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ABSTRACT OF THE THESIS

Compaction of Hydrogels by Compression or Permeation

by

Sungil Hwang
Master of Science in Bioengineering
University of California, San Diego, 2016

Professor Robert L. Sah, Chair

Due to the limited ability for self-repair of articular cartilage (AC), many
young and old patients experience discomfort and pain, significantly affecting
their quality of life. Emerging treatments with tissue engineered cartilage are
limited in large part by the inability to rapidly create and test new biomimetic
tissue designs, with composition and function approaching normal tissue.
Classical tissue engineering methods require substantial time for formation due

to the time for cells to produce sufficient quantities of matrix A newly designed



bioreactor was tested for its ability to markedly increase the density of hydrogel
solutions exuding fluid either by direct compaction with an applied constant
pressure or permeation compaction with an applied constant fluid flow. Both
methods resulted in a hydrogel that appeared much smaller and more opaque,
with a final shape determined by that of the bioreactor walls or inserted spacers.
The appearance was consistent with increased density based on compositional
analysis, and retention of a large portion of the matrix component of the hydrogel.
In addition, compressive and tensile load-bearing were improved in association
with increased density. Relatively slow compaction by permeation resulted in
mostly viable chondrocytes or mesenchymal stem cells, whereas relatively fast
compaction by compression resulted in low cell viability. These studies
demonstrate the potential for a new technology to rapidly create dense hydrogel

materials of targeted geometry and density.
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CHAPTER 1: ARTICULAR CARTILAGE

|. Structure and Function

Articular cartilage (AC) refers to the white and smooth connective tissue
formed at the ends of bones that is avascular, aneural, and alymphatic, allowing
it to withstand and endure harsh biomechanical environments. AC is largely
comprised of three components: water, collagen, and proteoglycans. Water
takes up about 65 — 80% of wet weight (ww) of the cartilage, and plays an
important role in interacting with the solid components to determine the material
properties of AC [4]. In addition, it has been noted that in osteoarthritic AC, an
increase in water content in addition to decrease in concentration of other
components, such as collagen and proteoglycans, results in diminished tensile
stiffness [28, 47].

Collagen forms 10 — 20% of the ww of AC and consists of collagen II, IlI,
VI, 1X, X, XlI, Xll, and XIV, all of which contribute to the formation of an
extracellular matrix (ECM). Specifically, collagen type Il is the main collagen
component and provides the tensile strength for mammalian cartilage. In
addition, three types of collagen, type Il, IX, and XI, become cross-linked to form
a heteropolymer and the quantitative change in their compositions was detected
with maturation from fine fibrils of young cartilage to thicker and differentiated
mature cartilage [25, 26]. Thus, the material properties of AC can be altered by

the composition of collagen types.



Lastly, proteoglycan composes 10 —20% of the ww of AC and contributes
to compressive stiffness [11]. The major proteoglycan in cartilage called
aggrecan consists of glycosaminoglycans attached to a core protein. The
proteoglycans in AC are negatively charged at physiological pH due to sulfonate
and carboxylate groups, resulting in attraction of positively charged counter-ions
within the AC matrix [15]. This property keeps cartilage neutral in physiological
conditions and increases its osmolarity [51]. Overall, the three components of
AC are important factors for defining its characteristics and are key to a
successful tissue engineering solution to OA.

Highly specialized cells called chondrocytes reside and are dispersed
within ECM. Originating from mesenchymal stem cells (MSC), chondrocytes
compose about 2% of the total volume of AC and produce and maintain the
extracellular matrix of cartilage [2, 53]. On the other hand, the fact that
chondrocytes have a limited propensity to replicate and are difficult to culture
without losing their phenotype adds a complication to their use in cell-based
tissue engineering applications. Chondrocytes display different shapes and
density within the various zones of AC defined as the superficial, middle, deep,
and calcified (See Figure 1.1). The superficial, or tangential zone refers to the
first 10 - 20% layer of the total articular cartilage from the articular surface. This
zone contains densely packed collagen fibers aligned with the surface in
addition to high number of the flattened chondrocytes. This dense layer of

collagen fibrils, oriented tangentially, and cells helps to distribute shear, tensile



