vitro models: applica-
tions and implications in development of intra-articular drug delivery
systems. Pharmaceutics. 2021;13(1):60.

10. Esch MB, King TL, Shuler ML. The role of body-on-a-chip devices in drug
and toxicity studies. Annu Rev Biomed Eng. 2011;13:55-72.

11. DiMasi JA, Hansen RW, Grabowski HG. The price of innovation: new
estimates of drug development costs. J Health Econ. 2003;22(2):151-85.

12. Olson H, Betton G, Robinson D, et al. Concordance of the toxicity of
pharmaceuticals in humans and in animals. Regul Toxicol Pharmacol.
2000;32(1):56-67.

13. Basketter DA, Clewell H, Kimber |, et al. A roadmap for the development
of alternative (non-animal) methods for systemic toxicity testing. ALTEX.
2012;29(1):3-91.

14. Lin Z Li Z Li EN, et al. Osteochondral Tissue Chip Derived From iPSCs:
Modeling OA Pathologies and Testing Drugs. Front Bioeng Biotechnol.
2019;7:411.

15. Ahadian S, Civitarese R, Bannerman D, et al. Organ-on-a-chip platforms: a
convergence of advanced materials, cells, and microscale technologies.
Adv Healthc Mater. 2018;7(2):1700506.

16. Spiller KL, Maher SA, Lowman AM. Hydrogels for the repair of articular
cartilage defects. Tissue Eng Part B Rev. 2011;17(4):281-99.

17. Lin H, Zhang D, Alexander PG, Yang G, Tan J, Cheng AW, et al. Application
of visible light-based projection stereolithography for live cell-scaffold
fabrication with designed architecture. Biomaterials. 2013;34(2):331-9.

18. Panadero JA, Lanceros-Mendez S, Ribelles JLG. Differentiation of
mesenchymal stem cells for cartilage tissue engineering: individual and
synergetic effects of three-dimensional environment and mechanical
loading. Acta Biomater. 2016;33:1-12.

19. HeY,Yocum L, Alexander PG, et al. Urolithin A protects chondrocytes
from mechanical overloading-induced injuries. Front Pharmacol.
2021;12:1515.


https://doi.org/10.1186/s13287-022-03022-8
https://doi.org/10.1186/s13287-022-03022-8

He et al. Stem Cell Research & Therapy

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

(2022) 13:400

Yudoh K, Karasawa R. Statin prevents chondrocyte aging and degen-
eration of articular cartilage in osteoarthritis (OA). Aging (Albany NY).
2010;2(12):990.

Wu J, Zhong W, Chen Z, et al. The protective impact of trans-cinnamalde-
hyde (TCA) against the IL-18 induced inflammation in in vitro osteoarthri-
tis model by regulating PI3K/AKT pathways. Folia Histochem Cytobiol.
2020;58(4):264-71.

Giannasi C, Niada S, Magagnotti C, et al. Comparison of two ASC-derived
therapeutics in an in vitro OA model: secretome versus extracellular
vesicles. Stem Cell Res Ther. 2020;11(1):1-15.

Ayala S, Delco ML, Fortier LA, et al. Cartilage articulation exacerbates
chondrocyte damage and death after impact injury. J Orthop Res.
2021;39(10):2130-40.

Alexander PG, McCarron JA, Levine MJ, Melvin GM, Murray PJ, Manner PA,
et al. An in vivo lapine model for impact-induced injury and osteoarthritic
degeneration of articular. Cartilage. 2012;3(4):323-33.

Sasaki H, Rothrauff BB, Alexander PG, et al. In vitro repair of meniscal radial
tear with hydrogels seeded with adipose stem cells and TGF-33. Am J
Sports Med. 2018;46(10):2402-13.

Fairbanks BD, Schwartz MP, Bowman CN, et al. Photoinitiated polym-
erization of PEG-diacrylate with lithium phenyl-2, 4, 6-trimethylbenzo-
ylphosphinate: polymerization rate and cytocompatibility. Biomaterials.
2009;30(35):6702-7.

Alexander PG, Song Y, Taboas JM, Chen FH, Melvin GM, Manner PA,

et al. Development of a spring-loaded impact device to deliver injuri-
ous mechanical impacts to the articular cartilage surface. Cartilage.
2013;4(1):52-62.

Riegger J, Brenner RE. Pathomechanisms of posttraumatic osteoarthritis:
chondrocyte behavior and fate in a precarious environment. Int J Mol Sci.
2020;21(5):1560.

Lee S, Lee SH,NaH S, et al. The therapeutic effect of STAT3 signaling-
suppressed MSC on pain and articular cartilage damage in a rat model of
monosodium iodoacetate-induced osteoarthritis. Front Immunol 2018:
2881.

Occhetta P, Mainardi A, Votta E, et al. Hyperphysiological compression of
articular cartilage induces an osteoarthritic phenotype in a cartilage-on-
a-chip model. Nat Biomed Eng. 2019;3(7):545-57.

Occhetta P, Visone R, Mainardi A, et al. Beating organs-on-chips as
advanced preclinical tools for drug screening and disease modelling. In:
2nd annual conference of the European Organ-on-Chip Society. 2020:
156-156.

Di Federico E, Bader DL, Shelton JC. 3D models of chondrocytes within
biomimetic scaffolds: Effects of cell deformation from loading regimens.
Clin Biomech. 2020,79:104972.

Vainieri ML, Lolli A, Kops N, et al. Evaluation of biomimetic hyaluronic-
based hydrogels with enhanced endogenous cell recruitment and
cartilage matrix formation. Acta Biomater. 2020;101:293-303.

