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ABSTRACT: Recreating articular cartilage trilayered patterning for an engineered in
vitro cell construct holds promise for advancing cartilage’s repair efforts. Our approach
involves the development of a multichambered perfusion tissue bioreactor that
regulates fluid shear stress levels similar to the gradated hydrodynamic environment in
articular cartilage. COMSOL modeling reveals our tapered cell chamber design will
produce three different shear levels, high in the 22—41 mPa range, medium in the 4.5—
8.4 mPa range, and low in the 2.2—3.8 mPa range and distributed across the surface of
our mesenchymal stromal cell (MSC) encapsulated construct. In a 14 day bioreactor
culture, we assess how the fluid shear magnitude and cell vertical location within a 3D
construct influence cell chondrogenesis. Notably, Sox9 expression for MSCs cultivated
in our reactor shows spatially patterned gene upregulations that encode key
chondrogenic marker proteins. Beginning with the high shear stress region, lubricin
and type II collagen gene increases of 410 and 370-fold indicate cell movement toward
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a superficial zone architype, which is further supported by histological and immunohistochemical stains illustrating the formation of a
dense proteoglycan matrix enriched with lubricin, versican, and collagen types I and II molecules. For the medium shear stress
region, high aggrecan and type II collagen gene expressions of 2.3 and 400-fold, respectively, along with high proteoglycan analyses,
show movement toward a superficial/midzone cartilage archetype. For low shear stress regions, higher collagen type II and X gene
upregulations of 550- and 8300-fold, the latter being 2X of that for the high shear regime, indicate cell movement with deep zone
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25 the structure of native articular cartilage.

26

Bl INTRODUCTION

28 Manufacturing an organized extracellular matrix (ECM) that is
29 representative of striated articular cartilage (AC) regions is
30 crucial for restoring the native mechanical functionality that is
31 disrupted in osteoarthritis (OA). Promising cartilage tissue
32 engineering methods such as matrix-induced autologous
33 chondrocyte implantation (MACI) seek to slow OA
34 progression; however, potential drawbacks of this strategy
35 include chondrocyte dedifferentiation, reduced tissue mechan-
36 ics, and improper tissue integration.”> A more fundamental
37 approach involves understanding how a gradated fluid shear
38 stress environment affects the trajectory of cell differentiation
39 toward a heterogeneous chondrogenic cell population that
40 parallels what is observed in native AC. In native tissue
41 conditions, high levels of synovial fluid shear stresses near the
42 superficial region contribute to the “elongated” morphology of
43 AChs,’ correspondin§ to the secretion of lubricin and collagen
44 type I1 (COL2A1)."> Beneath the top layer, the magnitude of
45 fluid shear stress is lessened, and ACh morphology becomes
46 rounded, which promotes predominant COL2A1 and aggrecan
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characteristics. Collectively, biochemical analysis, histology, and gene expression data demonstrated that our fluid shear bioreactor
induced a stratified structure within tissue-engineered constructs, demonstrating the feasibility of using this approach to recapitulate
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(ACAN) expression. For deep zone AC where fluid shear is 47
minimal, cells orient themselves in a columnar organization 48
and begin to produce a mineralized matrix marked by type X 49
collagen (COL10A1) protein.® This understanding of the cell so
microenvironment has motivated researchers to replicate these s1
important features within a bioreactor to support chondrocyte s2
proliferation and differentiation.””” 3

Progress in mimicking AC physiology has been achieved s4
through bioreactor development, which ensures proper ss
biological cues for tissue production. Perfusion-based bio- s6
reactor systems are exceptional candidates for investigating s7
chondrogenesis because they provide a constant distribution of sg
nutrients required for cell survival in addition to supplying fluid s9
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Figure 1. TBR chamber design. (A) CAD drawing illustrates a multichambered TBR design in which fluid first fills an inlet manifold and then
distributes to individual chambers. (B) Tapered wall geometry creates gradated fluid velocity across the top surface of cross-linked cell-laden
alginate constructs retained in the bioreactor chamber. (C) Constructed TBR with multiple chambers with O-ring seals with a schematic. (D) Our
strategy for assessing cell differentiation with respect to the changing hydrodynamic environment across the construct surface as well as construct

depth.
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60 shear levels representative of native AC biomechanics.

61 Fluid shear mechanical loading of cells within such bioreactors
62 has led to improvements in glycosaminoglycan (GAG) and
63 collagen content upward of 184% and 155%, respectively,
64 yielding an enhanced tensile modulus."*~"® Additional studies
65 show fluid shear stress affects COL2A1 expression compared
66 to static cultures.'””'® These findings indicate that direct fluid
67 perfusion promotes chondrogenic activity; however, there is
68 limited work correlating surface shear magnitudes to cellular
69 differentiation in addition to chondrogenic commitment as a
70 function of cell location within a construct. Moreover, native
71 AC is a trilayered tissue with distinct gradients in ECM
72 proteins and stiffness properties in addition to different cell
73 morphologies and, more importantly, functional role."*'**
74 Developing a cell construct with a similar regional variation in
75 chondrogenic properties is expected to be aided by the
76 creation of a gradated hydrodynamic environment that
77 regulates cell differentiation.