and compressive forces imposed by articulation, protecting the sub-surface
tissue layers. The middle zone, just below the superficial zone, comprises 10 —
40% of the total articular cartilage thickness and contains collagen fibrils that
are thicker and oriented obliquely, and spherical chondrocytes at low density.
This zone serves as a structural connection between the superficial and deep
zone. The deep zone, representing the remaining 80% of the total articular
cartilage volume, is characterized by the lowest water content, the highest
proteoglycan content, and thick collagen fibrils oriented in radial direction. The
chondrocytes are also arranged in columns, in the same direction as the
collagen fibrils. The high density of proteoglycan allows the cartilage to bear
large compressive stress. The calcified zone, separated from the deep zone by
the tide mark, connects the collagen fibers in the deep zone to the subchondral
bone securing the cartilage to bone. The chondrocytes in the calcified zone are

relatively few and hypertrophic in phenotype [67].

Il. Problems

There are two well-known mechanisms for natural cartilage repair.
Intrinsic healing depends on the proliferation of chondrocytes and production of
proteoglycans and collagen. Extrinsic healing requires cartilaginous metaplasia
of new connective tissue formed by mesenchymal elements from subchondral
bone. Other possible mechanism suggests that a wave-like flow of matrix is

generated to extend into the region of defect [24]. Despite these mechanisms,



adult articular cartilage has a very limited capacity for self-repair when damaged
[46]. Once damaged, it is difficult to naturally regenerate new cartilaginous
tissue for replacement, in part due to the avascular nature of the AC tissue. The
inability of AC to self-repair imposes great trouble and inconvenience on our
daily life. As a result, many young and old patients suffer from focal cartilage
damage and osteoarthritis, causing inconvenience, discomfort, and pain [5, 32,
73]. The quality of life of these patients was significantly affected while a proper

treatment is still a challenge [31, 65].

[ll. The Current Approach

There are several surgical procedures to treat focal cartilage defects.
Chondroplasty treatments remove a small region of damaged cartilage, thus
allowing new cartilage to grow at the site. The mircofracture (MF) technique not
only removes the damaged tissue but also creates holes in the subchondral
bone to stimulate cartilage growth around the tissue from mesenchymal cells.
MF is known to be minimally invasive and cost effective surgical procedure with
a relatively short recovery time. The majority of MF treated patients, however,
predominantly had fibrocartilage growth within the operated region while only
10% had hyaline cartilage [40]. Other techniques include osteochondral
autograft transfer (OAT) and osteochondral allograft transplantation (OCA).
OCA facilitates transplantation of a donor’s cartilage attached on the

subchondral bone to a damaged region of a patient while OAT transfers healthy



cartilage of the patient from a less load bearing part of the body to the damaged
area. One of the advantages of these techniques is that mature hyaline cartilage
Is immediately accessible in the defected region after surgery [60]. However,
OCA and OAT treatments are limited by the amount of donor cartilage tissue
available for the repair. Lastly, autologous chondrocyte implantation (ACI) is
another surgical procedure used to treat damaged cartilage and involves three
steps: harvesting cartilage tissue to isolate chondrocytes from the patient,
followed by in vitro cell culture for several weeks, and, lastly, seeding of the
cultured chondrocytes onto the damaged area for new cartilage formation.

Younger patients with single defects larger than 2 cm? had the most
effective result from ACI [9, 13, 56]. However, since ACI is an expansive
treatment associated with longer recovery time and the possibility for a
secondary operation due to graft hypertrophy of the first generation ACI
treatment, in addition to requiring two open arthrotomies [60]. Figure 1.2
demonstrates three available methods for ACI. Overall, none of these methods
has been proven to effectively produce natural hyaline cartilage in clinical
application.

One of the challenges in cell based tissue engineering treatments is the
expansion of chondrocytes through in vitro culture to a sufficient number. The
seeding density necessary within a scaffold to produce cartilage has been
reported to be 10-13 x 10° cells/cm® and the optimal density for the best

mechanical properties of yielded tissue is at 60 x 10° [18, 21, 49, 50, 70, 71].



