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ABSTRACT

Background: Mechanical stimulation has shown to be a significant aspect of articular cartilage
generation and maintenance. Many bioreactor systems have been designed and built in order to
delivery specific types of mechanical stimulation. The focus thus far has been twofold, applying a
type of preconditioning in order to stimulate cell growth and differentiation, and to simulate in vivo
conditions in order to gain further insight into how cells would react to different stimulatory
patterns in vivo. Due to the complexities of the forces at work within joints, it is extremely difficult
to simulate mechanical conditions perfectly using a bioreactor

Objectives: The aim of this review is to gain a deeper understanding of the complexities of
mechanical stimulation protocols by comparing those employed in bioreactors in the context of
tissue engineering for articular cartilage, and to consider their affects on cultured cells.

Methods: AMED (Allied and Complementary Medicine) 1985 to January 2016, Ovid MEDLINE(R)
1946 to January Week 3 2016, and Embase 1974 to 2016 January 29 were searched using key terms.
Primary research articles were subject to inclusion and exclusion criteria, and results were extracted
and exported into a table and subsequently discussed.

Conclusion: Based on this review it is overwhelmingly clear that mechanical stimulation leads to
increased chondrogenic properties in the context of bioreactor based articular cartilage tissue
engineering using human cells. However, given the variability and lack of controlled factors between
research articles, results are difficult to compare, and a standardised method of evaluating
stimulation protocols proved challenging. With improved standardisation in mechanical stimulation
protocol reporting, bioreactor design and building processes, along with a better understanding of
joint behaviours, we hope to perform a meta-analysis around stimulation protocols, and further
explore the clinical applications of articular cartilage tissue engineering.
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INTRODUCTION

Articular cartilage is a specialised type of connective tissue. Though lacking blood vessels,
lymphatics, and nerves, it still fulfils an important function by providing a smooth surface with a low
friction index at which movement can occur in diarthrodial joints (1). Due to the nature of its role as
a type of shock absorbent, it is also exposed to extreme biomechanical stresses. These mechanical
stresses coupled with the catabolic cytokines and matrix-degrading proteinases they induce, and
furthermore the involvement of interleukin-1 (IL-1) and tumour necrosis factor a (TNFa), play a key
role in the gradual degradation of articular cartilage (2). Research thus far, has demonstrated how
this process is indeed complex and multi-factorial, owing to a combination mechanical, biochemical,
and genetic factors (3,4).

Extreme mechanical loading due to trauma, obesity (5), joint instability (6) are some of the known
risk factors for cartilage damage and development of osteoarthritis. However, it is also important to
note that within an optimal and so called physiological range, mechanical loading is central, nay
essential to the development and maintenance of healthy chondrocytes (7). There are a huge array
of treatment methods currently recommended for osteoarthritis. A recent systematic review
discovered fifty one modalities in total when looking at existing treatment guidelines for hip and
knee arthritis (8). These range from altering lifestyle through education, to rehabilitation methods,
physiotherapy exercises, pharmacological interventions, and surgical methods such as joint
replacements (9). However, due to the distinct lack of ability for cartilage tissue to regenerate and
repair itself (10, 11, 18), the search continues for more permanent and effective methods of
treatment.

Recent advances have demonstrated the clinical application of surgical procedures such as
autologous chondrocyte implantation (ACI) (15), osteochondral autografts (16), allografts (17),
osteochondral drilling, cartilage abrasionplasty, and microfracture, however these methods continue
to give variable results, and in many cases lead to the formation of fibrous repair tissue, which
ultimately is not able to perform under load bearing conditions in the same way as healthy articular
cartilage (12,13). Many look to the future of tissue engineering to provide more successful and
consistent results.

The science of tissue engineering is concerned primarily with understanding how tissues grow, and
using this knowledge to create functional tissues that will go on to replace those in the body that
have become ineffective in performing their role (14). Progress in the field of tissue engineering
could pave the way for functional tissue regeneration and replacement without needing to use
grafting techniques.

In short, tissue engineering for articular cartilage application generally follows a set format. Cells are
isolated in the first instance, they are then seeded into a 3D structure called a scaffold (usually
created from biodegradable materials), the seeded scaffold is then placed into a controlled
environment for the culture time period, a bioreactor is usually used to carefully control the
environmental conditions, and deliver the necessary biochemical and/or mechanical stimulation to
initiate cell growth and differentiation (19, 20, 21).

