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Abstract

Chondrocyte seeded scaffolds were cultured in an ultrasound (US) assisted bioreactor, which
supplied the cells with acoustic energy around resonance frequencies (~5.0 MHz). Polyurethane-
polycarbonate (BM), chitosan (CS) and chitosan-nButanol (CSB) based scaffolds with varying
porosities were chosen and the following US regimen was employed: 15 kPa and 60kPa, 5 mins/
application and 6 application/day for 21 days. Non-stimulated scaffolds served as control. For BM
scaffolds, US stimulation significantly impacted cell proliferation, and the depth dependent cell
population density compared to controls. Highest COL2A1/COL1A1 ratios and ACAN mRNA
were noted on US treated BM scaffolds compared to controls. Similar trend was noted on US
treated cell-seeded CS and CSB scaffolds, but COL2A1/COL1A1 ratios were significantly lower
compared to BM scaffolds. Expression of SOX9 was also elevated under US and paralleled the
ratio of COL2A1/COL1AL. As an original contribution, a simplified mathematical model based
on Biot theory was developed to understand the propagation of the incident US wave through the
scaffolds and the model analysis was connected to cellular responses. Scaffold architecture
influenced the distribution of US field; with the US field being the least attenuated in BM
scaffolds, thus coupling more mechanical energy into cells, leading to increased cellular activity.

1. INTRODUCTION

The field of tissue engineering promises to yield substitutes that could potentially overcome
the limited availability of native explants [1-3]. For example, tissue engineered neo-
cartilage with appropriate biomechanical properties holds promise both for graft applications
and as a model system for controlled studies of chondrogenesis [4, 5]. Research in the
“engineering aspects” of cartilage-tissue equivalents typically involves the fabrication of
scaffold, design and evaluation of appropriate bioreactors and controlling stem-cell fate to
enable an alternate source of cells [6, 7]. Currently, all aspects of the tissue engineering
process are undergoing intensive research, starting with the choice of cell source, cell
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selection, in vitro cell expansion, scaffold design, cell seeding and bioreactor cultivation and
conditioning [8-11]. Typically, many of these aspects are inter-related. For example, while
bioreactors are mainly designed to alleviate mass-transfer limitations, they also provide
mechanical conditioning to the developing tissue and impact cell colonization depending
upon the scaffold microstructure [12-16]. The long-term research objective is to achieve
uniform cell distribution and cell differentiation throughout the scaffold volume so that a
robust tissue, both biochemically and biomechanically, may be generated.

To obtain uniform cell colonization and cellular in-growth into the thickness of the scaffold
over the duration of culture, scaffold designs offering highly interconnected and accessible
pore networks are often fabricated. Most of the scaffolds used in current tissue engineering
applications possess pore diameters ranging from 50-500 pm, with a total porosity of 48—
95% [17]. Other features indicative of successful cell infiltration include pore
interconnectivity/tortuosity and scaffold permeability. We note that reduced pore
connectivity may indicate closed pores, thus limiting the route for colonization with duration
of culture.

Factors that impact cell colonization other than the structural features of scaffold are: (1) the
cell seeding method employed which controls the initial spatial distribution of cells and (2)
mechanical conditioning of the cell-scaffold construct during culture [11, 18, 19]. In static
surface seeding method; where the cells are first evenly layered on top of the scaffold and
cultured, variable results were obtained and many studies reporting non-uniform cellular
distributions [20]. To better exploit the principle of convective transport of cells in scaffold
seeding, perfusion of cell suspensions through porous polymeric foams in flow bioreactor or
under orbital shaking and centrifugation was investigated [18, 21-23]. Variable results have
been attained with dynamic seeding; orbital shaking has been noted to yield highest spatial
distribution of cells in the construct at 7 days in culture [21]. In general, static or dynamic
cell seeding methods used in conjunction with perfusion bioreactors yielded a uniform initial
cell distribution.

Conditioning of cell-seeded constructs during culture offers several important advantages
compared to static culture systems, such as enhanced mass transfer of O, and nutrients by
convective fluid flow, the ability to provide mechanical forces influencing tissue
development and better control over culture conditions [24]. The flow of medium through
the scaffold porosity benefits cell differentiation by enhancing nutrient transport to the
scaffold interior and by providing mechanical stimulation to cells in the form of fluid shear
[25, 26].

Our previous work has shown that the stimulation of in vitro chondrocyte cultures by low
intensity continuous US can modulate the signal-transduction pathways leading to
chondrocyte-specific gene regulation or RNA translation of a protein product, or both [27,
28]. Thus, to capitalize on the positive bioeffects of low intensity continuous US and apply
them to the field of cartilage tissue engineering, our laboratory has designed and developed
an ultrasonic bioreactor configuration that uses US to stimulate chondrocytes maintained in
in-vitro culture [29]. Aspects of ultrasound that would negatively affect cells, including
temperature and cavitation, were shown to be insignificant for the ultrasound protocols used
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covering a wide range of frequencies and pressure amplitudes, including the ones used in the
present study. We found that some aspects of US that would negatively affect cells,
including temperature and cavitation, were insignificant for a wide range of US frequencies
and pressure amplitudes including those used in the present study.

This paper has two research focuses. First, we assess whether culturing chondrocytes seeded
scaffold under low intensity continuous US stimulation in an US-assisted bioreactor that
supplies the cells with acoustic energy around resonance frequencies can yield uniform cell
proliferation and cell population density throughout the porous scaffold. Second, we
investigate whether the spatial architecture of scaffold and US stimulation can regulate post-
expansion re-differentiation and maintenance of chondrocyte phenotype. We posit that the
use of the US assisted bioreactor will result in a higher cell population density throughout
the scaffold volume by preventing peripheral encapsulation, and coupled with mechanical
stimulation of the cells, will provide an improved chondrogenic response by the bovine
articular chondrocytes (BAC) cells cultured on scaffolds.