To yield such a high number of cells, cell culture expansion is essential and
must be conducted properly for clinical use. Otherwise, standard cell culture in
monolayer seems to induce dedifferentiation of chondrocytes and
transformation into more fibroblast-like cells producing more collagen type |
instead of collagen type Il [44]. As an alternative cell source, MSCs are known
to differentiate into various cell types including chondrocytes, osteoblasts,
myocytes, and adipocytes. Due to their multipotency and accessibility, MSCs
show great potential for cartilage tissue engineering [19]. There have been
many efforts to reform tissues using MSCs for implantation by inducing
differentiation with media containing transforming growth factor- (TGF- ) [57].
Overall, there are three methods that can facilitate the use of MSCs. First, MSCs
are loaded into a scaffold and, after short period of incubation and cell
attachment, the scaffold is transplanted. Second, the cell-scaffold is cultured
with inducing media for a week or two, and then transplanted into the desired
site. Third, the scaffold is implanted to allow the targeted cells to attach and
allows to mature in vivo [19]. Kadiyala et al was able to show bone formation in
the femora of adult rats 4 weeks after implantation of an MSC embedded
scaffold [38]. Although there have been great improvements in the use of MSCs
in clinical application, several challenging problems such as inflammatory
response and source selection, still remain as unsolved [72].

In addition, a scaffold material can contribute greatly to initial functional

mechanical properties, mass transport, and cell interaction in a tissue



engineered construct [33]. Chaipinyo et al showed that chondrocytes cultured
in collagen type | scaffold after 4 weeks maintained their phenotype and
synthesized a cartilage-like matrix [20]. Thus, three dimensional cultures within
natural scaffolds including collagen, fibrin, agarose, alginate, chitosan and
hyaluronan have been extensively studied to improve the phenotype and protein
expression of cells as well as a carrier of cells [23]. Polymer type scaffolds, such
as polyglycolic acid and polylactic acid, have also been studied as substrate for
chondrocytes, resulting in high resistance to loading [45]. However, the toxicity
of such monomers is an inherent limitation [66]. Conversely, chondrocytes can
proliferate readily within hyaluronan based polymers without eliciting an
inflammatory response, but the polymer degrades within 4 months [58].
Accumulation of various proteoglycans including aggrecan as well as type | and
Il collagen was observed within scaffolds made of hyaluronan and type |
collagen in the presence of growth factors such as TGF-B [3]. Chitosan is
another candidate for tissue engineering material to be used with chondrocytes
since it can induce them to maintain their spherical shape and to synthesize
aggrecan and type Il collagen [42, 63]. As cells behave differently in various
scaffolds, it is important to understand how the cell behavior changes in different
three dimensional environment to properly engineer and develop cartilaginous
constructs.

In an effort to create a biomimetic tissue-like constructs, conventional

tissue engineering methods depend on cells to produce native matrix molecules



and deposite them within the carrier scaffold, often taking several weeks to
complete [34]. The design of biomimetic collagen gel scaffolds with embedded
cells had been studied but failed to achieve mechanical stability [27, 41]. These
cell-dependent methods are not only time consuming, but also costly and the
material properties of the scaffold are difficult to control. Replacing the carrier
type scaffold, Brown et al showed a fabrication method of dense scaffold using
collagen gel by plastic compression [14]. In plastic compression, the direct
manipulation of matrix scaffold increases the density of a collagen construct by
taking out most of interstitial fluid content. The advantages of this method
include fast production of natural matrix scaffolds which have controlled matrix
density and dimensions, and with that, corresponding mechanical and biological
properties, with the possible integration of cells. Other studies using this method
were compared in Table 1.1. Moreover, with a collagen density gradient, cell
proliferation and cell migration were increased compared to that in
hyperhydrated gel [22]. The compressive properties of engineered constructs
can be improved by adding proteoglycan (PG) containing sulfated
glycosaminoglycan (sGAG), and collagen-rich particles, with a 4:1 ratio of
collagen to PG which mimics the compositional ratio of natural AC [30]. These
results show the potential of engineering a biomimetic tissue-like construct

using this approach.



IV. Figures

Figure 1.1. Schematic diagram of cross sectional view for a healthy articular
cartilage. (A) Cellular organization in the zones of articular cartilage (B) Collagen and

fiber architecture [16]
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Figure 1.2. Schematic diagram of ACl process. (a) The expanded chondrocytes from
a biopsy sample are implanted as suspension to a cartilage defect and covered with
periosteal flap or collagen sheet to prevent from leaking. (b) For matrix assisted ACI
(MACI), the chondrocytes are already placed in the matrix with structural stability at the
time of implantation. (c) A new in situ engineering strategy to implant a cell-free matrix
that contains local factor delivery systems for progenitor cell recruitment and
differentiation is shown [61]




