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Abstract

The influence of combined shear stress and oscillating hydrostatic pressure (OHP), two forms of
physical forces experienced by articular cartilage (AC) in vivo, on chondrogenesis, is investigated
in a unique bioreactor system. Our system introduces a single reaction chamber design that does
not require transfer of constructs after seeding to a second chamber for applying the mechanical
forces, and, as such, biochemical and mechanical stimuli can be applied in combination. The
biochemical and mechanical properties of bovine articular chondrocytes encapsulated in agarose
scaffolds cultured in our bioreactors for 21 days are compared to cells statically cultured in
agarose scaffolds in addition to static micromass and pellet cultures. Our findings indicate that
glycosaminoglycan and collagen secretions were enhanced by at least 1.6-fold with scaffold
encapsulation, 5.9-fold when adding 0.02 Pa of shear stress and 7.6-fold with simultaneous
addition of 4 MPa of OHP when compared to micromass samples. Furthermore, shear stress and
OHP have chondroprotective effects as evidenced by lower mRNA expression of f1 integrin and
collagen X to non-detectable levels and an absence of collagen | upregulation as observed in
micromass controls. These collective results are further supported by better mechanical properties
as indicated by 1.6-19.8-fold increases in elastic moduli measured by atomic force microscopy.
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Introduction

Acrticular cartilage (AC) lacks blood vessels, nerves and lymphatics and therefore upon
injury has limited repair ability (Cui et al. 2012). AC damage often leads to osteoarthritis
(OA), which is among the ten most costly diseases worldwide (Hasty et al. 2014), with
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orthopedic repairs costing $28 billion per year in the US alone (Chao et al. 2007). Current
treatments such as abrasion arthroplasty, microfracture, and autologous osteochondral
grafting lead to repaired tissues that poorly replicate the biochemical and biomechanical
properties of normal AC (Olee et al. 2013; Wescoe et al. 2008).

AC tissue engineering (ACTE) represents a promising approach to overcome the limitations
of current treatments and consists of four main components: (1) an abundant source of cells
that can proliferate and synthesize proteoglycans, collagen 11 (Col I1) and aggrecan (ACAN)
(Cooke et al. 2011); (2) a biocompatible, 3-D scaffold allowing spatially uniform cell
attachment for maintaining cell phenotype (Augst et al. 2008); (3) chondrogenic factors to
direct development of cells toward a chondrogenic lineage; and (4) bioreactors that more
closely mimic the in vivo environment of tissue in vitro and support tissue reconstruction by
regulating the microenvironment through precise control of medium, mass transfer to and
from the cells, shear forces and hydrodynamic pressures, as well as proper regulation of
environmental conditions in the bioreactors such as pH, temperature and O tension (Mauck
et al. 2000).

Knee-joint AC experiences 3.9 and 8 times the body weight for level and downhill walking
(Kuster et al. 1997), respectively. Therefore, one can presume that the desired physiological
function in engineered tissue cannot be achieved without mechanical stimulation. In the
majority of studies, individual roles of mechanical stimuli such as uniaxial compression
(Angele et al. 2004; Campbell et al. 2006), perfusion (Khan et al. 2009; Sittinger et al. 1994)
and hydrostatic pressure (Miyanishi et al. 2006; Wagner et al. 2008) have been shown to
enhance extracellular matrix (ECM) synthesis by chondrocytes. A few studies have
examined the combined effects of mechanical stimuli, e.g., compression and shear (Kupcsik
et al. 2010; Li et al. 2010) and perfusion and loading (Grogan et al. 2012; Tran et al. 2011).
However, in most cases, if not all, cells are grown in a Petri dish and then transferred to the
bioreactor where mechanical forces are applied, increasing the risk of bacterial
contamination. Another disadvantage with common protocols for studying combined effects
of mechanical forces is that the individual role of each stimulus cannot be investigated. This
study focuses on a novel bioreactor that provides a seamless procedure throughout the
culture period for studying the effects of oscillating hydrostatic pressure (OHP), perfusion-
induced surface shear stress and provision of chondrogenic medium (CM) on
chondrogenesis.

In this study, our aim is to determine the effects of OHP, shear stress and CM
supplementation, separately and in combination, on chondrogenesis of bovine articular
chondrocytes (bAChs) encapsulated in a 2% agarose hydrogel. We chose bAChs as they
have been widely used in ACTE (Gharravi et al. 2016; Kawanishi et al. 2007) and represent
an inexpensive and accessible cell source compared to human-derived chondrocytes, which
are limited in availability as they are harvested from patient joint replacements or from
cadavers. Moreover, agarose was used as the scaffold of choice because it supports growth
and chondrogenic differentiation and reverses dedifferentiation phenomena where
dedifferentiated chondrocytes (Chs) re-express the differentiated phenotype after
encapsulation (Benya and Shaffer 1982). Furthermore, when encapsulated in agarose,
bAChs maintain their phenotype and ability to synthesize Col Il and ACAN (Buschmann et
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al. 1992; Kessler and Grande 2008). We hypothesize that our perfusion bioreactor, because it
is capable of applying OHP, will enhance chondrogenic differentiation and the functional
properties of the resulting tissue by providing mechanical and biochemical stimuli that
mimic in vivo environments. By contrast, in the past, our centrifugal bioreactor operated in
two different modes where cells were either inoculated into the reactors while the reactors
were spinning (Detzel and Van Wie 2011) or injected into the reactors and then spun in a
scaffold-free mode (Nazempour et al. 2016).