For the current study, we have used (a) chitosan scaffolds fabricated via the conventional
freeze-drying-lyophilization (FDL) process [30, 31], (b) chitosan-10% nButanol scaffolds
with improved porosity prepared via the emulsion FDL [32] and (c) polycarbonate-
polyurethane based elastomeric scaffold, a generous gift from Biomerix Corporation, CA.
We have employed static surface seeding method to minimize the orthogonal effects of
flow-assisted cell seeding. We assessed cell proliferation with respect to US stimulation and
culture duration. Next, we have evaluated cell population density (i.e. an indirect measure of
cell proliferation) at a given depth in the axial direction of the scaffold and their distribution
on a particular scaffold via image analysis obtained with Confocal Microscoscopy. We
observed cell morphology with Scanning Electron Microscopy (SEM). Our studies are
supported with gene expression analyses for Collagen 1A1, Collagen 2A1, Sox-9, Aggrecan,
Collagen 10A1, TGFB1 and TGFB3 via Real-Time qRT-PCR (Real Time quantitative
Reverse Transcription polymerase chain reaction), and protein expression analyses for
Collagen 1A1, Collagen 2A1, Sox-9, Aggrecan protein expression by western blotting. To
better explain the experimentally observed cellular distributions, we developed a simplified
mathematical model based on Biot theory that (a) captures the essential interactions to
predict the propagation of the incident US wave through the scaffolds with different
geometries, and (b) assessed the dampening of the US in the scaffold and, finally,
connecting the analysis to cellular responses.

2. MATERIALS AND METHODS

2.1. Reagents

Unless otherwise specified, all reagents were of analytical grade or better and purchased
from Sigma Aldrich. Chitosan with a degree of deacetylation of 83% was purchased from
Vanson (Redmond, WA) and used without further purification. A polycarbonate
polyurethane-based scaffold (Biomerix 3D Scaffold™) received as a generous gift from
Biomerix, Inc. (Freemont, CA) and denoted as BM.
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2.2. Scaffold preparation

Chitosan (denoted as CS) scaffolds were prepared by the freeze dry lyophilization (FDL)
method detailed elsewhere [30, 31]. In parallel, chitosan was also mixed with 10 vol% n-
Butanol and the scaffolds were prepared by emulsion freeze dry lyophilization (denoted as
CSB) [32]. The CS, CSB and BM scaffolds were cut with a biopsy punch into specimens of
5 mm x 2.5 mm (diameter x thickness). CS and CSB scaffolds were neutralized with 0.25 M
NaOH followed by thorough rinsing with deionized water. BM, and neutralized CS and CSB
scaffolds were either directed to the scaffold sterilization step or dried in the lyophilizer for
material characterization.

2.3. Characterization of scaffolds

2.3.1. Variable pressure scanning electron microscopy (VPSEM)—The
morphologies of the scaffolds were characterized by VPSEM (Hitachi S-3000N) at Center
of Biotechnology, University of Nebraska Lincoln (Lincoln, NE) following the standard
procedure detailed elsewhere [33]. Pore diameters were measured using image analysis
software (ImageJ™, National Institute of Health, USA).

2.3.2. Mercury Intrusion Porosimetry (MIP)—MIP measurements were performed at
the Materials Science and Engineering Research Facility at the University of Washington
(Seattle, WA). Micromeritics Autopore IV 9500 Porosimeter was used to analyze the
samples and Autopore IV software was used to generate pore-related data.

2.4. Cell culture

2.4.1. Bovine chondrocytes isolation and culture—Bovine articular chondrocytes
(BAC) were isolated using the standard procedure detailed elsewhere [33]. Frozen cell
stocks were thawed and expanded in RPMI11640 medium supplemented with 10% FBS, 2 g
NaHCO3, 1 mM sodium pyruvate, 1 mM antibiotic-antimycotic and 25 pg/ml L-ascorbic
acid. The same medium was used in the culture of cell-seeded constructs. Cultures were
maintained at 37°C under a 5% CO, humidified atmospheric chamber. Passage-2 cells were
serum deprived for 24 hours by replacing 10%FBS with 0.1% FBS in the culture medium,
trypsinsized and used in all cell seeding experiments.

2.4.2. Scaffold sterilization and cell seeding—CS, CSB and BM scaffolds were
sterilized with sequential treatments of 70% and 90% ethanol solution for 1 hour followed
by sterile 1X PBS rinse and incubation in cell culture medium (RPMI with 10% FBS) for 12
hours. Prewetted scaffold disks were seeded with bovine chondrocytes at a seeding density
of 2 x 104 cells/scaffold by pipetting cell suspension onto a side of each scaffold (Figure 1)
and placed in the incubator for 4 hours to facilitate cell adhesion. Scaffolds were then
transferred to a new 6 well TCP plate housing a cellcrown™ insert/well with 15 — 18
scaffolds/insert. Eight mL of fresh RPMI media/well was added and subjected to US
stimulation. One plate with 90 — 108 scaffolds represented one test condition.

2.4.3. Ultrasound assisted bioreactor—An ultrasound assisted bioreactor

configuration that is detailed elsewhere was employed to provide US stimulation [29]. As
described in Figure 1, TCP plates with cell-seeded scaffolds were placed in the bioreactor
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(i.e., plate holders), and US was applied according to the indicated regimen [Table 1]. Non-
stimulated cell-seeded scaffolds served as control and were handled similarly as US treated
specimens. The medium was changed every 2-3 days. At the end of 1, 7, 14 and 21 days,
scaffolds from each study group were randomly harvested from the plates and subjected to
evaluation as detailed.

2.5. Tissue engineering constructs (TEC) characterization

2.5.1. Visualization of cell distribution—Cell-seeded scaffolds were fixed with 4%
paraformaldehyde. To visualize the nucleus, construct were permeabilized with 0.1% Triton
X =100 (in 1X TBS), followed by blocking with 1% bovine serum albumin (BSA) in 1X
TBST, incubating with 1:5000 dilution of Sytox. Finally, the cylindrical scaffolds were
rinsed thoroughly with 1X TBST, cut diametrically in the middle along x - z plane (Figure 2
b) and imaged with Inverted Confocal Microscope (Olympus 1X 81) at 4X magnification (Z
step size = 5 ). Optical sections were merged and used for further image analysis. The
green color represented nuclei. Three randomly selected scaffolds were imaged per study

group.