11

p/u oY T Z | 8dAy |00 o 8e~ v€0 - uoneawiad
[buns
) 9'¢ ) . | 8dA1 |00 . i uo
gemn | €10 00T-02 € S'¢C asosebe 20 o ST~ 000§ Isseidwod
u
abe|j0o001
° | seo | svzse | 2 g€ 1o 05 . pju eu | 09- 05 [et]
|qeln Bejjoo0jere e 1 wn|g
Jawobijo
uabe|j0o uo
ISsaldwod
|geIn 1 odf 100 [e 18 ueH
. 0z . i Tl e
pu- | €00 p/u s LT | 8dA1 |00 0S o S~ pu 0S - 0T 10 UMOIG
[urw
w [w [wn] : [6] x2dA
[wuw] LI [uiw ] [ ww ]
E} Buw u Buw eliale azIs ade : peoT 10edwo)
118D 4 / - ] / - ] leLare o US | yopeing | o1l mojd Apmis
poulsnN

“JeA apuadaq

"Je A 1uapuadapul

"salpnis Jo uosiredwo) "T'T 9|qel




CHAPTER 2: 'COMPACTION OF HYDROGELS BY COMPACTION OR

PERMEATION

l. Introduction

Tissue engineered cartilage is needed for the repair of both focal defects
and large areas of the articulating surfaces. Focal cartilage damage and
osteoarthritis cause pain and dysfunction for patients, especially adults with
aging [5, 32, 73]. Their quality of life has been significantly affected and the
treatment still remains as a challenge [31, 65]. The biomechanical function of
cartilage depends on a sufficient density of proteoglycan and collagen matrix
components. The increase in collagen concentration during normal
development results in improvements in both compressive and tensile load-
carrying properties of cartilage [74, 75]. However, traditional methods of
cartilage tissue engineering, involving deposition of matrix components by
indwelling cells, require long time periods and often fail to achieve functional
mechanical properties [27].

Recent studies introduced the concept of increasing matrix density by
including substantial components of matrix and then controlled exudation of fluid.
Brown et al suggested that a plastic compression of collagen type | gel resulted
in rapid formation of a dense scaffold [14]. This study introduced a simple and
fast method of fabrication while cell viability significantly decreased after
desiccation. Another study looked at the compressive properties that were

successfully improved by obtaining a high level of aggrecan in the constructs
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and by compaction [29, 30]. This finding can be useful in improving the
biomechanical properties of constructs. Creating both acellular and cellular
constructs via densification also has been possible although preparation of
collagen oligomers adds complexity in compaction process [12]. These findings
provide a novel engineering approach to creating a tissue-like graft. The
comparison of these studies in addition to this paper was summarized in Table
3.6.

Cartilage can be compacted by applying load in a number of ways with a
variety of boundary conditions, including by direct compression of the tissue
surface and by applying fluid flow. With cartilage modeled as a biphasic material,
the creep and stress relaxation responses of articular cartilage to confined
compression with a free-draining porous platen were analyzed, with the result
being due primarily to “diffusional drag of relative motion of the interstitial fluid
with respect to solid matrix” [52]. The flow of fluid within and through cartilage
can be described by Darcy’s equation for porous media with permeability
modulated by the degree of tissue compaction and fixed charged density [43,
48]. The application of fluid flow through cartilage, backed by a free-draining
porous platen can affect mass transport within constructs, including the
distribution of aggrecan [39]. These biomechanical models of compaction give
insight into the nature of compaction by application of compression or fluid flow
to a radially-confined construct, with fluid exudation through a porous restraining

surface.
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A variety of hydrogels have been used both as model systems to study
cartilaginous tissue formation and cell interactions with tissue. Agarose, a
polysaccharide polymer material extracted from seaweed, has long been used
for three-dimensional cultures of cells and tissue models. It (1) has minimal
intrinsic interaction with mammalian cells [62], (2) helps maintain the phenotype
of chondrocytes in vitro [10], and (3) promotes formation of cartilaginous tissue
[17]. Collagen is the most common natural polymer in our body and comprises
up to ~20% of the wet weight in articular cartilage. In addition to its mechanical
properties, collagen has a number of biological properties, modulating cell
adhesion and allowing natural degradation by endogenous enzymes [55]. While
the predominant type of collagen in cartilage is type Il, a substantial amount of
type | collagen is present in cartilage repair as component of fibrocartilage [54].
For cartilage tissue engineering, chondrocytes and MSCs are often analyzed.
Chondrocyte, naturally found in articular cartilage, produces abundant ECM,
and can be isolated and culture-expanded, and is the basis for the treatment of
cartilage defects by autologous chondrocyte implantation [59]. The multipotency
and accessibility of human MSC can also be beneficial in cartilage tissue
engineering since differentiation can be induced within hydrogels [8]. Thus,
hydrogels based on collagen and agarose, and incorporated cells including
chondrocytes and MSCs, serve as a useful and important model system for