Once constructs have been engineered, measuring the biochemical and mechanical
properties of engineered cartilage is critical, especially if they are to be used in repairing
damaged sites in the joint. Therefore, to characterize samples, we investigated genetic
expression using Tagman for mRNA analysis of 1 integrin, Col X and Col I, biochemical
composition of glycosaminoglycan (GAG), collagen (Col) and DNA content using
dimethylmethylene blue, chloramine-T hydroxyproline, and Quant-iT PicoGreen analyses,
respectively and mechanical properties of the tissues using atomic force microscopy (AFM)
nanoindentation. AFM has proven to be an effective tool for determining the mechanical
properties of biological tissues since it allows measurements under near-native conditions
such as in liquid environments and because of the correlation found between ECM
deposition and construct mechanical properties reported previously (Chiang et al. 2011;
Loparic et al. 2010; Zhu et al. 2011).

Materials and Methods

Cell culture supplies were purchased from Invitrogen-Gibco®, Grand Island, NY, USA,
unless otherwise specified.

Isolation and expansion of bAChs

Chondrocytes were harvested from skeletally mature bovine animals from full thickness
cartilage tissues from metacarpal pastern joints (front knees) donated by local meat
packinghouses (e.g., Potlach Pack, Paotlach, ID, USA). Chondrocytes from these joints have
been widely used in previous studies (Badger et al. 1998; Fukuda et al. 1996; Lo et al. 2009;
McGann et al. 1988; Wang and Kandel 2004) as they are derived from a significant weight-
bearing joint. We began with joint disarticulation under aseptic conditions and shaving off
sections of cartilage. To isolate Chs from the tissue matrix, tissues were cut into small pieces
and digested for 16 h at 37 °C in high-glucose Dulbeco’s Modified Eagle’s Medium
(HGDMEM/ F12) containing 0.2% collagenase type Il (Worthington Biochemical,
Lakewood, NJ, USA), 5% fetal bovine serum (FBS), 5 pg/mL gentamicin 100 U/mL of
penicillin and 100 pg/mL of streptomycin. The cell suspension was then filtered through a
70-um cell strainer (Falcon, Franklin Lakes, NJ, USA) and washed three times with
phosphate-buffered saline (PBS) containing 5 pg/mL gentamicin, 100 U/ml penicillin and
100 mg/ml streptomycin. After the third wash, bAChs were frozen in a 7:2:1 ratio of HG-
DMEM/F12:FBS:dimethyl sulfoxide at —80 °C for storage until cells from at least three
donors were pooled to reduce subject-to-subject variation and to obtain sufficient numbers
of cells for our experiments.
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bACh-agarose hydrogel encapsulation

Type VII agarose (Sigma-Aldrich, St. Louis, MO, USA) with a final concentration of 0.04
mg/ml was dissolved in PBS at 120 °C. Once dissolved, the temperature was lowered to

60 °C, as higher temperatures will affect cell viability. To obtain 2% agarose hydrogels,
equal 5-ml volumes of 4% agarose and a 40 x 106 cells/ml both in PBS were thoroughly
mixed. The bACh-seeded agarose was then aliquoted into 60-mm Petri dishes and allowed to
solidify at room temperature. bACh-agarose constructs 5 mm in height were obtained using
a 4-mm biopsy punch. Constructs, measured with the use of a sterilized micrometer in 70%
ethanol, with a sample height variance greater than +2% were discarded. On average, each
single construct had 250,000 cells as calculated below:

Volume construct =T Reylinder X Height ey jinger =3-14%(0.002)” x (0.005)=6.28 x 10~ *m?

# cells per cylindrical construct=Volumeconstruct X cell density
105ml 40 x 10°Cells

— X
1m3 10ml
= 250,000 cells per contruct

=6.28 x 107%m3 x

Chondrogenic differentiation

Micromass culture—Cells were thawed and re-suspended in expansion medium (EM)
containing HG-DMEM/F12 supplemented with 10% FBS, 100 U/ml penicillin, 100 pg/ml
streptomycin (Sigma-Aldrich) and 5 pg/ml gentamicin at 1.6 x 107 cells/ml. Micromass
cultures were established by placing 10-ul droplets of cell suspensions in the center of each
well in a 24-well plastic plate and cultured under standard conditions for 2 h. After cell
adherence, 600 pl of fresh EM was added. After a day, 250 pl EM was removed and replaced
with either a base medium (BM) consisting of HG-DMEM/F12 supplemented with 1 mM
sodium pyruvate, 2 mM L-glutamine, 5 pg/ml Gentamicin, 1% Insulin-Transferrin-
Selenium, 50 uM L-proline (Alfa Aesar, Ward Hill, MA, USA) and 1% penicillin-
streptomycin (Sigma-Aldrich), or in a chondrogenic medium (CM) consisting of BM with
100 nM dexamethasone, 50 pg/ml L-ascorbic acid (both Sigma-Aldrich) and 10 ng/ml TGF-
B3 (PeproTech, Ward Hill, NJ, USA) (Fig. 1a). Micromass samples are referred to as M- if
supplied with BM and as M+ if supplied with CM.

Pellet culture—Aliquots of 5 x 10° cells, suspended in 600 pl EM, were centrifuged at
600¢ for 10 min in 15-ml polypropylene conical tubes. Pelleted cells were incubated at
standard conditions with loose caps to permit gas exchange. After a day, cells settled and
formed spherical aggregates. Similar to the micromass, half the medium was replaced by
either BM or CM. Pellet samples supplied by either BM or CM are referred to as Pel — or
Pel+, respectively (Fig. 1b).

Static-Scaffold culture—bACh-agarose hydrogels were cultured in Petri dishes and
supplied with EM. After a day, half the medium was replaced with BM or CM. Because no
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mechanical stimulus was present, these samples were considered as static-scaffold cultures
and referred to as S- if supplied with BM and as S+ if supplied with CM (Fig. 1c).