Mechanical stimulation has shown to be a significant aspect of articular cartilage generation and
maintenance. Many bioreactor systems have been designed and built in order to deliver specific
types of mechanical stimulation. The focus thus far has been twofold, applying a type of
preconditioning in order to stimulate cell growth and differentiation, and to simulate in vivo
conditions in order to gain further insight into how cells would react to different stimulatory



patterns in vivo. Due to the complexities of the forces at work within joints, it is extremely difficult
to simulate mechanical conditions perfectly using a bioreactor (22).

Therefore we have set out to review the literature with the aim of gaining a deeper understanding
into the complexities of mechanical stimulation protocols in the context of articular cartilage tissue
engineering.

METHODS

For the purposes of this review we used the PRISMA checklist (23) to guide our reporting methods.
Our topic of interest was pertaining to mechanical stimulation delivered via bioreactor systems to
human derived cells in the context of articular cartilage tissue engineering. This was formulated into
a focused question: "In the context of bioreactor culture systems used for articular cartilage tissue
engineering, how do the different mechanical stimulation protocols used during in vitro
experimentation affect outcomes relating to differentiation and expression of chondrogenic
properties in human derived cells, compared to the absence of mechanical stimulation?"

Search

AMED (Allied and Complementary Medicine) 1985 to January 2016, Ovid MEDLINE(R) 1946 to
January Week 3 2016, and Embase 1974 to 2016 January 29 were searched. Search terms used
include "tissue engineering" AND "bioreactor*" AND "stimulation" AND "cartilage OR chondrocyte".
Duplicates were removed, and the remaining full text articles were assessed and subjected to the
following inclusion and exclusion criterion.

Inclusion criteria: Exclusion criteria:

1)Primary research articles 1) Bioreactors not utilised

2) Experimental data acquired from 2) Culturing cells with intent of engineering tissue
using bioreactor systems to analyse types other than articular cartilage e.g. bone

the effects of cell stimulation . . ) .
3) Experiments using animal derived cells

3) Within the context of tissue .
. . . . 4) Non-English language
engineering for articular cartilage

5) Non-experimental studies with no primary

4) Experiment used only human . ) )
research and data collection i.e. systematic reviews

derived cells

. . ) - 6) Conference abstracts or pending publications
Figure 1Inclusion and exclusion criterion

Full text analysis was performed on the primary research articles included for review. A standardised
form was created to aid extraction of relevant information and comparison of studies. The most
relevant information was extracted from these forms and exported into a table, with column
headings including "cell type", "scaffold", "bioreactor"”, "stimulation", "comparison or control", and
"outcome and outcome parameters pertaining to mechanical stimulation". We looked for outcomes
and outcome parameters which indicated how cultured cells responded to the different mechanical
stimulation protocols. Though each study may have characterised this response using slightly
different measures, we attempted to identify those which represented chondrogenic expression or

demonstrated the absence thereof.



RESULTS

Through the search strategy outlined above 196 records were identified. After removal of duplicates
136 records remained. 136 records were screened and 69 excluded due to using animal derived
cells. From the remaining 67 records, full-text assessment for eligibility was performed based on the
aforementioned inclusion and exclusion criterion as a result of which 55 articles were removed. 12
articles were carried forward for the purposes of the systematic review.
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Figure 2 PRISMA flow chart detailing selection procedure



Study Cell type Scaffold Bioreactor Stimulation Comparisons or controls Outcomes and outcome parameters
pertaining to mechanical stimulation
(25) hACPCs Biodegradab | Custom Mechanical loading protocol was used (28): Comparison groups: Overall: mechanical stimulation was
le, cylindrical | made e Dynamic compression: 1Hz, 0.4-0.8 1. Mechanical stimulation alone beneficial for in vitro chondrogenesis of
(8x4 mm), bioreactor mm 2. Viral transduction (adenoviral- hACPCs.
Fibrin- capable of e Shear stress (rotation): 1 Hz +25° mediated over-expression of BMP-2)
Polyurethan | generating e Superimposed on a static offset strain | alone Biochemical analysis: significant increase
e composite | joint-like of 0.4mm 3.1 and 2 in combination in total GAG and GAG/DNA ratio.
scaffold movements e Equivalent to cycling at 5% - 10% 4. Unstimulated but transduced
(pore size 90 | (27) strain. 5. Tansduced but unstimulated Gene expressions analysis: chondrogenic
-300 um) marker genes up regulated.
(26) Duration:
e  Mechanical stimulation applied over 7
or 28 days
e Inboth 7 and 28 days group: 1 h of
mechanical stimulation applied per
day, for 6 days per week (loaded).
(29) HACs Scaffold free | Custom built | Mechanical stimulation was delivered by: Neocartilage was created in the described | IT-AFM (30) was used to evaluate the