cartilage tissue engineering.



15

Il. Hypothesis and Aims

The overall hypothesis is that a bioreactor can be used in either a direct
compression or permeation mode for creating compacted hydrogel constructs
with controlled indices of structure, composition, function, and metabolism. The
aims for these studies were to determine effects of (1) direct compaction of
agarose and collagen hydrogels on structure, composition, mechanical
properties, and cell viability, (2) direct compaction of agarose and collagen
hydrogels with spacer on structure, composition, and mechanical properties,
and (3) permeation compaction of collagen hydrogels on composition and cell

viability.



MATERIALS AND METHODS

|. Experimental Design
Study 1: The effect of collagen density on biomechanical properties of a
compacted construct

A. Preparation of Compacted Constructs with Various Concentrations

To examine the effect of density on biomechanical properties of
compacted constructs, agarose and collagen were used with different target
concentrations (Cf) (Table 2.1). In Exp |, agarose gels with two different
concentrations were compacted and, in Exp I, collagen gels with three different

concentrations.

B. Preparation of Cellularized Construct

Additional experiment (Exp Ill) was completed to determine the effect of
direct compaction on cell viability using bCCs and hMSCs. The bioreactor was
assembled with sterility. h(MSCs were obtained (Lonza, Switzerland), cultured
on monolayer with 1X DMEM containing high glucose (4 g/L) concentration, 10%
FBS, and 1X P/S/F, and maintained in a water jacketed incubator at 37°C and
5% CO2. The isolated bCCs harvested from bovine calf knee cartilage were
used at passage 2 and cultured at high density (250,000 cells/cm?) with
complete media (1X DMEM containing low glucose concentration, 10% FBS,
1X P/S/F, 10mM HEPES (UCSD Core Bio Service, CA), 0.1mM non-essential

amino acids (Sigma-Aldrich, MO), 0.4mM L-proline (Sigma-Aldrich, MO), and
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0.5mM ascorbate (Sigma-Aldrich, MO)). Instead of 1X DMEM during the
preparation of collagen solution, the cell suspension solution containing either
bCCs or hMSCs was mixed with the other reagents. The sample size (n=1) was
sufficient as a pilot study to see the effect on cell viability. A final cell density of
100,000 cells/ml after mixing and a target collagen concentration of 20mg/ml
was seeded into the bioreactor. After two hrs of incubation at 37°C and 5% CO.,
the collagen gel with cells was compacted using the piston, applying 180 kPa of

load until the complete compaction.

Study 2: Engineering a compacted construct — controlled thickness and
diameter during agarose and collagen compaction

Spacer with a thickness (h), 3.18mm, of three inner diameters (ID), 6.4,
9.6, and 12.7 mm, was designed (Figure 2.2) to control dimensions of
compacted constructs. Thus, the effect of spacers with various dimensions on
a compacted construct was studied. Both agarose (Exp V) and collagen gels
(Exp V) were compacted with spacers (Table 2.2). Spacers were placed on the
bottom before the solution was seeded and compacted in the bioreactor (Figure

2.1 (A)).