Scaffold bioreactor culture—For the bioreactor study, after sterilizing the system by
pumping 70% ethanol for 24 h, 15 bACh-agarose hydrogels were placed into each of eight
3D funnel-shaped bioreactors. After a day, half of the EM in all bioreactors was replaced
with either BM or CM. To distinguish the effects of surface shear stress and OHP from shear
stress alone, four bioreactors were subjected to combined perfusion and OHP, while in the
other four we applied only surface shear stress resulting from medium pumped continuously
from the reservoirs at a 0.5-ml/min flow rate. This corresponds to perfusion at a velocity of
0.001 m/s at the reactor inlet and results in an average 0.02 Pa shear stress at the scaffold
surface as determined through a COMSOL Multiphysics® model of the system (simulation
results not shown). Surface shear stress in our study is in the range of perfusion-induced
shear stress of 5 x 107 — 1.6 Pa, shown to increase cell proliferation and enhance GAG
synthesis (Porter et al. 2005; Smith et al. 1995). Scaffold constructs from bioreactors with
OHP are labeled as SOHP and scaffolds from bioreactors with perfusion but no OHP are
referred to as SP (Fig. 1d).

Schematics of the bioreactor itself and the overall system are shown in Fig. 2a, b, and a
photo of the bioreactor in Fig. 2a. The pressurization procedure has been presented
elsewhere (Nazempour et al. 2016). Briefly, to expose cells to high pressure, we first stopped
the medium flow and closed corresponding shut off valves (IDEX Health and Science, Oak
Harbor, WA, USA). Next, compressed air moves the rod of a pancake tie rod air cylinder
(McMaster-CARR, Los Angeles, CA, USA), which, in sequence, pressurizes hydraulic oil
within a hydraulic cylinder that pushes on aluminum pistons connected by screws to
polycarbonate pistons at the top of each bioreactor (Fig. 2a) which finally pressurizes the
liquid medium content. For OHP, a directional control three-way solenoid valve (Parker,
Cleveland, OH, USA) in connection with an 8-channel USB relay card was used (Vellman,
Fort Worth, TX, USA). Pressure transducers (DJ Instrument, Billerica, MA, USA) and an NI
USB-6008 data acquisition devise (National Instrument, Austin, TX, USA) were used to
read pressures. bACh-agarose hydrogels were exposed to OHP at 1/2 Hz at 4 MPa for 4 h
per day and 5 days a week for 3 weeks. The magnitude of 4 MPa and frequency of 1/2 Hz
were chosen as increases in ECM production were observed in previous studies when cells
were subjected to similar conditions (Angele et al. 2003; Elder and Athanasiou 2008; Hall et
al. 1991). After pressurization, we opened the shutoff valves and restarted continuous
medium flow. Visual inspection of bACh-agarose constructs subjected to this loading
regimen revealed that they withstood this repeated mechanical stimulus.

A mixture of 5% CO5 and air was continuously pumped using a 20-60-gallon (c.230-L)
Aguarium Air Pump from AQUA CULTURE, to all bioreactors for the culture duration.
Reactor samples were found to be free of contamination as tested on tryptic soy agar plates.
For all micromass, pellet and bioreactor cultures, half the medium was exchanged three
times a week.
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Quantitative biochemistry

Samples for biochemical analyses were digested for 16 h in 125 pg/ml papain (Sigma-
Aldrich) in 100 mM sodium phosphate buffer (pH 6.5) containing 10 mM L-cysteine and 10
mM EDTA at 65 °C. Total sulfated GAG was then quantified using a 1,9-dimethylmethylene
blue assay (Farndale et al. 1986). Samples were further assayed for total collagen content by
a chloramine-T hydroxyproline assay (Woessner 1961). Finally, total DN content was
measured using a Quant-iT PicoGreen dsDNA Assay Kit. Total collagen and GAG contents
were normalized to the amount of DA in samples so that protein production could be
compared on a per cell basis. This approach accounts for differences in cell density between
samples, i.e., micromass, pellets, and scaffolds, since each cell has a similar amount of
DNA.

RNA isolation and analysis

Quantitative real-time polymerase chain reaction (QRT-PCR) was used to quantify gene
expression (Quisenberry et al. 2016). Briefly, total ”A/A was isolated with TRIzol and
chloroform was used for phase separation. Total mRNA (up to 2.5 ug) was reverse-
transcribed into cDNA using the SuperScript® VILO™ Master Mix. cDNA was amplified
with the TagMan® Gene Expression Master Mix (Applied Biosystems by Life Technologies,
Grand Island, NY, USA) on an ABI 7900HT Sequence Detection System (Applied
Biosystems) and probes specific for GAPDH (housekeeping gene), Col X, Col I, and
integrin 1 were used. The relative gene expression was calculated using the AACt method
and fold differences were determined using the expression 2-AACT (Schmittgen and Livak
2008), where bACh values prior to differentiation assays at day 0 were considered as the
reference values.

Cantilever preparation

Custom colloidal silicon nitride AFM probes were constructed from tipless AFM cantilevers
(spring constant 0.08 N/m; NanoAndMore USA, Soquel, CA, USA). Borosilicate
microspheres (5.20 um in diameter; Bangs Laboratories, Fishers, IN, USA) were attached
near the free end of the AFM cantilever with Norland optical adhesive #81 (Norland
Products, Cranbury, NJ, USA). The spherical probe serves as a model of a single asperity
and as such the contact area during sliding is known (Coles et al. 2008). To ensure
uniformity, cantilevers were coated with 40 nm of gold over a 5-nm adhesion layer of
chromium in a thermal evaporator. The mounted probe was submerged in PBS for at least 20
min prior to imaging to allow for thermal equilibration at room temperature.