78 Our approach involves cultivating alginate-encapsulated
79 mesenchymal stromal cells (MSCs) in a multichambered,
80 tapered perfusion bioreactor. This system maintains a broad
81 range of surface fluid shear stresses to create an environment
82 serving to commit MSCs to a heterogeneous chondrogenic
83 fate. This method provides a unique approach for investigating
84 how different cell regions encapsulated within a single alginate
85 construct respond to a wide range of surface fluid shears. We
86 present and assess the movement of MSCs along lineages
87 marked by expression of chondrogenic mRNAs and the
8¢ manufacture of characteristic AC proteins for striated ECM
89 synthesis.

o0 Il METHODS

91 Bioreactor Design and Assembly. Our perfusion bioreactor is
92 designed to provide a longitudinal gradient in shear stress across the
93 surfaces of 9 individual scaffold constructs, each in their own well,
94 functioning in parallel. The reactor consists of two sections: the lower
95 half with wells containing cell-aden scaffolds and the upper half, which
96 contains tapered flow sections as shown in Figure 1A through C.
97 Wells measure 20 mm long by S mm wide and are 4 mm deep to

mimic the thickness of articular cartilage. The upper section has a
rectangular inlet 0.7 mm in height and an exit 6.7 mm in height for an
overall taper angle of 11.4°, which yields variable shear stresses that
are highest at the inlet and lowest at the outlet. All wells are provided
fluid medium via the inlet manifold, which travels across the construct
surface and then exits into the outlet manifold. There are 3/16 in.
tube fittings at the entrance and exit of corresponding manifolds for
flow in an overall Z-pattern as shown in Figure 1A. Both sections of
the reactor are machined from polycarbonate and are joined together
with a fluoroelastomer O-ring between them, clamped by two 1/2"
304 stainless steel plates secured with 21 bolts. Smaller individual O-
rings circle the blank spaces between the individual wells to prevent
fluid leakage between the two halves and separate wells from one
another.

COMSOL Fluid Dynamics Simulation. Computational fluid
dynamics modeling was performed using COMSOL Multiphysics to
assess fluid flow distribution and quantify fluid flow properties for our
multichambered perfusion bioreactor. A laminar flow simulation was
selected for our 3D model where an overall feed flow rate of 20 mL/
min was chosen for the bioreactor inlet with the assumption of
incompressible flow and no wall slip at the liquid/construct interface.
A “physics-controlled” mesh with “very fine” spacing was selected for
the simulation. Flow parameters for the reactor were solved using the
steady-state form of the Navier—Stoke’s equation shown in eq 1

p(u-V)u = V-[—pl + 7] (1)
where the viscous stress tensor shown in eq 2 is
= uVu + (Vu)] (2)

Fluid density (p) and viscosity (u) are taken as those of water.
Fluid shear stresses created at the interface between the liquid and the
construct were determined from the dot product of the surface
normal and the viscous stress tensor.

Data obtained from the simulation provided insight into the system
delivery of similar fluid flow rates for each cell chamber and allowed
us to validate our strategy for developing an improved hydrodynamic
environment for AC production.

Cell Culture. All cell culture products were supplied by Gibco,
with the exceptions indicated for different vendors. While current best
practices are to use pooled MSCs from three or more donors,”' for
this initial baseline study we selected primary human MSCs from a 20
year old female donor purchased from RoosterBio, Inc. We note that
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Figure 2. COMSOL Multiphysics modeling. (A) 3D COMSOL geometry of the perfusion bioreactor assembly along with a side-view illustration.
(B) Further detail for respective perfused fluid and cell chamber domains. (C) Modeled laminar flow simulation for chambers 1, 5, and 9 reveals an
exponential drop in fluid velocity for each chamber. (D) Surface shear stresses showing an exponential drop. Shear averages for chambers 1, 5, and
9 are listed, and there is significant overlap for all chambers in each of the 3 ranges of high, medium, and low fluid shear regimes.

MSCs from younger females have been shown to be more
proliferative®® and therefore easier to expand to larger numbers,
though they are less chondrogenic than those from males.”* Hence,
should results prove favorable here, we might expect in future studies
to see even better results when using male-derived MSCs or pooled
MSCs. MSCs were grown in T-175 cell culture flasks containing a-
MEM medium consisting of 10% fetal bovine serum (FBS) (Cytivia),
1% penicillin/streptomycin, and 1% L-glutamine. Once 90%
confluence was reached, cells were washed with phosphate buffered
saline (PBS), released from the surface using trypsin—EDTA, then
passaged up to six generations, and finally cryopreserved at —80 °C
until usage.

Cell-Laden Scaffold. Cell-laden constructs were created by
encapsulatln§ MSCs in 1.5% (w/v) ultrapure alginate acquired from
Novamatrix.”*** This was achieved by resuspending 1 X 107 cells/

mL*** in sterile-filtered alginate solution, pipetting 400 uL of the
solution into individual TBR chambers (9 chambers total), and finally
cross-linking constructs by overlaying the gels with 102 mM calcium
chloride®® solution for 50 min to ensure scaffold gelation. Similarly,
static hydrogel controls were generated using the same process but
with a separate mold containing a similar geometry (3 chambers
total). Constructs were washed with a PBS solution after gelation.

Chondrogenic differentiation of MSC encapsulated constructs was
induced using a culture medium cocktail®’ composed of DMEM/F-
12, containing 10% FBS, 2 mM L-glutamine, 100 U/mL pen/strep, 2.5
ug/mL fungizone, 10 ng/mL TGF-$3 (PeproTech), 100 nM
dexamethasone, and S0 pg/mL ascorbic acid. For both the static
control and perfused experimental constructs, the culture medium was
replaced every 3 days over a 14 day period. For the control group, 3
gels were used with individual scaffolds placed in a 6-well plate.
Culture medium for the experimental group was perfused at 20 mL/
min through our perfusion bioreactor using a peristaltic pump, which
resulted in flow being divided among the 9 individual chambers. Two
separate sets of experiments were performed under the same
conditions in which biochemical content, mRNA expression, and
data on cell viability using the validated Invitrogen Live/Dead assay
were collected for one study, while histology and immunofluorescence
staining were performed for the other. Cell viability methodology, and
the results are presented in Figure S2 of the Supporting Information.