microfluidic
bioreactor
with
integrated
USWT

e Continuous perfusion of the culture
medium
o Low shear rates: 1.32ml /
hour
e Sweeping acoustic drive frequencies
o Range: 890 to 910 kHz
o Sweep rate of 50 Hz

Duration of ultrasound application: 21 days

bioreactor system and mechanical
stimulation was applied via ultrasound
and perfusion as described.

Next, partial thickness defects were
created in human femoral head articular
cartilage pieces.

Two experimental groups were set up:

Group 1: One neocartilage graft was
inserted into each defect.

Group 2: cartilage defects left empty
(control)

Both groups were cultured for 16 weeks

mechanical properties of cartilage pieces
dissected from femoral heads, and the
neocartilage produced in the bioreactor
system. No statistically significant
differences were discovered between
them.

Histology of group 1 and group 2:
Group 1 revealed hyaline cartilage-like
repair tissue in the defect, significantly
improving the overall tissue

architecture.

Group 2: absence of regeneration.




Cocultured Nanofibrous | Perfusion Mechanical stimulation: Different ratios of hAF/hMSCs in Optimum ratios of cells were detailed in
(31) human strips bioreactor e  Cyclic compression: 10% strain nanofibers and hNP/hMSC in hydrogels the study results:
intervertebr | formed the | (ElectroForc e Frequency: 1 Hz were compared. e Nanofibers: 2:1 ratio of hAF to
al disc cells outside of e 5200 e Duration: 1 hour per day for 21 days hMSCs
and hMSCs the BioDynamic; e Hydrogels: 1:2 ratio of hNP to
constructs in | Bose, Eden hMSCs
the shape of | Prairie, MN,
rings, USA) Study demonstrated that compressive
seeded with loading caused:
hAF and e tensile stimulation in nanofrous
hMSCs. The strips seeded with hAF cells and
core was hMSCs
occupied by e compressive stimulation in
hydrogel, hydrogels seeded with hNP
seeded with cells and hMSCs
hNP and
hMSCs. This demonstrates how the structural
properties of a scaffold can influence the
effects of compressive loading on cells.
Compressive stimulation did not
demonstrate increased GAG production
per cell in the bioreactor tissue
engineered IVD cultures.
Primary Alginate High Dynamic compressive loading delivered using a | Results were compared between: Cell viability:
(32) Articular hydrogel throughput pneumatically-driven membrane-based e acontrol (no stimulation) e Technique: fluorescent dye
Chondrocyte | scaffold perfusion actuation scheme: e  Group 1: 20% strain staining and image analysis
s housed microcell e Strain: 20% and 40% e  Group 2: 40% strain e no statistically significant
within culture e Frequency: 0.5, 1.0, and 2.0 Hz; difference with mechanical
microcell system e Daily regimen: 3 consecutive cycles of With each group split into three groups stimulation.
culture made up of 1 hour loading and 1 hour relaxation operating at different frequencies of
system. (33) | 12 individual e Duration: up to 5 days stimulation i.e. 0.5, 1.0, and 2.0 Hz. Articular chondrocyte proliferation:
microbiorea e Technique: DNA content
ctors (33) measured

e no statistically significant
difference with mechanical
stimulation.

Chondrocyte metabolic activity:




e Technique: lactic acid
production measured

o  18.77% statistically higher than
control in under 40% strain at
frequency of 2Hz.

Biosynthetic activity:

e Technique: GAGs synthesis
measured

e 20% and 40% strain groups at
1Hz and 2Hz stimulation
frequencies revealed total
GAGs synthesis at statistically
higher levels than control.