2.5.2. In vitro cell distribution estimation—Confocal images were analyzed with
ImageJ™ (National Institute of Health, USA) according to the method shown in Figure 2.
Selected areas at the top, middle and bottom sections of a scaffold (Figure 2d) were
analyzed to yield the cell population density (cells per unit area; p) which is the ratio of the
total area occupied by the cells (green dots) to the total area of selected section. Automatic
threshold was applied to the sections analyzed. Total area covered by the green dots in each
individual section, which represents the nuclei, was computed using analyze particle
command assuming size: 0 - co and circularity 0.5 — 1.0 [34]. Average cell population
density (pay) Was computed at indicated sections from three randomly selected scaffolds (n =
3) per study group and top, middle, bottom sections were denoted as pay—top, Pav-middles
Pav-hottom- pcontmlav—top: M av-middle: P*%av-bottom represented the average cell population
densities in the selected sections from control or US stimulated (14 and 60 kPa) study
groups respectively. p,, % 100 + SD (n=3) was plotted for respective sections.

2.5.3. Cell proliferation—Randomly selected scaffolds (n=3) per study group were
incubated with papain digestion buffer (5 mM L-cysteine, 100 mM Nay,HPO4, 5 mM EDTA,
125 pg/ml Papain, pH 7.5) for 16-18 hours at 70°C [35]. Quant-iT PicoGreen dsSDNA assay
kit was used to estimate cell proliferation with respect to US application and culture
duration. The supernatant was collected and total DNA was measured according to
manufacturer’s instructions. The data were presented as average + SD (n = 3).

2.5.4. Cell viability—Pretreatment of scaffolds and live-dead analysis were carried out
according to the protocol detailed elsewhere [33]. The cells were visualized by inverted
Confocal Microscope (Olympus 1X81) at the Center of Biotechnology, University of
Nebraska Lincoln. All the images were collected at 20 X magnification (z step size = 10 ).

2.5.5. Cell morphology—The morphology of the chondrocytes in the interior of the
scaffolds was observed with VPSEM. Scaffolds were pretreated following the standard
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procedure [33] and imaged along the x — z plane (Figure 2b) after cutting the scaffold
diametrically in the middle. Areas of interest at different depths in the scaffold interior was
designated as R1, R2 or R3, with R1 being close to the seeding face.

2.5.6. RNA extraction and qRT-PCR—At the indicated time point of culture, scaffolds
were retrieved, frozen in liquid nitrogen, minced with tissue grinder, homogenized in Trizol
Reagent (Invitrogen) and RNA was isolated following standard procedure detailed
elsewhere [29]. For qRT-PCR analysis, 40-50 ng of total RNA was added per reaction and
assays were carried out in triplicate in an Eppendorf’s mastercycler realplex RT-PCR system
(Eppendorf North America). GAPDH was used as an internal control. Relative gene
expressions in US stimulated samples were analyzed using 2"22CT method with respect to
control (non-stimulated) at every time point. Sequences of GAPDH (Bt03210917_g1),
COL1A1 (Bt03225332_m1), COL2A1 (Bt03251843 g1), Aggrecan (Bt03212186_m1),
COL10A1 (Bt03215581_m1) TGFB1 (Bt04259485_m1l) and TGFB3 (Bt03272218_m1l) are
proprietary to Applied Biosystems Inc. and not disclosed. Custom designed primers and
probe for SOX9 have the following sequence: forward primer
(GAGACTGCTGAACGAGAG), reverse primer (CGGCTGGTACTTGTAGTC) and
Tagman probe (TGGTCCTTCTTGTGCTGCACGC).

2.5.7. Protein Isolation and Western blotting analysis—At the end of 21 days of
culture, scaffolds were retrieved, frozen in liquid nitrogen, minced with tissue grinder.
Pierce IP lysis buffer supplemented with 1x Halt protease and phosphatase inhibitor cocktail
(Thermo Sciencetific, Rockford, IL) was used to extract protein from the ground scaffolds.
A volume equivalent to a total protein of 20 pg of all samples were subjected to SDS-PAGE
analysis on a 4-12% NuPAGE Bis-tris gel (Invitrogen) under denaturing & non-reducing
condition followed by western blotting to PVVDF membrane using the NUPAGE system
according to standard protocol. The membranes were probed with COL1A1 (Santa Cruz
Biotechnology; 80565), COL2A1 (ABCAM; ab34712), SOX9 (ABCAM; ab71762),
Aggrecan (ABCAM; ab3778) and COL10A1 (ABCAM; ab58632). p-Actin was used as the
respective loading control. After washing the membranes with 1X TBST and incubating
with respective horseradish peroxidase (HRP)-linked secondary antibodies incubation
procedures, protein bands were visualized using an Immun-star HRP substrate kit (Bio-Rad
laboratories, Hercules, CA, USA) and captured with GE Healthcare Amersham Hyperfilm
ECL (GE Healthcare, Piscataway, NJ, USA). Each blot was further corrected to minimize
blot background with GIMP 2.8.10 software and analyzed with ImageJ™, (National Institute
of Health, USA) to compute protein expression. Relative protein expression was computed
by normalizing summation of all the bands from each protein expression with respective 3-
actin expression and average expression with standard deviation (n=3) were presented.

2.5.8. Immunohistochemistry—Cell-seeded constructs were fixed in 4% formalin for
24 h and embedded in paraffin. Fifteen pm thick sections were processed using standard
histological procedures at the Tissue Science Facility, University of Nebraska Medical
Center (Omaha, NE). Primary antibody used for immunofluorescence was rabbit polyclonal
collagen 11 (1:200 dilution; ab34712, Abcam, MA) and the secondary antibody was HRP-
conjugated goat anti-rabbit polyclonal antibody (DAKO, K4003).
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2.5.9. Statistical analysis—All results were expressed as a mean with standard
deviations (SD) for n=3. One-way analysis of variance (ANOVA) with replication was used
to compare all study groups/scaffold type. A pairwise student’s t-test with unequal variance
was used to observe significant changes among both the stimulated (14 and 60 kPa) samples
with respect to non-stimulated one at each sampling day and difference was considered
significant when p < 0.05, denoted with *.