Biochemical Content. Cell-laden constructs were tested for total
glycosaminoglycan (GAG) and collagen to assess the ECM synthesis
and subsequent secretion. For GAG and DNA quantification, the
construct was thinly sliced into 8 X 2.5 X 2 mm (L X W X H) side-by-
side sections from three separate bioreactor wells (ie, n = 3),
resulting in duplicate side-by-side samples for the surface and deep

zones of the constructs for all three shear regimes, high, medium, and
low. These were digested for 16 h overnight in 125 pg/mL papain
dissolved in pH 6.5 sodium phosphate buffer containing 10 mM L-
cysteine and 10 mM EDTA at 60 °C. Samples for collagen
quantification were digested for 16 h in a 0.1 mg/mL pepsin
dissolved in 0.5 M acetic acid at 4 °C. For respective colorimetric
quantitation of sulfated proteoglycans (GAGs) and collagen,
measurements were completed using one section side for Blyscan
and the adjacent side for Sircol assay kits, both supplied by Biocolor,
Ltd. Biochemical content was normalized to DNA quantified by
papain extracts using the Quant-iT PicoGreen dsDNA Assay kit
(Invitrogen).

mRNA Expression. Quantitative Real Time Polymerase Chain
Reaction (qRT-PCR) was used to measure chondrogenic and
nonchondrogenic mRNA expression in MSCs. Sectioned slices of
cell-laden samples taken from three separate parallel chambers (8 X S
X 2 mm; L X W X H) were washed with PBS solution prior to cell
isolation by immersing the constructs in S5 mM citrate buffer. Total
RNA was isolated using a Purelink mini-RNA kit (Invitrogen), and its
quantity was measured using a nanodrop spectrophotometer.
Superscript IV Vilo (Invitrogen) was used to reverse transcribe
RNA to ¢cDNA for quantitative mRNA expression of Sox9, aggrecan
(ACAN), lubricin, collagen types I, II, and X, and RUNX2. GAPDH
served as an endogenous control, and experimental samples were
normalized to day O cells to compare relative fold changes across
groups. Primer information corresponding to genes of interest can be
found in Table SI in Supporting Information.

Histology. After culture, cell constructs were first washed with
Dulbecco’s phosphate-buffered saline solution and then immersed in
4% paraformaldehyde solution for 30 min at room temperature.
Fixation of tissue constructs was then followed by a series of 3 DPBS
immersions, 20 min each. Samples were stored in 70% ethanol prior
to tissue paraffinization. In this process, the samples were dehydrated
by placing them in an automatic sample preparation instrument
(TP1020, Leica) and then immersing them sequentially in each of the
following solutions for 30 min per immersion: xylene, then 70%
ethanol, followed by immersions in 75%, 95%, and 100% ethanol.
This sequence was replicated 2 times. Fixed hydrogels were finally
embedded in paraffin wax, then sectioned into 7 pm slices using a
microtome, and baked overnight at 40 °C onto positively charged
Leica slides. Sample orientation is provided in Figure SI in
Supporting Information. Sectioned tissue samples were stained for
ECM structure, sulfated GAG synthesis, and proteoglycan production
using the respective Hematoxylin and Eosin (H&E), 1% Alcian Blue,
and 1% Safranin O histological stains. Stained samples were visualized
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Figure 3. Biochemical content indicating normalized total collagen (A)

those in gradated perfused conditions. (N = 3).

Control High Medium Low

and GAG secretions (B) for cell cultures in nonperfused conditions vs

and photographed under a 20X objective using a Nikon light
microscope.

Immunohistochemical (IHC) Staining. Slides containing tissue
samples were deparaffinized to dewax the slides by immersing them
within plastic Coplin jars for two S min rinses in xylene (Sigma-
Aldrich) and then in a series of 3 min rinses, twice each, with 100%,
95%, and 70% ethanol and finally dH,O. Following these rinses, the
slides were incubated one time in a solution containing 5 mM CaCl,
(J.T. Baker) and 100 mM Tris—HCI (RPI) pH 7.3 for 1 h at 37 °C.
Then the slides were incubated in 0.1% hyaluronidase (Sigma-
Aldrich) and PBS for 20 min at 37 °C to increase the pore size and
reveal proteins of interest. Following this, the slides were incubated in
10X PBS containing $% bovine serum (Fisher BioReagents) and 0.3%
Triton X-100 (Thermo Scientific) in a humidity incubation box for 1
h at room temperature. The slides were incubated with primary
antibodies (specific details located in Supporting Information) diluted
in 10X containing 1% bovine serum (Fisher BioReagents) and 0.3%
Triton X-100 (Thermo Scientific) overnight at 4 °C. The next day,
the slides were incubated with secondary antibodies in 10X PBS
containing 5% bovine serum and 0.3% Triton X-100 for 2 h at 4 °C.
Then, the slides were rinsed 2 times with 1X PBS for 5§ min each time.
Table S2 in the Supporting Information shows the protein markers of
interest, primary and secondary antibodies used, and fluorescence
color. Care was taken to divide slide staining protocols into groups
with differing primary antibody hosts. Immunofluorescence-stained
tissue slides were visualized under confocal microscopy at 20X
magnification to identify specific protein deposition and cell markers.

Statistics. Statistical analyses were completed using GraphPad
Software, where a two-way analysis of variance (ANOVA) followed by
a posthoc Tukey’s test provided statistical insight for assessing cell
expression parameters as a function of fluid shear magnitude and cell
location within alginate constructs.

B RESULTS

Bioreactor Modeling. First, we assess the change in fluid
pressure distribution across the inlet manifold as well as
through individual cell chambers, outlined in Figure 2A, to
determine that fluid flows for successive chambers 1, 5, and 9
will be fairly equal. COMSOL modeling results show that
pressures in the inlet manifold will begin at 4.8 Pa at the
entrance of chamber 1 and then decrease by 2.2 Pa to reach a
pressure of 2.6 Pa at the entrance of the ninth chamber. Flows
through each chamber are driven by corresponding pressure
drops of 3.5, 2.5, and 2.4 Pa for respective chambers 1, 5, and
9. We realize from Figure 2B that the velocity will decrease
across the length of the tapered chamber due to increasing
cross-sectional area. Figure 2C supports this, where fluid flows
exhibit higher velocities of 2.4, 1.4, and 1.1 cm/s at the
beginning of reactor chambers 1, 5, and 9, tapering
exponentially downward across the chamber length to
corresponding magnitudes of 0.4, 0.2, and 0.2 cm/s at the
exits. Flow distribution was validated through injection of dye,

with selected videography frames shown in the Supporting
Information along with a corresponding link to the video,
where the flow rate of dye across the inlet manifold is reduced
and the speed at which dye proceeds from inlet to outlet is
reduced slightly from one successive chamber to another.
Our tapered perfusion bioreactor with varying fluid velocity
across each cell chamber leads to changing viscous force
distribution across cell-laden constructs. Our simulation
supports this premise, where we see an exponential decay of