Study 3: Creating a cellularized collagen construct via permeation
compaction

A. Bioreactor Assembly for Permeation Compaction
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The effect of the permeation compaction method on cell viability in high
dense collagen construct was studied (Exp VI). The compaction bioreactor was
assembled under sterile conditions. A porous titanium frit was sonicated for at
least 10 min, autoclaved, and layered with 0.2um pore size Whatman Nuclepore
Track-Etched Membrane (Sigma-Aldrich, MO) and then with 40pm pore size
cell strainer (BD Falcon, CA) to form a filter. The double layered filter was placed
on the bottom of the bioreactor at the fluid leaving surface (FLS) [22]. It was
kept hydrated with 1X Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Paisley, UK) containing low glucose (1g/L) concentration, 10% fetal bovine
serum (FBS; Omega Scientific, CA), and 1X Antibiotic-Antimycotic (P/S/F;
UCSD Core Bio Service, CA) to prevent the generation of air bubbles inside the
frit. This was done by filling the bottom chamber with 3ml of media and putting
a few drops of the media on the top of the filter. The peristaltic pump (Watson
Marlow, England) was used with 0.062” ID X 0.125” OD silicon tubes (Nalge
Company, NY) connected to the bottom outlets of the bioreactor instead of the
piston. A reservoir was connected to the end of the tubes to collect the liquid
filtrate. See Figure 2.3 for a schematic diagram of the bioreactor setting for the

permeation method.

B. Cell Preparation

The hMSC at passage 5 was obtained (Lonza Group, Switzerland),

cultured on monolayer with 1X DMEM containing high glucose (4g/L)
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concentration, 10% FBS, and 1X P/S/F, and maintained in the water jacketed
incubator at 37°C and 5% CO.. The bCCs were isolated from the harvested
bovine calf knee cartilage obtained from a local vendor. To briefly describe the
cell isolation procedure, about 1g of cartilage tissue was digested with pronase
from Streptomyces griseus type XIV (Sigma-Aldrich, MO) followed by
collagenase P digestion from Clostridium histolyticum with Lypholizate (Roche
Applied Science, Germany). The average yield of bCCs was approximately 2.5
million cells per gram of cartilage tissue. The isolated bCCs were seeded at high
density (200,000 — 250,000 cells/cm?) on monolayer, cultured with the complete
media (1X DMEM containing low glucose concentration, 10% FBS, 1X P/S/F,
10mM HEPES (UCSD Core Bio Service, CA), 0.1mM non-essential amino acids
(Sigma-Aldrich, MO), 0.4mM L-proline (Sigma-Aldrich, MO), and 0.5mM
ascorbate (Sigma-Aldrich, MO)), and maintained in the water jacketed incubator
at 37°C and 5% COa. The bCCs were used for compaction within a week after

the isolation to avoid a dedifferentiation.

C. Cellular Collagen Construct Formation

The collagen solution of 2mg/ml was prepared with the final cell density
of 500,000 cells/ml. Seeding volume of 2.66 ml was determined by the target
concentration of 40 mg/ml in assumed final dimension of the construct as
18.7mm diameter and 1.0mm thickness. Therefore, 20 fold increase of density

was targeted. The cellular collagen solution was seeded into the bioreactor and
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incubated at 37°C/5%CO: for at least 60 min for gelation and attachment of cells
to collagen fibril. The bioreactor was connected to the peristaltic pump to draw

fluid out at a rate of 43 pl/min from the bottom (Figure 2.3 (B) and (C)).

Il. Methods

A. Bioreactor Assembly for Direct Compaction

The compaction bioreactor was assembled in sterile condition. A porous
titanium frit was sonicated for at least 10 minutes, autoclaved, and layered with
a 0.2um pore size Whatman Nuclepore Track-Etched Membrane (Sigma-
Aldrich, MO) and then with a 40um pore size cell strainer (BD Falcon, CA) to
form a filter. The double layered filter was placed on the bottom of the bioreactor.
It was kept hydrated with 1X PBS for the agarose gel compaction and with 1X
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Paisley, UK) containing
low glucose (1 g/L) concentration, 10% fetal bovine serum (FBS; Omega
Scientific, CA), and 1X Antibiotic-Antimycotic (P/S/F; UCSD Core Bio Service,
CA) for the collagen gel compaction to prevent generating air bubbles inside the
frit. This was done by filling the bottom chamber with 3ml of media and putting
a few drops of the media on the top of the filter. Another double layered filter
was assembled and placed on the piston at the fluid leaving surface (FLS) [22].
The piston with filter was hydrated in media until use. Figure 2.1 presents a

schematic diagram of the work flow using the bioreactor with piston.
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B. Preparation of Compacted Agarose Construct

SeaPlaque agarose (FMC BioProducts, ME) was mixed in 1X PBS to
make the desired agarose solution and heated while stirring until dissolved
completely. The clear agarose solution was seeded into the bioreactor while hot
and cooled down for 2 hours to be gelled at room temperature. The mechanical
loading of 180 kPa with the piston was applied to the gel overnight until it was
completely compacted. The compacted construct was taken out for further

analysis.