3. RESULTS

We have identified the primary resonance frequency of chondrocytes to be 5.2 + 0.8 MHz
and at the primary resonance frequency, cells undergo mostly dilatational deformation [35]
and was thus chosen in this study. In order to investigate the effect of different acoustic
pressures on cellular response, experiments were carried out at 14kPa (2.5Vpp, 5 MHz) and
60 kPa (10.0Vpp, 5 MHz).

3.1. Scaffold characterization: SEM and MIP

Scaffold morphologies were observed via SEM (supplementary Figure 1 (A-C)) and the
features are summarized in Table 2. CS and CSB scaffolds showed circular to longitudinal
macropores with pore diameters ranging from 50 — 300 um. Circular micropores ranging
from 10-50 um were observed on the pore walls of CSB scaffolds, rendering the surface
rough. We note that BM scaffolds have circular, open, regular and repetitive macropores
ranging from 100-500 um. Percent porosity and pore size distributions (PSDs) ascertained
by MIP are also shown in Table 2 and supplementary Figure 1 (D-F). The PSDs were
observed to be unimodal with mean pore size values of ~44.1+7.4 and 148.6+6.6 um for CS
and BM, respectively, whereas CSB exhibited a bimodal distribution with major pore size
values in the range of 39.0£4.9 um. Micropores ranging from 5-15 pm were only noted in
CSB scaffolds. We note that CSB scaffolds have comparatively higher % total porosity
(82.2£2.2) compared to CS scaffolds (75.2+1.2), with BM scaffolds (93.0+0.1) being the
most porous. Similar tortuosity (t) values were noted for both CS and CSB scaffolds.
Among the three scaffolds, BM possessed the lowest tortuosity, 2.9+0.9, which indicated a
relatively simpler, interconnected structure.

3.2. Estimation of cell population density and distribution at varying depths in a scaffold

To obtain a baseline for estimations, the initial distribution of cells in the scaffolds tested
was evaluated after completion of the cell seeding step, and prior to commencement of the
US exposure (shown in supplementary Figure 2). In CS scaffolds, cells were restricted to the
seeding face. In the case of CSB scaffolds, cells were mostly restricted to the seeding face,
with few cells scattered throughout the scaffold depth. In contrast to CS and CSB scaffolds,
BM scaffolds had a rather well-distributed cell population to start with, perhaps owing to
their high porosity and low tortuosity.

Cell distribution at the scaffold interior was observed in all the study groups and
representative images at the end of day 7 and 21 in culture are shown in Figure 3. Cell
population density (p5,) Was computed according to the scheme shown in Figure 2 and
presented in Figure 4A. The length of the bar (Figure 4A) serves as an indirect estimation of
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total number of cells present per unit area (p,,) at the selected section. The ratio of the
lengths of the hatched, clear or solid bars indicative of the top (pay—top), middle (Oay-middie)
and bottom (04y_pottom) Cell population density is a measure of the uniformity of cell
distribution along the length of the scaffold.

Distinctly different cellular distribution profiles were observed in the three scaffolds
evaluated. Cells were mostly localized at the periphery of the CS scaffolds as visualized
from the images (Figure 3) and their respective image analysis (Figure 4A). At day 21, both
control and US treated cell-seeded CS scaffolds had similar p,, (p> 0.1) at the top, middle
and bottom sections of the images, with top sections being predominantly populated
(%Ml top: P 4av-top: P*%av-top = 1: 1: 1.5), implying that US stimulation had minimal
impact on cell infiltration and distribution on CS scaffolds.

In CSB scaffolds, cells were mostly localized on the periphery at day 1, and with increasing
culture duration, cell infiltration into the scaffold depth was observed at both the US
regimens evaluated. After 21 days, clusters of cells were observed along the scaffold depth
of cell-seeded CSB scaffolds (Figure 3). The ratio of pay_top, Pav-middles Pav-bottom fOr control
and either of US stimulated cell-seeded CSB scaffolds were similar (Figure 4A). Notably,
Pay at any given depth was higher for US treated cell-seeded CSB scaffolds compared to
control cell-seeded CSB scaffolds (p < 0.05). For example pay—middie for control, 14kPa and
60kPa treated cell-seeded CSB scaffolds were 4.34 + 0.10, 7.23 + 0.69, 14.16 £ 5.48,
respectively, implying that the US stimulation yielded higher cellular proliferation along the
scaffold depth.

US stimulation positively enhanced cellular proliferation and cell population density at all
depths evaluated in BM scaffolds when compared to control. At day 21, both control and US
treated BM scaffolds had similar ratios of pay_top, fav-middles Pav-bottom. indicating a uniform
cellular distribution (Figures 3 and 4A). But the pj,, at any given section was significantly
higher (p<0.05) in US treated BM scaffolds compared to control. Image analyses was also
carried out in the radial direction of the scaffold and similarly, US was noted to yield higher
cell population density at any given radial depth when compared to controls (data not
included). Collectively, the results suggest that US stimulation positively impacted cell
population density throughout the scaffold volume for both CSB and BM scaffolds, with 60
kPa treatment resulting in higher cell proliferation over 14 kPa.

3.3. Cell proliferation

Cell proliferation was assessed over the culture duration and is shown in Figure 4B. Cell-
seeded BM scaffolds have the highest cell proliferation when compared to both cell-seeded
CS and CSB at every time point evaluated. Distinctly higher proliferation was noted on both
the US (14 or 60 kPa) treated cell-seeded BM scaffold compared to non-stimulated control
cell-seeded scaffolds (p<0.05) at the end of days 1, 7, 14 and 21.