287

fluid shear stresses, provided in Figure 2D, across the length of 288

our cell chamber. We designate hydrodynamic shears as either
high, medium, or low, separated into 8 mm segments, which
correspond to average shear magnitudes of 41, 8.4, and 3.8
mPa for chamber 1. When comparing these findings to
chambers S and 9, average viscous shears are respectively
calculated as 25 and 22 mPa for high, 5.4 and 4.5 mPa for
medium, and 2.5 and 2.2 mPa for low fluid shears. We note
there is significant overlap for average fluid shear regimes
between parallel chambers when transitioning from a 22 to 41
mPa range for high, 4.5 to 8.4 mPa for medium, and finally 2.2
to 3.8 mPa for low shear ranges. Based on our modeling
predictions and flow distribution confirmation through dye
injections (Supporting Information document), we are
confident that our multichambered perfusion bioreactor
maintains similar hydrodynamic environment sets, high,
medium, and low, for all the individual cell chambers.
Biochemical content, mRNA expression, and histological/
IHC staining findings from our 14 day bioreactor culture will
further demonstrate that our gradated hydrodynamic environ-
ment induces chondrogenesis, which differs region-by-region
for surface shears as well as with tissue depth.

Biochemical Content. Analysis of total collagen and total
GAG as a function of surface shear and depth compared to
static control offers an initial assessment of tissue synthesis and
whether we might expect variations in the subtypes of matrix
components manufactured by the cells. First, we note from
Figure 3A,B for total collagen/DNA and GAG/DNA there are
no statistically significant differences between the static control
and any portions of the tissue construct exposed to varying
levels of shear on the surface, whether for the upper surface or
deeper regions. This indicates all tissues contain viable healthy
cells producing the anticipated types of proteins typically
present in ECM. There are small differences, such as total
collagen localization near the construct surface for high and
medium surface shears and deeper in the construct for low
surface shears. In addition, small GAG increases exist for
medium- to low-surface-shear cell regions. These small but
apparent differences offer some indication that while the
overall totals in the more abundant and common ECM
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Figure 4. mRNA for Sox9 (A), Runx2 (B), Sox9/Runx2 (C), lubricin (D), ACAN (E), COL2A1 (F), COL1A1 (G), and COL10A1 (H) relative to
day 0 MSCs. Results are shown for cells exposed to nonperfused vs perfused cultures at high, medium, and low surface shears and surface vs deep

experimental conditions. (N = 3, *, *%¥, *#¥; y < 0.05, <0.01, <0.001).

328 constituents remain relatively constant, much more may be
320 happening in terms of the subtypes of proteins produced and
330 that precise control of such stimuli is critically important for
331 the future of tissue engineering in the biomanufacture of
332 tissues with anisotropic properties.

333 MRNA Expression. Investigating a wide assortment of
334 expressed genes for experimental samples enables us to
335 determine how a gradated hydrodynamic environment affects
336 gene up- or down-regulation toward chondrogenic or,
337 alternatively, more hypertrophic cell differentiation. Beginning

with chondrogenic transcription factor Sox9,’’ findings
displayed in Figure 4A indicate gene upregulation for cells
grown in a perfused environment where distinct regions in our
engineered construct show strong gene expression. This
observation is supported by increased Sox9 expression,
compared to static controls, in the 1.5—1.9-fold range for
MSCs stimulated by high to medium surface shears and those
deep within the tissue with surfaces stimulated by low fluid
shears. Simultaneously, our bioreactor significantly reduces
osteogenic Runx2 transcription factor marked by a fold change
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Figure S. Histological staining of cell-laden scaffolds shows definitive chondrogenesis with respect to static controls and more dense staining at
higher shear stresses. (A) H&E staining showing ECM structure, (B) Alcian Blue staining for sulfated GAG, and (C) Safranin O staining for

proteoglycan. 20X magnification.

in the 0.21—0.45 range (p = 0.0005—0.055) as indicated in
Figure 4B. Sox9/Runx2 ratios in Figure 4C accentuate our
argument that gradated fluid perfusion serves to commit MSCs
toward a chondrogenic lineage where these ratios are
significantly upregulated in all cases and by as much as 6.7-
fold for cells stimulated by high fluid surface shears (p = 0.02)
and 7.4-fold for cells beneath the tissue surface that are
stimulated by low fluid surface shears (p = 0.001).

We monitored the expression of chondrogenic marker genes,
including lubricin, ACAN, and collagen type II (COL2A1),
and compared these mRNA profiles to those of fibrocartilage
collagen types I (COL1A1l) and hypertrophic type X
(COL10A1). Figure 4D—F demonstrates that our hydro-
dynamic environment improves cell chondrogenic expression,
supported by upregulated fold-change ranges of 20—40 for
lubricin (p = 0.0001—0.009), 1.2—2.1 for ACAN (p = 0.008—
0.096), and 2—8-fold for COL2A1 (p = 0.0001—0.03). When
comparing these results to control samples that exhibit
hypertrophic expression, we see further evidence of chondro-
genic behavior in Figure 4GH, where the expression of
COL1AIl and COL10ALI is dramatically reduced in a perfused
cell culture environment. Downregulated COLIAl and
COLI10AL1 correspond to fold changes in the 0.13—0.22 (p <
0.0001) and 0.001—0.004 ranges (p < 0.0001) compared to
372 static controls. Hence, the trends in mRNA data for lubricin,
373 COL2A1, COL1Al, and COL10Al data agree with what we
374 would expect with the Sox9/Runx2 regulatory gene ratios.