Collagen production was not
affected at statistically
significant amounts.

hUC-derived | No scaffolds | Programmab | Vibratory stimulation: Experimental groups at 1 and 100 Hz 1 Hz resulted in cartilage phenotype
(34) hMSCs le voice coil e Sinusoidal stimulus applied compared against controls. Demonstrated by GAG deposition and
actuator e Frequencies: 1 and 100Hz COLII/COLI mRNA ratio
vibration e Duration: 1-min intervals with a 15-
mechanobio min rest for 15 hours per day for 10 100 Hz resulted in bone phenotype
reactor days. Demonstrated by calcium deposition
and the expression of BMP2 mRNA.
Bone Biodegradab | Custom built | Mechanical loading protocol was used (28): Comparison groups: Mechanical stimulation demonstrated
(28) marrow- le, cylindrical | bioreactor e  Dynamic compression: 1Hz, 0.4-0.8 1. Mechanical stimulation alone upregulation of chondrogenic genes, but
derived (8x4 mm), that is able mm 2. Viral transduction (adenoviral- also small increases in hypertrophic
hMSCs Fibrin- to generate e Shear stress (rotation): 1 Hz +25° mediated over-expression of BMP-2) marker Col X.
Polyurethan | joint-like e Superimposed on a static offset strain | alone
e composite | movements of 0.4mm 3.1and 2 in combination Expression of hypertrophic marker Col x
scaffold (27) e Equivalent to cycling at 5% - 10% 4. Unstimulated but transduced was reduced/delayed upon viral
(pore size 90 strain. 5. Tansduced but unstimulated transduction.
-300 um)
(26) Duration: Mechanical stimulation increased
e Mechanical stimulation applied over 7 GAG/DNA ratios.
or 28 days

e In both 7 and 28 days group: 1 h of
mechanical stimulation applied per
day, for 6 days per week (loaded).

Though mechanical stimulation and viral
transduction worked synergistically at
around day 7. Transduction also showed
a trend towards decreased GAG/DNA
ratios at later stages.




Bone Biodegradab | Custom built | Shear stress and dynamic compression: Two main experimental groups were Mechanical stimulation increased
(35) marrow le, cylindrical | bioreactor e Shear stress (rotation): 25° oscillation | created: chondrogenesis.
derived (8x4 mm), that is able at 1 Hz. Group 1: with mechanical loading
hMSCs Fibrin- to generate e  Dynamic compression: sinusoidal Group 2: free swelling Single recombinant TGF-B1 results in
Polyurethan | joint-like pattern, 10% strain at 1 Hz on a 10% stronger chondrogenesis compared to
e composite | movements static load. Each was split into further subgroups with | mechanical load.
scaffold (27) e Duration: 1 h on alternating days for addition of IGF-1 and/or TGF-B1, or alone.
(pore size 90 14 days (adding up to seven 1-h Single recombinant IGF-1 does not result
-300 um) loading periods). on chondrogenesis of bone narrow in significant chondrogenesis.
(26) derived hMSCs,, and compared with free-
swelling controls. The combination of mechanical load,
TGF-b1 and IGF-1 resulted in the largest
overall chondrogenic differentiation.
Chondrocyte | Chitosan Pendulum Mechanical stimulation via intermittent flow Static versus dynamic conditions. Results revealed greater chondrogenesis
(36) s isolated (biocompati | stirred-type cycles: potential under mechanical stimulation.
from human | e and spinner flask e  For the initial 72 hours: Control groups without cells but subject to | This was demonstrated by:
knee biodegradab bioreactor. o Regime of 60 rpm during 5 the same experimental interventions were
articular min, followed by 15 min in also run. Immunostaining assays under static
cartilage le stasis, repeated. conditions showing chondrocytes
polysacchari expressed type |, type |l collagen, and
de) scaffolds e Then, continuous stirring at 80 rom aggrecans; Ki-67, and actin cytoskeleton.
(37) until 28 days achieved.
Under stirred flow, cells kept a rounded
morphology over 28 days, produced
predominantly GAG and type Il collagen.
Chondrocyte | PGA-alginate | Custom built | Magnetic stirrer operated: 65rpm Cultures were compared with and without | Mechanical stimulation increased both
(38) s isolated scaffold mechanobio mechanobioreactor loading. the amount and quality of cartilage
from human reactor, Intermittent shear and compressive loading: produced, GAG synthesis, and collagen
fetal -
epiphyseal delivering e Frequency: 0.05 Hz type Il.
cartilage shear and e  Strain: 2.2% superimposed on a static
after 16-20 compressive axial compressive strain of 6.5%.
weeks of forces e Duration: 10 min each day, up to 2.5
gestation simultaneou weeks.