Additionally, live dead staining was used to ascertain cellular viabilities (supplementary
Figure 3). At the end of day 21, US treated cell-seeded CSB and BM constructs had higher
cellular viability compared to their respective controls and both the US stimulated and
control CS scaffolds.
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3.4. SEM analysis

Cellular morphology along the scaffold depth (i.e. axial direction) was visualized by SEM in
order to gauge the depth dependent cellular morphological changes between control and US
stimulated study groups. Figure 5 shows the SEM images obtained along the scaffold z axis
on day 21. In both control and US stimulated cell-seeded CS scaffolds, cell populations were
mostly located close to the seeding surface (R1 and R2) and appeared spherical, oval or flat
shaped, with few microvilli. Cell projections were observed in US stimulated cell-seeded CS
scaffolds. Cell surfaces on control, non-stimulated CSB scaffold was visibly smooth. In US
treated CSB scaffold, the cellular morphology was observed to be fusiform, with multiple
cellular projections in regions R1, R2 and R3.

In both control and US treated cell-seeded BM scaffolds a sub-confluent layer of cells
stretching along the pore walls was observed. The cell surfaces on control BM scaffolds
were visibly smooth, with a noticeable appearance of elongated, fibrous cell structure in the
scaffold interior (R2, R3), possibly corresponding to a dedifferentiated chondrocyte
phenotype. In contrast, polygonal, fusiform cell structures embedded in dense matrix were
observed in regions R1, R2 and R3 of both 14kPa and 60kPa US treated cell-seeded BM
scaffolds. We note that a deviation from a spherical to a fusiform structure is related to the
strong adhesive mechanism of cells to the scaffold structure perhaps modulated by US
stimulation and associated matrix secretion. We also note that similar chondrocyte structures
were observed elsewhere on collagen sponge [36] and does not necessarily imply
dedifferentiation.

3.5. Gene expression of cartilage-specific markers

The impact of US stimulation on mRNA expression of chondrocytic markers (COL1A1,
COL2A1, ACAN) as a function of culture duration was examined by qRT-PCR. The
changes in the relative gene expression of COL2A1 to COL1AL1 and aggrecan expression
levels as a function of US stimulation and time of culture are shown in Figure 6. In the
absence of US, similar relative gene expression of COL1A1, COL2A1, ACAN was
observed on all scaffolds tested as a function of culture period. However, compared to
control, higher levels of COL2A1/COL1A1, ACAN expression were observed on US treated
cell-seeded constructs. The gene expression of Sox-9, TGFB1, TGFB3 and hypertrophic
marker, COL10AL, evaluated on day 21 is shown in Figure 6. Cells stimulated with US had
higher mRNA levels of Sox9 compared to control in all three scaffolds and paralleled to
COL2A1 expression. We note that both the data in this paper and that reported elsewhere
[27] suggest that US stimulation induces the expression of Sox-9 in the absence of
exogenously added TGFp.

3.6. Protein expression analysis by western blotting

The expression of chondrocytic proteins (COL1AL, COL2A1, ACAN) and transcription
factor Sox-9 were assayed by western blotting (Figure 7A), analyzed with ImageJ™ and the
relative expression was computed. Protein expression of COL1A1 was noted to be similar in
all groups studied. Higher levels (1.5-1.8 fold) of COL2AL1 protein expression on US
stimulated scaffolds were noted with respect to their control. Notably high Sox-9 and ACAN
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expression were observed in BM scaffolds under US stimulation compared to its control and
either of CS and CSB scaffolds. No COL10A1 expression was noticed on any scaffold.

3.7. IHC analysis for COL2A1 distribution

The distribution of COL2A1 on day 21 was examined by IHC and shown in Figure 7B.
COL2A1 was observed throughout the cross-section in both control and US-treated cell-
seeded BM scaffolds. The intensity of COL2AL1 stain was visibly higher on BM scaffolds
treated with US at 60kPA when compared to either controls or 14kPa treatment. In cell-
seeded CS and CSB scaffolds, collagen 11 was mostly restricted to the seeding face and the
peripheral region of the constructs.

3.8. Analysis of US field in scaffolds

Our experimental findings support our premise that US stimulation and scaffold architecture
impacts depth-dependent cell population density. To better understand the observed results
this section presents a brief analysis of the distribution of the US field in the different
scaffold types. The air interface above the samples acts as an acoustic reflector and results in
the production of an ultrasound standing wave field throughout the sample volume [37]. The
primary role of US is to impart mechanical stimulation to cells. Recalling that the primary
role of US is to impart mechanical stimulation to cells, we recognize two types of
mechanical stimulation: (1) shear deformation of cells when velocity gradients are present
(and shear wave transference of energy when cells are attached to a solid surface); (2)
mechanical dilatation when a cell located at/near a pressure antinode experiences radial
strain.

Scaffolds have porosities in the range of 74-93% comprising of either continuous or
interrupted pores with thin-walled boundaries (Table 2). Modeling of US propagation or
distribution in a scaffold is a highly complex problem mainly due to the heterogeneity of the
scaffold architecture and multiphasic nature of the domain. Thus as a first approximation,
we incorporate the following assumptions into our modeling effort. Assuming that the solid
phase is isotropic, it can support both longitudinal and shear waves. Only longitudinal waves
are present in the liquid phase. The US field that is incident on the scaffold only has a
velocity component, uq parallel to the scaffold axis (i.e. z axis) as shown in Figure 2.

The linear wave equation with viscous effects characterized by the kinematic viscosity v is:

8211,1
ot?