AFM measurements

For AFM elastic moduli measurements, cylindrical agarose scaffolds (~10 mm in height)
were cut in half and glued with Pelco Pro CA44 Instant Tissue Adhesive (Ted Pella,
Redding, CA, USA) to AFM metal specimen disks (Ted Pella) and placed on an AFM
sample stage for subsequent indentation studies. All AFM force measurements were
performed with a PicoForce scanning probe microscope with a Nanoscope Illa controller
and extender module (Bruker AXS, Santa Barbara, CA, USA) using the silicon nitride
cantilevers described earlier.
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AFM indentation tests were performed using the point and shoot function of Nanoscope v.
6.13 software following a 16 x 16 grid of equally spaced indentation points on a 10 um x 10
pum area of each AC tissue sample. The trigger threshold was set to 5 nN with a ramp size of
2 um and tip velocity of 4.1 pm/s. Given that the ratio of the scanned area to that of the AFM
tip is 20:5, selecting 16 points on each scan line ensured that the points were spaced apart to
collect force curves from all locations in the scanned area. Each sample was scanned in PBS
in at least 3 areas per treatment group. At each pixel, both approach and retraction curves
were collected but only approach curves are analyzed in this work.

Determination of Young’s moduli: Hertz model

AFM approach position—deflection data files were converted to force-indentation files as
described previously (Abu-Lail and Camesano 2006). To quantify the Young’s modulus,
approach curves were fit to the Hertz contact model that assumes an infinitely hard sphere
indenting a flat, deformable elastic substrate as described in Eq. 1:

) EyRY /563 /,

4
F= e
3 1—02 (1)

where £ is the applied force, £, is the Young’s modulus, R is the relative radius, v is
Poisson’s ratio, and & is the indentation depth. Once all force-indentation profiles were
collected in a force-volume image, data were analyzed for their Young’s moduli, and a
histogram that describes the heterogeneity in the data was generated. Although cartilage is
innately heterogeneous, elastic moduli in the different areas scanned within treatment groups
were all of similar distributions, e.g., bioreactor SOHP- constructs have statistically similar
mean elastic moduli via one-way ANOVA (£=0.057). In Table 1 we present a typical
example for three separate areas in the SOHP- treatment group, with 80-101 scans per area;
and show the mean, median, standard deviation, and standard error of the mean are in good
agreement.

Although the Hertz model has limitations, we believe it is appropriate for our purposes for
the following three reasons: first, the sample surface is continuous and non-conforming;
second, the radii of the contacting bodies are large compared to the contact area so that
surfaces can be approximated as an elastic half-space (Barquins and Maugis 1982); and
third, substrate effects can be ignored because the indentation depth (~900 nm) is much
smaller than sample thickness (300 pm) (Long et al. 2011; Santos et al. 2012). Only normal
pressures are applied during indentation because there is a lubricated layer between the
machine parts and the sample, so friction can be neglected and the indentation is on the
nanometer scale, and thus strains will be small. This means that stresses and strains
produced are not dependent on the sample or probe geometry (Fischer-Cripps 1999).
Although cartilage is a viscoelastic material, we only used the Hertz model to fit the elastic
portion of the approach curve.
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Statistical analysis

Statistical analysis was performed using Prism 7 (GraphPad Software, La Jolla, CA, USA)
software. One-way analysis of variance (ANOVA) was used with the Tukey test to determine
significant differences between treatment groups (P < 0.05). In the presented figures,
significant differences are indicated when a letter is not shared by the resulting data bar.

Results and Discussion

Quantitative biochemistry

When examining biochemical chondrogenic indices, progressive improvements were
observed in GAG/DNA content when subjecting cell-laden agarose scaffolds to perfusion
and then perfusion plus OHP as shown in Fig. 3a. Because no significant differences in
GAG/DNA content were observed between free-swelling scaffold-free samples, i.e.,
micromass (M) and pellet (Pel), micromass samples were considered as controls.
Encapsulation in agarose significantly increased GAG/DNA content of S—and S+ cultures
by 22- and 11.2-fold over their respective M- and M+ controls. This is consistent with a
study by Buschmann et al. (1992) where agarose-encapsulated bAChs resulted in a GAG-
rich matrix around individual cells according to histological analyses. As such, the agarose
may be acting to retain the large GAG molecules (Sittinger et al. 1994). When perfusion is
applied in concert with scaffolds (SP) significant increases of 30- and 21-fold higher
GAG/DNA content are observed in SP— and SP+ controls, which are 1.4- and 1.8-fold
higher than the stagnant non-perfused S— and S+ counterparts. This is consistent with
studies by Davisson et al. (2002) in which samples subjected to perfusion-induced shear
stress secreted 40% more GAG than static counterparts and by Santoro et al. (2010) where
perfusion showed stronger and more homogenous Safranin-O staining compared to static
controls. Adding OHP further enhances chondrogenic indicators where GAG/ DNA for
SOHP- and SOHP+ samples are 44- and 32-fold higher than respective controls, and,
significantly, 1.9- and 2.7-fold, higher than the SP- and SP+ counterparts. This finding
strongly supports the premise that scaffold encapsulation, perfusion and OHP work together
and are important for optimizing chondrogenesis. These findings are supported by the
literature where Lee and Bader (1997) showed that GAG content increased by 40% when a
static 15% compressive strain at 1 Hz frequency for 48 hours was added to chondrocyte-
seeded agarose. Dynamic compression of bACh-seeded agarose was shown by Chai et al.
(2010) to increase GAG accumulation by 14%. Seidel et al. (2004) utilized a bioreactor with
perfusion and dynamic compression, which led to increased GAG deposition as evidenced
by strong Safranin-O staining. Individual effects of perfusion and the additive effects of
loading on GAG secretion were not distinguished in any of these prior studies.