375 In our analysis of biochemical content outlined in Figure 3,
376 there was some indication that different surface fluid shear
377 magnitudes influence cell ability to secrete total amounts of
378 protein within certain categories, i.e., collagens and glyco-
379 saminoglycans. We expected that tracking gene expression
380 profiles would further reveal specific mRNA types that are
381 upregulated in our engineered tissue grown in a gradated fluid
382 shear environment. Indeed, our reporting of expressed genes
383 agrees with this premise, where maximal upregulation of
384 COL1A1 shows a significant 1.8-fold increase for cells
38s stimulated by high surface fluid shears compared to low
386 surface fluid shears (p = 0.01). A similar trend is also observed
387 for MSCs exposed to medium surface fluid shears, where
388 lubricin is maximally expressed and significantly higher by 1.2
380 and 2.1-fold than that in both corresponding high and low
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surface fluid shears, while ACAN is higher by 1.8—1.7-fold
than high and low surface fluid shears (p = 0.054 and 0.002).
While not statistically significant, we also see that certain genes
in our engineered tissue are more prominently expressed in
distinct tissue regions stimulated by the various viscous shear
levels. This effect is evident for MSCs stimulated by high to
medium surface fluid shears, in which their expression of Sox9
is 1.6 and 1.8-fold higher than cells grown under low surface
fluid shears, respectively. We also see this for cells exposed to
the low surface fluid hydrodynamic environment, where
expression is increased to the 1.4—1.5-fold range for
COL2A1 and the 1.4—2.4-fold range for COL10A1 over that
for the high and medium shear ranges. In summary, our
controlled delivery of gradated fluid shears across the top
surface of alginate-encapsulated MSCs strongly influences gene
expression profiles, thus creating a diverse gene-expressing cell
population all within the same construct. More importantly,
comparing these differences to how cells behave deep within
the alginate matrix provides meaningful insight into how cells
sense mechanical stimulation.

Our data show that mRNA profiles for Sox9, lubricin,
ACAN, COL2Al1, and COLI1ALl illustrate significant local-
ization near the cell construct surface, which differs from cells
nearer the bottom. Respective Sox9 expression is 1.6-fold (p =
0.41) and 2.7-fold (p = 0.01) higher at the surface for cell
regions stimulated by high and medium fluid shears than cell
populations directly beneath them. In contrast, for low surface
shear, we observe an opposite trend where Sox9 and lubricin
for cells deeper beneath the surface exhibit higher expressions
than those near the surface by respective 2.0-fold and 1.7-fold
(p = 0.044 and 0.10) higher values. Correspondingly, we see
localized expressions of lubricin, COL2A1, and ACAN for cells
nearer the construct surface in comparison to those deeper in
the tissues; for lubricin, localizations are 1.5 and 1.8-fold (p =
0.23 and 0.01) higher for respective high and medium shears;
this is also supported by COL2A1 upregulations in the 1.8—
5.0-fold range (p = 0.0001—0.05), and ACAN increases in the
1.3—2.6-fold range (p = 0.0015—0.89) for high, medium, and
low shear cell regions. For COL1A1 there is an insignificant
difference between expressions observed for cells relative to
distance from the surface, but we do see for high shears that
expression is on average 1.4 and 1.7-fold higher for the
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Figure 6. Region-by-region IHC protein staining for (A) Sox9/Runx2, (B) Lubricin/Type II collagen, (C) Aggrecan/Versican, and (D) collagen
types I/X all captured at 20X magnification.
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Table 1. Findings for Regionally Directing Cell Chondrogenesis.”
Shear (1)
Surface /| Key Cell Culture Findings Conclusions Literature
Deep
mRNA mRNA3"32
ARunx2: 4.7-fold*** Significant expression of vSo0x9;aCol10; aCol1
Static aCol10: 280-fold*** Runx2, Col1 and Col10 hy- ECM "3
Control Histology pertrophic markers in addition v Col; yGAG
Low sGAG & proteoglycan to inferior matrix synthesis. Protein’516:31
IHC: vSox9; vCol2 vACAN; vLub
Superficial Zone:
High © 'T‘RNA . Presence of Lub, Col2, and
Alub: 33-fold . h
22 - 41 ACol2: 5.4-fold*** VCAN markers with noticea-
mPa vCoI1'-0 éz-fold*** ble Col1 levels (1.8-fold > 100 mPa _t
Histolo Low t surface) A shear modulus 5 MPa
Surface Tsloogy High shear stresses yield cell 120 mPat’
Surface localized proteins A - ==
IHC: AVCAN: 4Col characteristics supporting Alub; a Col2
_ ’ synovial joint formation 50-210 mPa 1 ®
mRNA 4 66% shear modulus
Hiah < ¥Sox9: 0.96-fold Evidence of cell chondrogen- |4 Safranin O staining for
9 vACAN: 0.59-fold esis but at a lower degree proteoglycans
Dee Histology (0.67-fold Lub & 0.55-fold
P | Lower synthesized proteins Col2 < High 1 surface)
IHC: 4Sox9; vCol10
Superficial/Middle Zone:
mRNA Tissue region with st_rong
- e chondrogenic commitment
Med. z 4S0x9: 1.8-fold supported by expression of
45-84 alub: 40-fold***
mPa AACAN: 2.1-fold* Srosxg, Lub, and ACAN mark- . I%;
Histology ‘ L ALolz AL0l1 VB pro-
Surface | Surface localized proteins Cell characterizations for me- tein density
. . dium fluid shears show re- 46mPat @
IHC: alub; a ACAN . . =2 T
— semblance to Superficial/Mid- A maximal GAG produc-
dle zone AC. tion compared to higher
mRNA fluid shears up to 56
: - P
Med 1 vSox9: _0'64 fold Similar observation as High t mra
vACAN: 0.8-fold
! deep (0.4-fold Sox9 & ACAN
Deep Histology < Medium t surface)
Less dense protein levels
IHC: 4Sox9; vCol1
Deep” Zone:
Low t mRNA Dramatic shift in cell behavior
vSox9: 0.96-fold . L .
22-338 . . with definitively higher Col2 & 34
P 4Col2: 8.0-fold Col10 expression (1.5 & 2- 1.2 mPa 1
mta vCol10: 0.01-fold*** fold > higFr)1 7) ’ ACol2/Col1 WB protein
Surface Histoloay : Collagenous matrix formation density
Less dense surface proteins 13
. R at from low shear stresses re- 1 um/sec
IHC:_aCol2; aCol10
sembles Deep zone AC. 4155% total collagen
mBNA Sox9 & Lub gene expression 10 uym/sec
ASo0x9: 1.9-fold L 20-fold Sox9 & 108
Low aLub: 32-fold*** levels contrast f|nd|_ngs for A 20-fo OX -
Histolo other deep cell regions (2-fold|fold COL2 m_RNA upreg-
Deep Dense proteins deep within Sox9 & 1.7-fold Lub) ulation
construct
IHC: aSox9; aCol10