32’LL1 o 82’&1 82U1 1 aul

022 —H]E (14n) 022 + or2 +; or &)

_ 2
=cp

where ¢ is the sound velocity and 7 is the dimensionless bulk modulus. Eq. (1) is applicable
to fluid and solid media, provided the appropriate material properties are used. Viscosity
effects are neglected for the incident field, hence the solution to the reduced equation (1)
(forv=0) is:

ulnc:uoew}tflkz
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where the frequency o and wave number k are related to the sound velocity in the fluid

phase as %:CO and ug is a reference velocity. Transmission, reflection and absorption of
acoustic waves in the scaffolds leads to a complex problem that ideally must be solved by
finite element methods, considering the geometry of the solid and fluid phases. In lieu of
such a comprehensive analysis, Biot theory is a good compromise [38], because it provides a
good description of the macroscopic behavior in the porous medium. However, to obtain
insight into the effect of the acoustic field on cells, albeit qualitatively, no homogenization
of the porous medium can be applied. SEM images of the three scaffold types as shown in
supplementary Figure 1 (A-C) offer some guidance in the construction of models that
maintain the heterogeneous character. If the scaffold is approximated by an assembly of
pores, then dampening results primarily from the non-slip condition at the wall. We note that
acoustic impedance (Z=p x cg, where p is density) of the fluid (denoted as f) and solid

Zs
phases (denoted as s) do not differ much (Z_:1'28>. Thus, both compressional and shear
waves will exist in the solid phase, but perhaps the solid phase’s most important effect on
fluid motion is the attenuation of acoustic waves due to non-slip conditions at interfaces. We
estimate representative pore diameters of the different scaffolds using porosity data, a
measure of solid to fluid volumes. It is important to note that the pore diameter range
overlaps with the wavelengths of ultra sound in water — US transmission is drastically
affected if wavelengths are shorter than pore diameters [39]. Defining the pore radius as @,
porosity as ep and average thickness of solid structures as At, we relate @ to ep as
_ 2Ate,
~1—¢,- We use the same thickness for all scaffolds, and estimate it from setting the
median pore radius for the most porous scaffold equal to ®. Using the value of ® =75 um for
the BM scaffold, we estimate the average thickness as 2.8 um. Thus, the pore radii for CSB
and CS scaffolds are: ®cg = 16.8 pm and ®¢sg = 25.5 um and these values were used in
subsequent analysis. Two points are noteworthy; (1) all three estimates of pore diameters are
smaller than the US wavelength of ~300 um, and this analysis differs from the classical
Kirchoff problem (sound propagation in a perfectly stationary circular tube), because we
include wave propagation in the solid phase and the coupling of acoustic motion in the solid
phase with the fluid phase. The solution to Eq. (1) for acoustic motion in a single pore
consists of two parts. The first part of the solution

P

unzeiwt Z AnJU(/\nr)e_ik"Z )

solves the problem as if the walls (solid phase) are completely stationary; thus, the values A,
are the roots of the zero order Bessel function of the first kind, Jg (A, ®) = 0. Wave numbers
kn, are determined by the dispersion relation:

wi=ctk2 tiwv| (141)k2+22).

The second part of the solution is a result of the incident acoustic waves that create an US
field in the solid phase such that the compressional waves in this phase have the same
frequency as the incident field, but the wavenumber differs:
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,Uwall:Bezwtfzksz _ B/ezthrzksz

<:—S:Cs>. Both forward and reverse traveling waves are present in the solid phase due to
transmission/reflection at z = 0, L. Thus, the second part of the solution is an evanescent
wave that is driven by the wall motion (lg is the modified Bessel function of the first kind of
order zero):

U12:eiwt10 (ﬂr)[cefiksz o C/eiksz}

where 3%=iw /v4k*(14-n) and C = B/lg(p®), C’ = B'/Io(BP). The inlet condition is:

ury+urp=v""

at z = 0. The coefficients A, are determined by projection:

:2]‘7"]0(/\”7") (e — (C = C"y(Br))dr

A, .
(2J1(A\n®))

Our main result is the following explicit expression for density p; (and pressure P1)

=P /Cg:%ei“’t [ Ankado(Anr)e™ M4 Io(Br)k, (Ce™ ke 4.Cleih== )|

Figure 8 shows the pressure P4 and axial velocity uy for CS, CSB and BM scaffolds,
respectively. Dampening was progressively stronger in the CSB and CS scaffolds due to the
smaller pore radii. The analysis provides us with a qualitative comparison between the
scaffolds. The ultrasound field was strongest in the BM scaffold, weaker in the CSB scaffold
and weakest in the CS scaffold; based on the pressure fields in Figure 8 we expect better
mechanical stimulation in the BM scaffold, less in the CSB and least in the CS scaffold.

4. DISCUSSION

The creation of a homogenous tissue without aggregation or pockets of necrosis as a result
of nutrient depletion is an important objective of a successful engineering strategy. Non-
homogeneity can arise from: (1) non-uniform distribution of cells in the hydrogel or
scaffold, and (2) diffusional limitations of nutrients/factors. While the ultimate goal is to
generate tissue-engineered cartilage in these bioreactors, this paper focused on ascertaining
the ability of the US-assisted bioreactors to both afford and support a uniform cell
distribution and to maintain chondrogenic differentiation.

Low-intensity pulsed US (1.5 MHz, 1.0 kHz repeat, 6-40 min) has been previously
employed to stimulate in vitro chondrocyte cultures [40-42]. As a significant departure from
such strategies, we have employed low-intensity continuous ultrasound to stimulate
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chondrocytes seeded in 3D matrices at 5.0 MHz, the primary resonant frequency [37, 43]. At
the primary resonance frequency, cells undergo mostly dilatational deformation, and stress
gradients are greatest around the nuclear envelope, facilitating mechanotransduction [43].

4.1. US impact on proliferation and cell population density density (oay)

To demonstrate the broad applicability of the developed US assisted bioreactor, we included
scaffolds of differing porosities, pore sizes and pore architectures (Table 2, Supplementary
Fig 1). The total DNA content was relatively higher in US stimulated CSB and BM
scaffolds compared to non-stimulated controls. For CSB and BM scaffolds, culturing in the
US assisted bioreactor resulted in notable improvements in cell population densities over
non-stimulated controls at any given depth along the scaffold z direction (Figure 2). Given
the open pore structure of the BM scaffold, cell uniformity was significantly higher in BM
compared to CSB and CS (BM>>CSB>CS), even in static controls. Even though the ratio of
Pay at selected top, middle and bottom sections was similar in control and US stimulated BM
scaffolds, at any given depth US treated scaffolds had significantly higher p,, compared to
non-stimulated control. Our collective findings indicate that the increase in cell proliferation
is US specific and related to the spatial architecture of scaffold.