sly




Bone Biodegradab | Pin-on-ball Oscillation of the ball at an axis perpendicular Experimental groups consisted of a free Shear or compression alone was not
(39) marrow le, cylindrical | bioreactor to the scaffold exerted shear force. swelling culture, compression alone, shear | enough for chondrogenic induction.
derived (2.3)‘4_ mm), system alone, and combination of compression
hMSCs Fibrin- based on Superimposed compressive strain was applied | 4 chear However, shear superimposed upon
: along the length of the scaffold. ynamic compression resulted in
POIyurethan previous | he | h of th ffold d . . lted i
e composite . . . .
scaffold designs (27). Duration: 1 h a day for 5 consecutive days per slgnificant increases In chondrogenic
(pore size 90 : y ysp gene expression, evidenced by increased
P week, over 3 weeks. GAG. and chond : kers Col2
-300 um) , and chondrogenic markers Col2,
(26) Compression: AGG, COMP, and Sox9.
e Frequency: 1 Hz Importantly, there were no significant
* Amplitude: 0.4 mm increases in hypertrophic (Col 10) and
Shear: osteogenic (Col 1 and ALP) gene markers
e Frequency: 1Hz with the addition of surface shear.
e Amplitude: £25°
Preload:
e 0.4mm
Human Atype | Mechanobio | Mechanical stimulation protocol: Groups were compared with or without Mechanical stimulation was found to
(40) chondrocyte | collagen reactor, e Frequency 0.3 Hz; compressive loading, for a period of 14 produce overall, more chondrogenic
> hydrogel which uses e dynamic compressive strain 10% (0.3 | days. phenotypes when considering cell
scaffold an engine mm). morphology and function.
system, driven e Duration: 14 days . . . . .
Amedrix eccentric to Histological and immunohistochemical
(Esslingen, drive a analyses:
G . tical
ermany) V(.ertlca hich e Nosignificant differences in:
piston whic

continuously
compresses
the
specimens,
as described
in (41)

col-l, aggrecan and MMP-13
gene expression.

e Significant increase under
stimulation in: col-1l gene
expression and the col-Il/col-I
mMRNA ratio were significantly
increased.

However, biomechanical properties of
chondrocytes were decreased in both
groups.




chondrocyte | Hyaluronic
(42) s derived acid (HA)
from human | derivative
articular used to
cartilage create a pad.

Custom
made
perfused-
column
bioreactor,
exposing
cells to
convective
solute
transports
and flow
induced
shear stress.

Perfusion flow rate: 0.5 ml/min, with cyclical
flow inversion every 1 min (inlet fluid velocity
of 44.2 Im/s).

A computational fluid-dynamic (CFD) model
was used to predict the shear stress on cells.

Median shear stress imposed on the cells in the
bioreactor culture, as predicted by the CFD
model, is 3 x 10 ~ Pa (0.03 dyn/cm2).

Static cultures were compared to dynamic
cultures in bioreactor environment.

Cultures in dynamic flow: higher
structural integrity in comparison to
static controls.

However, higher levels of HA scaffold
deformation and biodegradation were
found. It was thought that perhaps
stresses of forces were being
transmitted to the cells and therefore
further investigation is needed to
establish the stress distribution of acting
forces on cells.

Figure 3 Summarised table of results.

Abbreviations: hACPs: Human Articular cartilage progenitor cells, GAG: glycosaminoglycans, HACs: Human articular chondrocytes, USWT: ultrasound standing wave traps, IT-AFM: Indentation-

type atomic force microscopy, hMSCs: Human mesenchymal stem cells, hAF: human annulus fibrosus, hNP: human nucleus pulposus, hUC: Human umbilical cord, PGA: polyglycolic acid,




DISCUSSION

Based on this review it is overwhelmingly clear that mechanical stimulation leads to increased chondrogenic
properties in the context of bioreactor based articular cartilage tissue engineering using human cells. As the focus of
this review was to consider the different mechanical stimulation protocols employed, other components such as cell
type used, scaffold, and bioreactor design varied significantly across reviewed articles. In addition to this, the
techniques used to measure outcomes in order to establish chondrogenic expression of cells was also approached in
a variety of ways by the studies included for review. Despite this, all studies concluded that mechanical stimulation
inferred some kind of beneficial influence on chondrogenic expression of cultured cells.