Similarly, Fig. 3b indicates significant progressive enhancements in Col/ DN/A content with
2.3- and 1.6-fold increases with encapsulation, 5.9- and 8.4-fold when adding perfusion and
7.6- and 8.7-fold increases with simultaneous addition of OHP when compared to respective
M- and M+ samples. This is consistent with studies by Xu et al. (2006) who showed a
significant increase in Col deposition in alginate encapsulated bAChs with perfusion-
induced shear stress as evidenced by heavier Alcian blue staining and by Gemmiti and
Guldberg (2006) who showed a significant 1.2-fold increase in Col content for bAChs with
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perfusion. Applying OHP, without perfusion, at 10 MPa and 1 Hz for 4 h a day, 5 days per
week was shown by Hu and Athanasiou (2006) to result in a significant 1.2-fold increase in
Col production by bACh-agarose constructs compared to static controls. More recently, Tran
et al. (2011) utilized a commercial C9-x CartiGen bioreactor with simultaneous perfusion
and cyclic unconfined compression to study chondrogenesis of porcine AChs and observed
no significant difference in Col content for static, perfused or loaded groups. By contrast,
our system shows striking improvements, double, triple and quintuple the Col of 2.5- and
5.3-fold with perfusion, then 3.3- and 5.5-fold with perfusion plus OHP when comparing to
the S— and S+ counterparts. Moreover, our bioreactor is unique in that cell-scaffold
constructs can be maintained with or without perfusion or OHP in one seamless system
without transfer requirements from Petri dishes to bioreactors for mechanical forces to be
applied as is necessary in other systems (Bilgen et al. 2013; Kaupp et al. 2012).

When CM was used, surprising results were obtained. Micromass and pellet controls showed
no significant differences in GAG or Col synthesis with or without CM. This may be
attributable to the fact that both micromass and pellet cultures mimic the microenvironment
of living tissues by providing a three-dimensional environment that allows cell—cell
interactions (Zhang et al. 2010) that result in similar stimulation. Also, use of CM led to
decreases or insignificant changes in chondrogenic indices for the scaffold with 1.76- and
2.46-fold decreases in respective GAG/DNA and Col/ DNA levels, perfusion with a 1.35-fold
decrease and no significant change, and OHP with 1.32- and 1.46-fold respective decreases.
This is in contrast to the 7-fold enhancement in GAG observed by Morales and Roberts
(1988) for bACh samples supplied with CM. Our GAG results are more consistent with
those of Shintani and Hunziker (2011) with bovine bone-marrow-derived mesenchymal stem
cell (BMSC) micromass and Xu et al. (1996) with bACh pellets, where insignificantly
higher GAG content and only slightly stronger staining for GAG were observed with CM.

Gene analysis

To further assess culture condition effects on ECM deposition, we analyzed p1 integrin
mRNA expression reduction as indicative of a sufficiently robust matrix (Quisenberry et al.
2016) and Col I and Col X as indicative of less chondrogenic conditions. Integrins are
transmembrane receptors consisting of a and  subunits that are involved in cell adhesion to
ECM (Grashoff et al. 2003; Knudson and Loeser 2002) and are therefore expected
participants in mechanotransduction (Knudson and Loeser 2002). B1 integrin inhibition
early in culture completely hinders matrix synthesis (Shakibaei 1998). B1 integrins are
upregulated during differentiation but are downregulated in mature cells (Luo et al. 2012).
Col X is a hypertrophic marker expressed by terminally differentiating chondrocytes
(Schmid and Linsenmayer 1985). Col I, the most abundant collagen in our bodies, is a
fibrocartilage marker and is highly expressed by immature cartilage to later be replaced by
Col 11 (Tallheden et al. 2004). In vitro, Col I is upregulated when chondrocytes are expanded
in a monolayer and de-differentiate (Nazempour and Van Wie 2016). We hypothesize that f1
integrin, Col X and Col I will decrease in mature healthy cultures by day 21.

Our postulate is supported by our findings. First, as shown in Fig. 4, M- and M+ samples at
day 21 show the highest B1 integrin expression with M+ significantly higher than other
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experimental groups. The conditions considered to be more chondrogenic including the
pellets P— and P+, scaffolds, S— and S+ and the addition of perfusion with and without CM,
SP+ and SP—-, show suppressed B1 integrin levels. p1 integrin becomes non-detectable (nd)
at day 21 when adding CM to perfusion, as well as when adding OHP. This affirms our
biochemical analysis of significant improvement in GAG and total Col syntheses as
observed in SP and SOHP compared to M samples where a healthier ECM is expected to
coincide with downregulation of 1 integrins. This is further supported by our previous
study on scaffold-free human adipose-derived stem cells (hADSCs) in which less robust
ECM, as evidenced by 203- and 105-fold lower elastic moduli, corresponded to 2.4- and 3.8-
fold higher B1 integrin mRNA expression at day 21 for micromass and pellet cultures,
respectively, compared to bioreactor cultures with OHP (Quisenberry et al. 2016).

Further confirmation that we are enhancing chondrogenic conditions is offered by our ColX
and Col I indices. As shown in Fig. 5a, all culture conditions but S— reveal suppressed
expression of Col X compared to unstimulated bAChs. Moreover, Col X did not vary
significantly among free-swelling scaffold-free samples and was suppressed to non-
detectable levels in all bioreactor samples. These results are consistent with those by Tran et
al. (2011) and Grogan et al. (2012) who also did not detect Col X when porcine and human
chondrocytes were subjected to either perfusion or cyclic unconfined compression,
respectively. Type X collagen is expressed by hypertrophic chondrocytes (Schmid and
Linsenmayer 1985) and it reduces ECM ability to withstand the pressure and shear force that
the joint is subjected to by facilitating ECM calcification and mineralization (Bigdeli et al.
2009). These results indicate the importance of mechanical stimuli, in this case with
perfusion and OHP, in suppressing expression of the hypertrophic Col X marker.