Vainieri ML, Alini M, Yayon A, et al. Mechanical stress inhibits early stages
of endogenous cell migration: a pilot study in an ex vivo osteochondral
model. Polymers. 2020;12(8):1754.

Wilmoth RL, Ferguson VL, Bryant SJ. A 3D, dynamically loaded hydrogel
model of the osteochondral unit to study osteocyte mechanobiology.
Adv Healthc Mater. 2020;9(22):2001226.

Leung K, Zhang B, Tan J, et al. Prediction of total knee replacement and
diagnosis of osteoarthritis by using deep learning on knee radiographs:
data from the osteoarthritis initiative. Radiology. 2020;296(3):584-93.
Narez GE, Fischenich KM, Donahue TLH. Experimental animal mod-

els of post-traumatic osteoarthritis of the knee. Orthop Rev (Pavia).
2020;12(2):8448.

Argote PF, Kaplan JT, Poon A, et al. Chondrocyte viability is lost during
high-rate impact loading by transfer of amplified strain, but not stress, to
pericellular and cellular regions. Osteoarthr Cartil. 2019,27(12):1822-30.
Fischenich KM, Button KD, DeCamp C, et al. Comparison of two models of
post-traumatic osteoarthritis; temporal degradation of articular cartilage
and menisci. J Orthop Res. 2017;35(3):486-95.

McCoy AM, Kemper AM, Boyce MK, et al. Differential gene expression
analysis reveals pathways important in early post-traumatic osteoarthritis
in an equine model. BMC Genom. 2020;21(1):1-12.

Chang JC, Sebastian A, Murugesh DK, et al. Global molecular changes

in a tibial compression induced ACL rupture model of post-traumatic
osteoarthritis. J Orthop Res. 2017;35(3):474-85.

Page 13 of 13

42. Karlsen TA, de Souza GA, @degaard B, et al. microRNA-140 inhibits
inflammation and stimulates chondrogenesis in a model of interleukin
1B-induced osteoarthritis. Mol Ther Nucleic Acids. 2016;5:e373.

43. Arlov @, Oztirk E, Steinwachs M, et al. Biomimetic sulphated alginate
hydrogels suppress IL-13-induced inflammatory responses in human
chondrocytes. Eur Cell Mater. 2017;33(2):76-89.

44. Arner EC, Hughes CE, Decicco CP, et al. Cytokine-induced cartilage
proteoglycan degradation is mediated by aggrecanase. Osteoarthr Cartil.
1998;6(3):214-28.

45. Tanishi N, Yamagiwa H, Hayami T, et al. Usefulness of urinary CTX-Il and
NTX-I in evaluating radiological knee osteoarthritis: the Matsudai knee
osteoarthritis survey. J Orthop Sci. 2014;19(3):429-36.

46. Park YM, Kim SJ, Lee KJ, et al. Detection of CTX-Il in serum and urine
to diagnose osteoarthritis by using a fluoro-microbeads guiding chip.
Biosens Bioelectron. 2015;67:192-9.

47. LiZ Lin Z LiuS, et al. Human mesenchymal stem cell-derived miniature
joint system for disease modeling and drug testing. Adv Sci (Weinh).
2022,9(21):22105909.

48. Lee D, Erickson A, You T, et al. Pneumatic microfluidic cell compression
device for high-throughput study of chondrocyte mechanobiology. Lab
Chip. 2018;18(14):2077-86.

49. Leung S, Kim JJ, Musson DS, et al. A Novel in vitro and in silico sys-
tem for analyzing complex mechanobiological behavior of chon-
drocytes in three-dimensional hydrogel constructs. J Biomech Eng.
2021;143(8):084503.

50. Gamez C, Schneider-Wald B, Schuette A, et al. Bioreactor for mobilization
of mesenchymal stem/stromal cells into scaffolds under mechanical
stimulation: Preliminary results. PLoS ONE. 2020;15(1):e0227553.

51. Dwivedi G, Flaman L, Frank E, et al. Human cartilage-bone-synovium
microphysiological system to study PTOA pathogenesis and treatment
on earth and in space. Osteoarthr Cartil. 2019;27:5167.

52. Caterson EJ, Nesti LJ, Danielson KG, et al. Human marrow-derived mesen-
chymal progenitor cells. Mol Biotechnol. 2002;20(3):245-56.

53. Lujan TJ, Wirtz KM, Bahney CS, et al. A novel bioreactor for the dynamic
stimulation and mechanical evaluation of multiple tissue-engineered
constructs. Tissue Eng Part C Methods. 2011;17(3):367-74.

54. Lin H, Cheng AWM, Alexander PG, et al. Cartilage tissue engineering
application of injectable gelatin hydrogel with in situ visible-light-
activated gelation capability in both air and aqueous solution. Tissue Eng
Part A. 2014;20(17-18):2402-11.

55. Natoli RM, Scott CC, Athanasiou KA. Temporal effects of impact on
articular cartilage cell death, gene expression, matrix biochemistry, and
biomechanics. Ann Biomed Eng. 2008;36(5):780-92.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Modeling early changes associated with cartilage trauma using human-cell-laden hydrogel cartilage models
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Materials and reagents
	Culture media
	Cell culture
	Engineered cartilage construct preparation
	Traumatic impact delivery
	Live–dead staining
	Cell Counting Kit 8(WST-8) assay
	Elastic modulus
	Gene expression analysis
	Histology and immunohistochemistry
	Glycosaminoglycan (GAGs) assay
	Statistical analysis

	Results
	Traumatic impacts induced changes in cell viability
	Traumatic impact-induced changes in gene expression
	Traumatic impacts induced changes in matrix elaboration
	Traumatic impact-induced reduction in sulfated proteoglycan content and elastic modulus

	Discussion
	Conclusions
	Acknowledgements
	References