Our observations were based on the persistence of the acoustic field over most of the radial
surface, even along the length of the scaffold and dependence of the attenuation of US
stimulation in the scaffold on porosities, pore sizes and pore architectures. To better explain
and understand the distribution of the US field in the scaffolds, an acoustic model was
developed where the propagation of ultrasound field was assumed to be one-dimensional,
parallel to the scaffold-axis and the scaffold parameters like porosity and tortuosity were
accounted for. The model analysis provides us with some, albeit qualitative, comparison
between the scaffolds. Nonetheless, we were able to undertake a qualitative comparison
between scaffolds at the opposite side to the incident field for consistency with the
experimental setup. Our acoustic model predicted that in a macroporous matrix such as
Biomerix™ (pore size ~140 um, Table 2), the attenuation of the US signal was less and the
acoustic field persisted over most of the radial surface even near the outlet. Thus, cells on
BM scaffold were able to respond to a uniform US field compared to both CS and CSB
scaffolds where US signal was attenuated.

The absence of cell bands in the scaffold does not imply the absence of a standing wave
field; the seeded cells are anchored and therefore not subject to movement under acoustic
radiation, secondly the standing wave field depends (very sensitively) on the height of the
water column above the scaffold, hence minute variations in the height (e.g. evaporation)
lead to changes in the positions of nodes and anti-nodes [37, 44]. Consequently, on the time
scale of cell mitosis, the acoustic field has varied between pressure node and anti-nodes at
any specific scaffold position.

Even though our paper evaluated the efficacy of a US assisted bioreactor to sustain
cellularity and cellular activity in cylindrical scaffolds with an effective diameter of 22 mm
and thickness of 2.5 mm that were statically seeded on the top face by design (Figure 1),
absent an effective scaffold structure that promotes cell access and cell stimulation through
the scaffold cross-section, we anticipate peripheral colonization along with a sparsely
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populated scaffold midsection with varying cellular morphology along the scaffold axis
coupled with a low level of chondrocytic markers. While the use of BM, a macroporous
scaffold with low tortuosity and interconnected pore architecture, enabled a uniform cell
distribution to begin with, greater overall proliferation with higher depth-dependent cell
densities and cellular activity noted under US stimulation, was perhaps due to the inherent
ability of the scaffolds to better modulate the US field within the scaffold and offer uniform
stimulation through the scaffold volume. As a thicker scaffold is not expected to attenuate
the US field [37], we suggest that future research should focus on the ability to generate
larger constructs (e.g., 10 mm x 40 mm).

4.2. Biosynthetic response to US

Chondrocytes when expanded in monolayer cultures experience a rapid decrease in
COL2A1/COL1AL ratio and typically at a late passage in 2D culture (> passage-10) a
COL2A1/COL1AL1 ratio of 0.5 was noted [45]. We have used COL2A1/COL1A1 ratio as a
metric to improve our understanding of the process of chondrocyte differentiation under US
(Figure 6). In our paper, the transition of articular chondrocytes from the spherical
morphology to the flattened morphology was accompanied by changes in the patterns of
collagen expression, and was dependent on the type of scaffold employed. In Biomerix™
scaffolds, where the US signal was least attenuated, thereby affording US assisted cell
dilatation, we observed the ratio of COL2A1/COL1A1 increased with days in culture, with a
maximum value of 15/1 obtained at day 21. Collectively, protein expression data
corroborates the gene expression analysis. In CS and CSB scaffolds, the maximum value of
COL2A1/COL1AL1 ratio ~5/1 was obtained at day 21. The starting P3 BAC cells in our
experiment had a COL2A1/COL1A1 ratio of 1. Thus US aids in the maintenance of the
chondrocyte phenotype over scaffolds for 21 days and promotes the increased expression of
chondrocytic markers. Notably, this response to US is dependent on the pore structure of the
scaffold and its ability to modulate the US field within the scaffold (Figure 6).

The induction of TGFB1 mRNA expression by shear fluid flow and in vitro compressive
loading has been previously reported [46]. We surmise that TGFp mRNA was upregulated
under the US stimulation regimen employed and was thus assayed at day 21 only. We also
observed a 2-3 fold higher expression of TGFp3 mRNA in cells isolated from US stimulated
BM scaffolds compared to non-stimulated controls, and that mRNA expression of TGFB1
was unchanged. As compared to non-stimulated controls, gene expression of Sox9 mRNA
was elevated and paralleled COL2A1 expression. Future studies will test the hypothesis that
this combination of regulatory mechanisms, US-sensitive induction of TGFB3 transcription
and posttranslational TGFB3 activation, contributes to the specific chondroinduction in
cultured chondrocytes under US.

One caveat of this paper is the overall isolation of MRNA performed on pooled cells in
culture. Therefore, these results cannot account for individual differences in the rates of
dedifferentiation of cells at various depths along scaffold heights. To overcome this
limitation, future research will use Col-2a-luciferase reporter gene transformed chondrocytes
to investigate the depth-independent differentiation of anchored chondrocytes on scaffolds
under US. Future work will also focus on the modeling of obliquely incident waves on
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scaffolds and to account for the reflection, and transmission of US waves in porous
scaffolds.

5. CONCLUSION

In conclusion, this paper demonstrated that US: (1) enhances the depth-independent cell
densities in scaffolds; (2) stimulates the proliferation of adult chondrocytes; (3) aids in the
maintenance of the chondrocyte phenotype over scaffolds for 21 days and promotes the
increased expression of chondrocytic markers; (4) US increases the gene and protein
expression of SOX-9 (Collagen-II transcription factor) in the absence of exogenously added
growth factors; and (5) selectively enhances the gene expression of TGFp3 over TGFB1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1. Experimental parameters used for culturing construct in
US bioreactor for 21 days
Duration of - i -
Scaffolds US regimes applications e?Ch, ~
/day application <
(mins)
No US
(Control)
B 2.5 VPP/5 MHz
CSB/BM (14 kPa) 6 5
10 VPP/5 MHz
(60 kPa) A six well TCP to US application configuration