Type | collagen is the primary collagen in the skin, bone, adipose tissue and fibrocartilage
but not articular cartilage. Enhanced expression of Col 1 is also considered phenotypical of
OA chondrocytes (Sandell and Aigner 2001). Regarding Col I, all our culture conditions
upregulated Col | expression as shown in Fig. 5b. However, as expected, higher levels of Col
| were detected in micromass samples, with M+ significantly higher than all other groups
but S+. Consistent with previous studies (Hering et al. 1994; Tekari et al. 2015), we also
note that addition of CM caused significant 4.4- and 23- fold increases in Col | expression in
micromass (M+) and static scaffold (S+) samples in comparison to the non-CM-stimulated
M- and S- counterparts. No such upregulation was observed in samples maintained in more
chondrogenic conditions including Pel, S—, the bioreactor with perfusion, and combined
perfusion and OHP. The increase caused by CM supplementation in static scaffold samples
was not seen when bACh-agarose constructs were exposed to either perfusion or OHP. Wong
et al. (2003) also observed downregulation of Col | when bACh-alginate constructs were
subjected to 5MPa OHP at 0.5 Hz, 3 h per day for 3 days. Col | expression is also shown to
have an inverse relationship with Col Il expression and AC phenotype in vitro (Karlsson et
al. 2007). Given these scenarios along with our results on Col X and B1 integrin expression,
we conclude that shear stress and/or OHP have chondroprotective effects that slow down
fibrogenesis.

We also consider that when the data are viewed collectively, the biochemical analysis shows
a significant increase in Col/ DNA and GAG/DNA for the more chondrogenic conditions,
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while the Col I analysis in general shows no significant increase when adding perfusion and
OHP. The increase in total Col/ DNA is possibly attributable to the generation of other
collagen types such as types 11, 111, VI, IX, XI, X1l and X1V (Eyre 2002) and these indices
ought to be added in future analyses. We note shear stress and OHP induce expression of
GAGandColECMmacromolecules,i.e., chondroregenerative effects but also
suppress mRNA expression of B1 integrin and collagen types | and X, i.e., chondroprotective
effects.

Mechanical evaluation

In this section, a scaffold with cells embedded in it will be thought of as a composite
material. In this composite, the agarose scaffold material is more rigid than cells. As such,
the higher the cell content in the composite, the softer the composite. However, as cells
divide, differentiate and grow an ECM, the stiffness of the biological components, cells and
tissue, increase. This is supported by literature studies showing that the addition of bovine
nasal septum-derived chondrocytes into PEG-based scaffolds decreased the compressive
modulus of the composite scaffold by 1.27-fold when analyzed 24 h after seeding
(Appelman et al. 2009).

This description of cell-scaffold composite elasticity as cells are added to the scaffold is
supported by our results from the 21-day study in Fig. 6. Cell-free agarose scaffolds have an
average elastic modulus of 35.0 + 1.1 kPa, which is near the lower range of that reported in
the literature of 50-2000 kPa depending on the molecular weight of the agarose used
(Normand et al. 2000). In comparison, elasticities of chondrocytes are 1.1-4 kPa (Darling et
al. 2008; Freeman et al. 1994) and the weighted average elasticity of the agarose and cells
will show a decrease after incorporation of cells consistent with the 1.55-fold drop at day 0
observed in our experiments on addition of 250,000 cells on average to a single construct.

As expected, all treatment groups with the exception of the SP+ sample have lower elastic
moduli compared to that of the scaffold composites at day 0. This is because the micromass
and pellets do not have the more rigid agarose scaffold and the scaffold constructs have cells
that continue to proliferate and produce a soft biological ECM within the agarose. When
samples are compared against each other, significant enhancements in elastic moduli occur
with 1.6- and 4.7-fold increases with scaffold encapsulation, 2.6- and 19.8-fold increases
when adding perfusion and 2.7- and 3.4-fold increases with simultaneous addition of OHP
and perfusion when compared to respective M- and M+ controls. Because mechanical
stimulation increases the mechanical properties of the cell- ECM, the cell-ECM-scaffold
mechanical properties also increase. These increases are more impressive when considering
that M- and M+ samples had 2.31- and 2.05-fold higher elastic moduli compared to Pel-
and Pel+, respectively, which are more representative of growth in vivo, conditions we
expect to emulate with agarose matrix. Our current results agree with our prior findings that
indicate that perfusion and OHP improve the mechanical properties of the resulting AC
tissues, though in past studies there was a synergistic effect in adding TGF-p3 to the
mechanical stimulus (Nazempour et al. 2016).

Progressive improvements in the elastic moduli by 1.6- and 4.2-fold occur when adding
perfusion, SP— and SP+, to scaffolds alone, S— and S+. There is no further improvement
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when adding OHP to SP- and a 5.8-fold decline when adding OHP to SP+, but with no
decline from what was present with scaffolds alone, S+. We would like to point out that
viewing mRNA, biochemical and mechanical results collectively has advantages in that one
can better see that the elastic modulus increases or is nearly equivalent to S— and S+, the
GAG and Col expression increases with OHP and non-chondrogenic m~RNA markers are
lower.