In this review we have extracted from research articles the mechanical stimulation methods and protocols that have
attempted to simulate in vivo conditions of chondrocytes, and examined to what degree, when comparing studies,
this simulation has helped to upregulate chondrogenic properties of cultured cells. Furthermore, we will explore how
these findings can be carried forward into a clinical setting, and contribute to future therapies aimed at treating
articular cartilage defects.

A number of factors caused limitations in our review. The vast terminology utilised in describing mechanical
stimulation methods may have resulted in studies not being detected in the initial search. We also found that due to
a lack of standardisation and format in approaching mechanical stimulation protocols, as well as the methods used
to measure outcomes, it was hugely challenging to compare and contrast studies, their loading parameters, and
results. Related to this, is the number studies that utilised custom made bioreactors or built their own, and as such
were devoid of any form of standardisation in their calibration and application. Therefore, any mechanical loading
parameters reported may not have been true values and a true reflection of the forces applied.

In its day to day functioning, articular cartilage is subject to complex mechanical forces. It is generally accepted that
these forces are an important factor in maintaining and developing articular cartilage tissue. In order to simulate in
vivo conditions, novel bioreactor systems have been designed and built, each with the remit of producing certain
environmental conditions. One endeavour to better understand the complexities of in vivo articular forces was the
application of tribological principles (43) (which in brief is the science of interacting surfaces in relative motion) to
natural joints, and to produce from this a new bioreactor concept for articular cartilage tissue engineering. Out of
this was born a "pin-on-ball" bioreactor system capable of producing joint-like movements (27). This bioreactor
design went on to be employed in several studies as the bioreactor of choice for articular cartilage tissue engineering
experiments (25, 28, 35, 39) as it was able simulate joint like movements, and its claim to do so backed up by a
scientific mechanical engineering model. With the advent of the digital age, much research has been focused into
developing computational mechanics, and its application to orthopaedic biomechanics will shed much light on the
mechanical behaviour of joints within computational joint models (44). We hope that as this field advances, we will
learn more about the intricacies of joint behaviours and the forces involved, with a view to build bioreactor systems
that mimic joint conditions more accurately.

It is also noteworthy to mention that mechanical stimulation can and should not be considered in isolation. Although
its application is largely dependent on the bioreactor system employed to deliver the stimulus, other factors such as
the geometry of the scaffold being used can impact the way stimulation is received by cells. The primary research
article by Tsai et al (31) demonstrates this point well. For the purpose of tissue engineering intervertebral discs, a
complex scaffold was used which consisted of nanofibrous strips forming the outside of the constructs in the shape
of concentric rings, seeded with human annulus fibrosis cells and human mesenchymal stem cells, whilst the core of
the structure was occupied by a hydrogel, seeded with human nucleus pulposus cells and human mesenchymal stem
cells. With the application of compressive loading the nanofibrous strips experienced tensile stimulation, whilst the
compressive hydrogels underwent compressive stimulation. This demonstrates how the structural properties of a
scaffold can influence how compressive loading is transmitted on to cells. These apparent subtleties of mechanical
stimulation must however not be overlooked, as such differences as tensile and compressive stimulation can lead
cells to differentiate into separate cell types. For example previous studies have reported that tensile loading is able
to enhance osteogenic (45) and tenogenic (46) differentiation but inhibits chondrogenic differentiation of



mesenchymal stem cells (47). In contrast, compressive loading can enhance chondrogenic differentiation of
mesenchymal stem cells (48-50).

Given the numerous challenges we face in simulating in vivo conditions, some attention has been given to
considering in vivo tissue engineering. In order words using the living joint itself as the bioreactor. Some advances
have been made with this approach in the area of bone tissue engineering (51). However, at present further research
is necessary to explore the plausibility of this approach including animal studies and experimentation. If successful, it
may lead to the field of tissue engineering somewhat diverting its focus away from in vitro bioreactor based
processes, and considering the human body as the perfect bioreactor.
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