“Findings compared to static control samples; control values compared to averages for all shear samples; *p < 0.05, **p < 0.01, ***p < 0.001. bwB
= western blot. “Refers to deep zone AC characteristics, which differ from our deep or subsurface cell region. “Key: increase (A, green) or
decrease (W, green) in factors supporting chondrogenic differentiation; increase (A, red) or decrease (W, red) in factors representing less

chondrogenic differentiation.

432 respective average medium and low shear values. For Histology. Further support of region-by-region chondro-
433 COL10AL, exposure to low surface shear indicates an apparent genic variation is offered by histological staining. H&E, Alcian
434 increase by an average of 2.5 and 1.9-fold compared to average Blue, and Safranin O stains depicted in Figure SA—C
435 values for the high and medium shears. Collectively, our data corroborate our gene expression findings where we see
436 provide evidence that our tapered perfusion bioreactor synthesis of a densely organized matrix contrasted to sparse
437 differentiates cells toward a heterogeneous chondrogenic tissue formation exhibited by static nonperfused samples.
438 lineage where their gene expression is a resultant of a changing Primarily, these images reveal evidence of MSC chondro-
439 fluid environment and vertical depth throughout an alginate genesis, in which sulfated GAG (sGAG) and proteoglycan
440 scaffold. protein markers, representative of cartilage formation, appear
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for stimulated samples. Comparisons that assess the effect of
fluid shear distributions on chondrogenic tissue synthesis
provide further evidence of anisotropic tissue production.
Safranin O and Alcian Blue staining indicate region-by-region
differences in tissue composition, showing patterned protein
localization. In Figure SB fluid shear stress magnitude affects
SGAG accumulations, where dense Alcian blue stains for cell-
encapsulated constructs exposed to high and medium surface
fluid shears are contrasted by a less dense sGAG presence for
construct regions stimulated by low surface fluid shear. This is
also valid for AC proteoglycan content, where Safranin O
stains depicted in Figure SC indicate a similar observation in
which we see concentrated staining at the surface of cell
constructs grown under a high and medium hydrodynamic
environment. Furthermore, this observation of surface-
localized proteoglycan secretion is less defined for construct
regions stimulated by low fluid shears, as revealed by denser
protein accumulation within the deeper sections of the
scaffold. Note the small circular stained cluster located deep
in the construct region for this hydrodynamic regime is likely a
collection of nonviable cells settled to the bottom during cell-
laden scaffold preparation. Regardless, this comparison of
surface and deep tissue regions exposed to gradated surface
fluid shears coincides with our argument assessing the fluid
shear magnitude in which AC protein localization at the
construct surface is regulated by the level of viscous surface
shear.

IHC Staining. Our bioreactor culture findings demonstrate
that our perfusion bioreactor system serves to differentiate
MSCs to express chondrogenic genes, which contribute to
their development of a dense ECM network more
representative of AC production. With the goal of uncovering
detailed ECM protein composition, we implemented ITHC
staining methods to further validate the cell chondrogenic
commitment within a perfused environment. Similar to mRNA
findings, fluorescent stained images for Sox9 in Figure 6A show
abundant protein expression throughout the different layers of
our cell construct that is considerably higher than static control
samples. Earlier, we demonstrated that Sox9 gene upregulation
corresponds to the expression of supporting chondrogenic
genes. IHC protein stains of lubricin and COL2A1 in Figure
6B and ACAN and VCAN in Figure 6C collectively support
this claim, in which Sox9-expressing cells within a perfused
environment are secreting higher amounts of chondrogenic
proteins. By comparison, static cell culture results reveal that
chondrogenic differentiation is not well-established, as shown
by the lesser abundance of AC protein markers. Rather, it is
fibrocartilage collagen type I and hypertrophic collagen type X
proteins that are primarily associated with this unstimulated
sample. Though staining intensities for these proteins in
addition to Runx2 are not as strong as we would expect from
gene expression data, our characterizations of chondrogenic
proteins for our control indicate less lubricin, type II collagen,
and ACAN expression. Once again, we see that our bioreactor
culture promotes cell chondrogenic commitment, which is
further supported by protein expression of lubricin, COL2A1,
and ACAN. Furthermore, our tracking of versican (VCAN), a
proteoglycan present during MSC condensation and playing a
pivotal role in cell chondrogenesis, also provides indication for
cell differentiation. The IHC staining results show more
abundant protein markers for COL1A1 and VCAN in cells
stimulated by a high surface fluid shear regime. This is in
contrast to MSCs grown within lower hydrodynamic shear

environments in which there is a shift in protein markers in
favor of moreabundant lubricin, COL2A1, and ACAN
presence for medium fluid shears and COL2A1 and
COLI10A1 for low fluid shears. Here, our IHC findings, in
addition to corroborating mRNA and histology data, support
that a gradated fluid environment influences cell chondrogenic
fate in which protein expression differs region by region.