One might argue the results contradict previous studies showing improvement in mechanical
properties with mechanical stimulation with Mauck et al. (2000) reporting a 6-fold increase
in a chondrocyte-seeded agarose disk equilibrium aggregate modulus after 28 days when
subjected to dynamic compressive stress. Or Kelly et al. (2006) who observed a higher
Young’s modulus in dynamically loaded constructs. Yet our results are consistent with those
of Lima et al. (2007) who described a negative effect of combined TGF-B3 and dynamic
unconfined loading on bACh-agarose constructs. Differences in outcomes can relate to how
mechanical properties are measured and will depend on the composition of the material
tested and the size of those components. AFM-measured properties can vary by as much as
3.8-fold when measured with conical verses spherical probes (Park et al. 2010). Also, tip
geometry can affect the distribution of Young’s moduli because the tissue is heterogeneous
and different tips measure elastic moduli of different components (Stolz et al. 2004). Then,
there are different types of physical forces applied, i.e., confined compression (Mauck et al.
2000), unconfined compression (Kelly et al. 2006) and OHP in our studies. Also, differing
results may be attributable to donor variation, e.g., age or phenotype of the Chs cultured, as
these factors are known to cause significant variations in the resulting ECM (Barbero et al.
2004; DeGroot et al. 1999). Hence, it is important to assure that comparisons are made using
the same physical forces and measurement techniques.

Finally, there is evidence in Fig. 6 to indicate that CM supplementation has varied effects on
the elastic modulus as a function of culture techniques applied to the same cells used. The
elastic modulus decreased by 2.08-fold and 1.85-fold with the addition of CM in micromass
and pellet cultures, respectively. The decrease in the elastic modulus is in agreement with
our previous work with hADSCs in which 3.71- and 4.37-fold decreases were observed in
elastic moduli with the addition of CM for micromass and pellet cultures, respectively
(Nazempour et al. 2016). Supplementation with CM also resulted in a 1.65-fold decrease in
elastic modulus of SOHP samples. However, this is in contrast to our previous scaffold-free
work with hADSCs (Nazempour et al. 2016) where we found that OHP+ samples had
significantly higher elastic moduli by 1.9-fold over OHP- samples. This disparity could
perhaps be attributable to the differences in cell types used in these two studies, which ought
to be verified in future work. While Lee and Im (2010) and Hwang et al. (2011) showed
beneficial effects of TGF-B supplementation on ADSC chondrogenesis, Giovannini et al.
(20104, b) showed determintal effects on ECM secretion with TGF-B on AChs. In contrast,
the elastic moduli of the bACh-scaffolds increased with the addition of CM by 1.40-fold
from S— to S+ and by 3.69-fold from SP-to SP+. This is similar to results reported by
Huang et al. (2008), who found a significant time-dependent tensile modulus increase with
the addition of CM containing TGF-B3 at days 28, 42 and 56 by more than 2-fold. We
hypothesize that the elastic modulus in CM-treated samples may be higher simply because
there is less ECM in CM-treated samples, as evidenced by the lower Col/ DA/A count and
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therefore more agarose. An assessment of mRNA for other cartilage types will be helpful in
testing the hypothesis to determine what other structures are contributing to the ECM
properties.

Future directions

Future studies are required to confirm if there is synergy between OHP and perfusion-
induced shear stress. We did not study the individual effects of OHP and perfusion because
this would require cell-seeded scaffold transfer from Petri dishes to the bioreactors where
mechanical stimuli is applied and then back to the Petri dishes when there is no OHP or
perfusion of medium. Moving back and forth increases the risk of contamination; however,
this can be rectified in future bioreactor designs by use of alternative feed ports that allow
replacement of medium without induction of significant shear forces. Other studies are
needed to find a combination of mechanical stimuli to best induce chondrogenesis and
determine the optimal magnitude of these stimuli. In vitro, dynamic loads have been applied
at magnitudes ranging from 0.1 to 10 MPa (Hansen et al. 2001; Hu and Athanasiou 2006;
Luo and Seedhom 2007; Meyer et al. 2011; Ogawa et al. 2009) and frequencies ranging
from 0.01 to 1 Hz (Hansen et al. 2001; Hu and Athanasiou 2006; Huang et al. 2004; Meyer
et al. 2011; Ogawa et al. 2009) to stimulate cartilage matrix protein expression and improve
the compressive properties of the engineered tissues (Bian et al. 2010). Given this, we
recommend future factorial design studies to optimize mechanical force magnitudes and
their combinations for enhancing chondrogenesis.

There is also a lack of comprehensive studies comparing the effects of different mechanical
stimuli such as confined compression, unconfined compression, shear stress, hydrostatic
pressure and osmotic pressure as well as dose-response studies. In our system, OHPs of up
to 10 MPa and shear stresses of 0.08 Pa are easily achievable. Even higher shear stresses can
be applied by operating the reactor in centrifugal mode, which allows cell suspensions as
they are forming constructs to be retained in the system while liquid drag forces are
increased. Operation in this mode would require cessation of rotation for the 4-h OHP
cycles; however, intermittent application of physical forces is consistent with the literature
(Hu and Athanasiou 2006). Given that these studies are costly in terms of culture medium
and additives over the 3-week culture times required, adequate resources are needed. Costs
in the current study with micromass and pellet controls, scaffolds, perfusion and OHP, all
with and without chondrogenic medium, are substantial. Therefore, for future studies on
dose-response effects, progress will likely be limited to one factor at a time.

Studies may also focus on the best time to start applying mechanical forces, the duration of
such forces, and whether forces should be applied at different magnitudes throughout the
culture period. In our study, we pumped medium to the bioreactors right after bACh—agarose
constructs were formed and transferred to the bioreactors. We applied OHP 24 h afterward.
While some argue applying mechanical forces could be more effective when applied early in
the culture (Angele et al. 2003; Waldman et al. 2006), others argue this may have
detrimental effects. We applied OHP 4 h a day because the time required for proteoglycan
synthesis is estimated to be 1.5-2 h (Mitchell and Hardingham 1981). However, it is possible
that a longer loading period may be required for other macromolecules to be synthesized.
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Moreover, it may be questioned whether applying mechanical stimuli over a full 3-week
period is necessary or if the same results may be obtained by applying mechanical forces at
multiple points during the culture period. For example, when cyclic forces are applied for 30
min, a 48% increase in Col accumulation is found over unstimulated controls over 24 h
(Waldman et al. 2006). Tran et al. (2011) applied 0.5 N for the first week and increased the
force to 10 and 20 N for the second and third weeks. Hence, time-dependent studies are
necessary to provide better understanding and improved protocols for physical stimulation.