Figure 1. Experiment scheme
Pre-wetted scaffolds were seeded with cells; Cell-laden scaffolds were arranged in a single

layer inside an insert of a six well TCP; Each TCP plate was placed in a plate holder that
was maintained above the transducer array of the US assisted bioreactor [29].
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Figure 2. Image analysis scheme
At indicated time points during culture, cell-seeded scaffolds were retrieved, rinsed, fixed

and stained with Sytox™. (a) A cylindrically shaped scaffold with cell seeding face was
shown; (b) Scaffolds were cut diametrically in middle (i.e. x — z plane) and imaged in the
indicated direction via confocal microscopy. (c) Optical sections were collected in the
confocal Z direction at a step size of 54, merged and imaged at 4X magnification; (d)
Merged images were analyzed along scaffold x axis (axial analysis) as depicted. Cell
distributions in the selected depth in axial directions were assessed using ImageJ™ 1.46u
software and cell numbers per unit area were calculated using the cell counter in the
ImageJ™ protocol. Area covered by cells (area covered by cells/total image area) was
calculated at three preselected areas along the axial direction and denoted as p (cell
population at given area).
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Figure 3. Cellular distribution via confocal imaging
Upon completion of the fixation step and staining with nucleic acid stain Sytox, images were

collected at the midsection of the scaffold (Figure 2b) at 4X magnification (scale bar: 1
mm). Representative images of scaffold interior from day 7 and 21 from all study groups
were presented here.
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A. Cell population density at top, middle and bottom sections of scaffolds

100 |
ol NTere,.,)
D Middle (puv-midlllc)
80T Elsoton G,,,,,.)
S nf
— 60} *
N 50 *
> 40} *
Q 3|
20F
10 o
0l—=mctn __c#oce caflema ek SRS Eﬁﬁ
TEeg Tt T EEE TS ELEE EE L TESL EEE TS T
;ii ;&i;ﬁﬁ;iﬁ B M X g X X g 2 X g ox X B M X2 F X x § 2 x § o4
S o o S v o S w o S w o S w o S o o S - o S w o S w O S - o S T o S T o
O =Y U—=®v U~®© U — o O =9 U—=® U—=v U — © O = © U~ U~w®e - o
1 day 7 day 14day 21 day 1 day 7 day 14day 21 day 1 day 7 day 14day 21 day
CS scaffold CSB scaffold BM scaffold
B. Total DNA content in scaffold
1200
[l Control * *
= 1900F M4 kpa
S 60 kPa
800
Q9
=
o 600
=
N’
< 400
Z
_ 200

1 Day 7 Day 14 Day 21 Day 1 Day 7 Day 14 Day 21 Day 1 Day 7 Day 14 Day 21 Day

CS Scaffold CSB Scaffold BM Scaffold
Figure 4.

A. Estimation of cell population density (spatial average cell density, p,,): Spatial
distribution of cells within a construct in the selected sections (Figure 2d) were computed
and an average cell population density (pay) at respective top, middle and bottom sections
(pav X 100) + SD (n=3) was plotted as a function of day in culture. B. Cell proliferation
measured with standard Quant-iT™ PicoGreen® assay: Total DNA contents were
measured on the scaffolds of each study groups and average values + SD (n = 3) were
plotted as a function of time. At each time point, cell proliferation data obtained under US
was compared with respective control and, statistically significant data (p<0.05) are
indicated with *. Statistically significant different data between two US conditions was
shown with bracket.
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Figure 5. Cellular morphology in the axial direction
Cell morphology at various depth of the scaffold interior was imaged with VPSEM at

2000X magnification (scale bar: 20 ) and images from 21 day scaffolds were shown. Inset
image depicts an area of interest along axial direction of the scaffold interior (35-50X
magnification; scale bar: 1 mm) and designated as R1 (top), R2 (middle) and R3 (bottom)
where R1 was located close to the cell seeding surface.
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Figure 6. Relative gene expression
Relative gene expression analysis was performed using 2-22CT method on RNA isolated

from cell seeded constructs at the end of 1, 7, 14 and 21 days of culture. The average values
+ SD (n=3) were reported. Changes in the relative expression of COL2A1 to COL1A1 and
Aggrecan as function of culture duration were shown in the left column. Right column
depicts mRNA expression for SOX9, TGFB1, TGFB3 and COL10AL only after 21 days of
culture. Top, middle and bottom panels are showing gene expressions on CS, CSB and BM
scaffolds respectively. At each time point, gene expression data obtained under US was
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compared with respective controls and, statistically significant data (p<0.05) are indicated
with *. Statistically significant different data between two US conditions was shown with
bracket.

Acta Biomater. Author manuscript; available in PMC 2015 November 01.



1duosnuey Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Thakurta et al.

A. Analysis of protein expression.
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A. Analysis of protein expression. Protein isolated from cell seeded CS, CSB and BM
scaffolds at the end of 21 days of culture with or without US, was subjected to western blot
analysis according to the procedure and the bands respective to COL1A1, COL2A1, Sox-9,
Aggrecan were shown. f—Actin was used as the loading control. Sum of the bands observed
with respective to each protein were further quantified with ImageJ software, normalized
with respective p-actin and relative expression was presented (*: p < 0.05). B. COL2A1
distribution on scaffolds at day 21 by IHC: Scaffolds sections of 15 p thick, collected
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from x — z plane (Figure 2b) of control and US stimulated groups from day 21, stained with
rabbit polyclonal antibody against collagen type Il and imaged with Zeiss AX10 at 2.5 X
magnification (scale bar:1 mm).
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Pressure profile in CS Axial velocity profile in CS

Figure 8. Mathematical model results showing pressure and axial velocity profiles in the
scaffolds

The left and right panels showed the pressure and the axial velocity respectively in a typical
pore of the CS, CSB and BM scaffolds. The plots are presented in perspective and the
transducer is positioned to the left (z < 0); therefore the incident field approaches from left,
and increased attenuation is observed as z increases. Note the velocity at the lateral wall due
to motion of the solid phase. The differences in propagation properties place these waves
out-of-phase with the fluid phase (shown in all three figures in the second column).
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