B DISCUSSION

To better discuss the overall trends in light of collective
chondrogenic indicators, we summarize results in Table 1 for
bioreactor chondro-inducing capabilities and contrast these
results with findings in the literature. Arrows designated as
green up, A, refer to increases in preferable qualities, and
green down, W, to decreases in nonpreferred qualities. The
red arrows, A or WV, respectively indicate undesirable
increases or undesirable decreases in chondrogenic qualities.
One overall trend in the key cell culture findings within Table
1 is the highly upregulated biomarkers, including Sox9,
lubricin, ACAN, and type II collagen, confirming cell
chondrogenesis for perfused constructs. In contrast, we see
dramatically increased Runx2, COL1Al, and COL10A1 gene
expressions along with less organized matrix synthesis for static
controls, demonstrating undesirable cell movement from AC
characteristics. We acknowledge that the data presented in
these studies were obtained from cells sourced from a single
donor. Given that MSC chondrogenesis varies across donors
due to in vivo functional differences’® and age- and gender-
related conditions,” it will be important for future
investigations to evaluate how cells from multiple donors
respond to fluid flow and assess potential variability. Overall,
our gradated fluid perfusion environment demonstrates
improved chondrogenic differentiation. Next, we will discuss
specific regions of our final 14 day construct and compare
results to desirable qualities as they relate to trilayered AC
development.

Our second objective is to understand whether varying
magnitudes of fluid shear for the same cell construct led to
regional differentiation of MSCs with cells expressing different
types and amounts of chondrogenic markers, and if this
protocol yields an anisotropic tissue moving tissue toward a
striated construct similar to that of AC. Indeed, such
differences exist for our engineered tissue. In Table 1, we see
near the surface for high fluid shears improved chondrogenic
gene upregulations for lubricin and COL2A1 by 33- and 5.4-
fold, respectively. While the COL1Al gene is also down-
regulated here by 0.22-fold for both the surface and deep
regions compared to the static control, cells within this
hydrodynamic shear regime express nearly 2-fold higher
COLI1ALl levels compared to cells exposed to lower fluid
shears. This is corroborated by our tabulated IHC character-
izations showing adequate presence of lubricin, ACAN, and
type II collagen, which further supports the formation of a
surface-localized proteoglycan matrix. In addition, IHC
findings at our highest shears reveal strong COL1Al and
VCAN expression, which is substantially higher than that
found in any other tissue region. We see agreement with
previously reported findings indicating production of a dense
proteoglycan matrix supported by Safranin O staining with
shear moduli enhancements by 66% for cell constructs
stimulated by a high fluid shear regime in the 50—210 mPa
range.'”'® Specifically, Chen et al. report manufacturing of a
superficial zone for a 14 day agarose-encapsulated chondrocyte
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575 study, where fluid shear stimulations of 120 mPa led to
s76 increased GAG production by 1.4-fold and considerable
577 localization of COL2A1, ACAN, and lubricin proteins.7 This
578 is consistent with our observations for high surface shears,
579 where gene upregulations and IHC stains demonstrate
580 improved expression of similar differentiation markers. We
s81 conclude that our surface fluid shear in the 22—41 mPa range
s82 contributes to the differentiation of MSCs to an ACh lineage
s83 moving toward superficial zone-like ECM properties, as
sg4 supported by strong lubricin gene expression and adequate
sgs protein production of type II collagen molecules.

s86  Next, we track the change in MSC maturation as the surface
587 hydrodynamic environment transitions to medium fluid shears
sg8 in the 4.5—8.4 mPa range, where we see both superficial and
589 middle zone chondrogenic properties. As shown in Table 1, we
590 observe a maximum upregulation of ACAN and lubricin genes
s91 by 2.1 and 40-fold, respectively, that is considerably higher
s92 than neighboring regions, in addition to correspondingly high
593 levels of Sox9 and COL2A1 genes by 1.8 and 5.8-fold,
594 respectively, compared to that of static control tissue. Further
s9s support comes from Safranin O staining, where we detect
596 concentrated proteoglycan synthesis at the tissue surface, and
s97 IHC staining for ACAN being the strongest of any region and
598 Sox9, lubricin, and COL2A1 proteins being among the
599 strongest in comparison to other regions. Similar findings are
600 present in the literature for viscous shear in the 4.6—6.7 mPa
601 range, where perfusion bioreactor studies result in a 100%
602 increase for COL2A1/COL1A1 Western blot protein density
603 and a 4.5% increase for GAG deposition compared to static
604 control samples.””> Work completed by Raimondi et al.”
605 provides insights about recapitulating a gradated interstitial
606 fluid shear environment for chondrocytes seeded onto a
607 porous polyurethane foam where they experiment with
608 hydrodynamic interstitial shears in the 4.6—56 mPa range. At
609 4.6 mPa, their results indicate a maximum increase of GAG
610 content 28% higher than cells stimulated by the higher 56 mPa
611 shear level. Though our biochemical characterizations show
612 minor variation between fluid shear groups, we do see a similar
613 trend for our mRNA, histology, and IHC analyses, where
614 sSGAG and collagen expression, particularly ACAN and
615 COL2Al, are improved for our manufactured cell construct
616 at the medium shear range. The high levels of ACAN,
617 COL2A1, and lubricin at this shear range resemble
618 chondrogenic markers for superficial zone lubrication as well
619 as middle zone increases in ACAN presence.””*°