Also, the effects of OHP, perfusion and their combination on mass transfer of nutrients is not
well studied. Nutrient and oxygen transport limitations caused by consumption by peripheral
cells result in heterogeneous constructs with matrix-deficient centers (Curcio et al. 2014).
However, to the best of our knowledge, no systematic and quantitative analyses have been
carried out to compare metabolic kinetics under static conditions, perfusion or OHP. Future
studies are recommended to distinguish the population of live and dead cells throughout the
culture period under different conditions using live—dead staining, such as with the use of the
yellow tetrazole MTT, which is reduced to purple-colored formazan by living cells
(Mosmann 1983).

Though establishing chondrogenic biochemical properties is desirable, the real aim of ACTE
is to develop functional tissues with appropriate mechanical properties. As assessed by
AFM, none of our tissues developed elastic moduli in the 300-1000 kPa native AC range
(Ateshian and Hung 2003, Mansour 2003). It is hypothesized that the elastic modulus could
be further improved with the use of other growth factors, longer culture duration and an
effective physical stimulation protocol. This is supported by the work of Nims et al. (2014),
where, in comparison to a constant supply of TGF-B3 and for an untreated control, a
transient initial 14th day application of TGF-B3 was found to yield a significantly higher
Young’s modulus by day 45 in bACh-agarose constructs. In addition, the mechanical
properties of the scaffold will affect its stability under experimental conditions (Murphy et
al. 2012). The bottom line is that the measurement of mechanical properties such as the
elastic moduli measured by AFM in our study is paramount and care should be taken when
comparing results with literature as differing mechanical properties and measurement
techniques are known to affect results.

Mechanotransduction is attributed to interactions between ECM and the cytoskeleton
through integrins, deformation of the plasma membrane and the nucleus, ion channels such
as voltage-gated sodium and calcium channels, transient receptor potential channels and
chloride channels and the primary cilium (Mobasheri et al. 2002; O’Conor et al. 2013).
However, the exact sequence of biomechanical and biochemical events that occurs following
individual or combined mechanical stimuli represents an area of growing investigation.
Future studies are recommended in which protein profiling and whole genome sequencing is
carried out to clarify the underlying molecular mechanisms that are affected to understand
the fundamentals of AC repair so that the contributions necessary for healthy
chondrogenesis can be optimized. Finally, future studies should involve the use of more
clinically relevant cell sources such as adult hAChs, hBMSCs, and a coculture of both.
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Conclusions

The effects of different culturing techniques including micromass, pellet, encapsulation in
agarose, exposure to shear stress and exposure to combined shear stress and OHP in the
presence and absence of CM on bACh chondrogenesis were compared. Samples cultured in
micromass and pellets do not vary significantly with respect to biochemical and
biomechanical properties. However, encapsulation in agarose significantly enhances GAG
and Col secretion. To test the effects of shear stress and combined shear stress and OHP on
chondrogenesis, we employed our unique perfusion/pressurized bioreactor. The results show
the capability of our newly developed bioreactor system for inducing ECM secretion by
bAChs encapsulated in agarose hydrogels. Although the precise mechanisms remain
unknown, our results indicate that using scaffolds and adding shear stress, followed by OHP
lead to stepwise increases in secretion of macromolecules such as GAG and Col, suppressed
expression of non-chondrogenic markers such as Col X and Col | and a reduction in p1
integrin and enhancements in elastic properties. Lastly, our results reveal no positive effect
of CM supplementation on chondrogenesis.
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Fig. 2.
a Schematic and photo of the conical-shaped bioreactor made of polycarbonate/stainless

steel and topped with double pistons, one made of stainless steel and one made of
polycarbonate. b Process flow diagram of perfusion/pressurized computer-controlled
bioreactor system
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Fig. 3.

Biochemical properties of engineered tissues. a Total GAG content normalized to DNA. b
Total Col content normalized to DNA. Groups not sharing a /etter are significantly different
in a one-way ANOVA (P<0.05) with the Tukey post-test. M micromass; Pel/pellet, S
scaffoldstatic; SPscaffold subjected to perfusion; SOHP scaffold subjected to oscillating
hydrostatic pressure; — base medium; + chondrogenic medium
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Fig. 4.
mMRNA expression of the chondrogenic marker, integrin B1 at day 21. Groups not sharing a

letter are significantly different in a one-way ANOVA (/<0.05) with the Tukey post-test. M/
micromass; Pe/pellet, Sscaffold-static; SPscaffold subjected to perfusion; SOHP scaffold
subjected to oscillating hydrostatic pressure; — base medium; + chondrogenic medium
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Fig. 5.

mRNA expression of the non-chondrogenic markers. a Col X. b Col I. Groups not sharing a
letter are significantly different in a one-way ANOVA (/<0.05) with the Tukey post-test. A/
micromass; Pel pellet, Sscaffold-static; SPscaffold subjected to perfusion; SOHP scaffold
subjected to oscillating hydrostatic pressure; — base medium; + chondrogenic medium
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Fig. 6.

Mgeans of distributions of the elastic moduli. Groups not sharing a /etter are significantly
different by one-way ANOVA (P<0.05) with the Tukey post-test. M micromass; Pe/pellet, S
scaffold-static; SP scaffold subjected to perfusion; SOHP scaffold subjected to oscillating
hydrostatic pressure; — base medium; + chondrogenic medium
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