620 In our assessment of the MSC fate for low surface fluid shear
621 in the 2.2—3.8 mPa range, we observe changes in differ-
622 entiation markers somewhat more representative of hyper-
623 trophic behavior. Cell mRNA expressions in Table 1 support
624 this, where Sox9 is downregulated by 0.96-fold compared to
625 upregulations of 1.5 and 1.8-fold in the respective high and
626 medium surface shear ranges. Most notably, cell character-
627 izations for this construct region indicate improved likelihood
628 of collagen formation with an 8.0-fold increase in COL2A1 and
629 a maximum value of 0.01-fold for COL10A1, the latter being
630 2.5-fold above the high shear region and 1.4-fold above the
631 medium shear region, which is validated qualitatively by IHC
632 protein stains. Corroborative evidence from literature shows a
633 155% increase in total collagen secretion and 108-fold higher
634 COL2AL1 expression for very low shear regions resulting from
635 fluid velocities in the 1 to 10 ym/s range when compared to
636 static conditions."”*" Of further support is work by Raimondi
637 et al.”’ where western blot protein density for ACh-seeded

—

—_

polyurethane foams shows maximum COL2A1/COLIALI 638
levels for fluid shears of 1 mPa. In their observation, they 639
correlate COL2A1/COLIAL increases to fluid shear magni- 640
tude, in which 1 mPa hydrodynamic shears promoted 641
COL2AL protein synthesis with considerably less hypertrophic 642
COL1AL protein expression. This ratio was 286% higher than 643
static controls and 109% higher than a 7 mPa fluid shear 644
magnitude. Our findings also show statistically lower values for 645
COLIA1 gene expression with 0.59- and 0.87-fold reductions 646
compared to the respective high and medium shear ranges, 647
favoring COL2A1 protein expression over COL1A1 as shown 648
further by IHC stains. Assessing the data collectively, we show 649
our lowest surface shears move cells toward a slightly more 6s0
hypertrophic fate, expressing more COL10Al mRNA and ss1
corresponding protein levels, resembling more what is 6s2
expected of cells located in deep zone AC that produce a 653
mineralized matrix higher in type X collagen.”* The transition 654
in this zonal region provides supporting evidence that MSCs 6ss
are moving toward a mature ACh lineage with characteristics 656
similar to the deep zone near the subchondral bone, where 657
hypotrophy is known to occur.*® 658

Finally, looking at deep tissue properties for our cell 659
construct shown in the first column of Table 1, less desirable 660
characteristics infer that some level of direct stimulation, in our 661
case fluid perfusion, is more important than the position within 662
the tissue. Specifically for the deep or subsurface regions, 663
ACAN across all shear levels falls to the 0.59—0.93-fold range 664
with respect to the static control. COL2A1 is significantly 665
lower in all cases than that of the surface, and Sox9 is in the 666
0.65—0.96-fold range for the deep region for the high and 667
medium shears. In the low shear range, gene expressions for 668
Sox9 and lubricin are high; however, as stated, other 669
chondrogenic indices are in a less desirable range. These 670
data strongly infer that some form of mechanical stimulation is 671
required for subsurface cell regions to achieve similar 672
proteoglycan levels exhibited by the AC Deep zone found in 673
vivo, which provides compressive strength.’””® This is 674
supported by previous work from our group in studying 675
AChs in porous chitosan—agarose (CHAG) scaffolds and 676
interstitial fluid shear of 40 mPa shows dramatic improvements 677
compared to nonperfused samgles in chondrogenic gene 678
expression and matrix synthesis.”> This lays the groundwork 679
for further investigation of cell maturation in relation to so
vertical depth in combining porous scaffolds through which the 681
medium will perfuse in our gradated fluid shear environment. 682

B CONCLUSIONS AND FUTURE DIRECTIONS 683

In summary, our work demonstrates that providing a broad es4
hydrodynamic regime, in our case fluid perfusion within a 68s
bioreactor, regulates the MSC chondrogenic fate. Beginning 68s
with our COMSOL simulation, our modeling for our tapered 687
perfusion bioreactor shows that fluid velocities and surface 688
shears will result in a gradation in magnitude for each parallel 689
cell chamber due to the changing cross-sectional area of the 6%
cell chamber design. By implementing a range of cell culture 691
characterizations, we show differences in cell expression related 692
to the heterogeneous hydrodynamic environment and relate 693
our findings to what is known about chondrogenic markers 694
associated with superficial, middle, and deep zone AC. Most 695
notably, our work along, with supporting literature evidence, 696
lays the groundwork for designing systems capable of 697
generating a trilayered cartilage construct. Limitations in the 698
work include a need for better staining of the proteins within 699
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700 the matrix rather than those within and around the cells. For
701 this, an improved method for IHC should be used to reveal
702 extracellular matrix proteins, not just those within the cell, as
703 this has been done in numerous other studies.”"> Future
704 studies are also needed in a reformed multichamber system to
705 maintain a more uniform fluid flow gradient between all nine
706 parallel subunit bioreactors by increasing the depth of the inlet
707 manifold to create a much smaller pressure drop through the
708 manifold to decrease variation from one bioreactor well to
709 another. Throughout our work, we primarily discuss the effects
710 of fluid shear stress, as it contributes to chondrogenic cell
711 differentiation. While this aspect is critical for understanding
712 how cells respond to mechanical signaling, additional factors
713 such as nutrient transportation by fluid flow also demonstrate
714 improvements for cell growth and differentiation that may be
715 at play.””** Further understanding of nutrient transport issues
716 is needed for studies using a unique fluid perfusion
717 environment similar to the one addressed in our work. In
718 addition, in vivo hydrostatic pressure is known to be a
719 contributing mechanical factor in the native AC environment.
720 For example, previous researchers have shown cells exposed to
721 oscillating hydrostatic pressure (OHP) magnitudes ranging
722 from 0.1 to 10 MPa have strongly increased Sox9 mRNA
723 expression by 4-fold, which leads to abundant gene
724 upregulation and protein expression of chondrogenic markers
725 supporting enhanced tissue biomechanics.*' ~** Future consid-
726 erations include combining surface fluid shear gradients,
727 porous supports, and OHP, where their additive effects are
728 expected to lead to production of a more distinct trilayered
729 tissue with stronger regional characteristics similar to zonal AC
730 organization. MSCs pooled from multiple donors also expand
731 the generalizability of such studies.

—

—
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