C. Preparation of Compacted Collagen Construct

Rat tail collagen type | solution (4mg/ml) (Corning Inc., NY) was diluted
to 3mg/ml with 0.02M acetic acid (UCSD Chem Stockroom, CA) and kept at 4°C.
6X DMEM solution was prepared by diluting from 10X DMEM (Sigma-Aldrich,
MO). 1M NaOH (UCSD Chem Stockroom, CA) was added to 6X DMEM based
on the predetermined concentration (11.11pl per 100mg total collagen used) to
adjust the final pH to be 7.5. By mixing in ratio 2:10:3=pH’d 6X DMEM: 3mg/ml
collagen solution: 1X DMEM, a final collagen solution of 2mg/ml was prepared.
To vary the density of a final construct, different seeding volumes were
determined based on the assumption that the final construct was compressed
to 0.77mm thickness with 15.9mm diameter disc. As a result, the final volume
of the construct was assumed to be 0.152ml. The collagen solution prepared at

4°C was seeded into the bioreactor and incubated for 2 hours at 37°C/5%CQO»
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(Figure 2.1 (A)). After gelling, an additional 1X DMEM was filled to the final
volume of 12.5ml. The collagen gel was compacted with the piston, applying
180 kPa of load until the complete compaction (Figure 2.1 (C)). The compacted

construct (Figure 2.1 (D)) was removed for further analysis.

D. Biomechanical Testing

The compacted construct was placed in 1X PBS for one hour. The wet
weight was measured and recorded. The specimens for tensile and confined
compression testing were punched out from the construct as a dog-bone shape
and circular disc, respectively. Dimension of the dog bone specimen was
12+mm X 1.8 mm X h mm (length X width of narrow region X height) while that
of a circular disc was 6.4 mm or 9.6 mm diameter depending on the availability
of the sample. The machine used for mechanical testing was a Dynastat
mechanical spectrometer. During the equilibrium tensile testing, the dog bone
specimen was extended from 0% to 20% strain for a ramp time of 400s followed
by a relaxation for 3600s. Another extension of the sample occurred from 20%
to 40% strain for a ramp time of 400s followed by a relaxation for 3600s. After
acquiring data, the sample was stretched until break. During the oscillatory
confined compression stress relaxation testing, the circular disc sample was
placed in the confining chamber and compressed from 0% to 20% strain for a
ramp time of 400s followed by a relaxation for 36000s and tested for oscillatory

behavior at 0.01, 0.02, 0.05, 0.1, 0.2, and 0.5 Hz with 3, 2.6, 2.2, 1.8, 1.4, and
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1 dynamic amplitude and 3 cycles. Another compression occurred from 20% to
40% strain and tested, followed by the relaxation from 40% to 0% strain for a

ramp time of 60s followed by a relaxation of 3600s.

E. Dry Weight Measurement

The compacted constructs were measured for their physical dimensions
as well as the ratio of dry to wet weight. Thickness was measured by
AccuRange 200 Laser Displacement Sensor (Acuity, OR). At least five
thicknesses at different points on the construct were measured to calculate an
average thickness. The constructs were frozen and lyophilized overnight to
measure the dry weight. For collagen construct, it was soaked in excess 1X

PBS for an hour, frozen, and lyophilized overnight for the dry weight.

F. Cell Viability Assay

Cell viability within the compacted constructs was analyzed right after the
completion of compaction. The compacted constructs as well as uncompacted
construct controls were placed in complete media and assessed qualitatively for
cell viability by live/dead staining (Life Technologies, CA). Fluorescence
microscopy was used for viewing and images taken by Nikon D90 DSLR (Nikon,

Japan).
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lll. Figures and Tables

A. Figures

ti ’ C( t ) t
(A) (B) (C) (D)

» C(t) t;, C(t)

Figure 2.1. Overview of direct compaction method. (A) Hydrogel is seeded into the
main chamber and includes medium (pink), matrix (black lines), and cells (yellow dots).
(B) Piston with porous membrane is applied directly on the hydrogel with load, F. (C)
Fluid is exuded from the gel, resulting in changes in concentration, C, of gel
constituents and thickness, h, of gel. (D) Dense construct that is formed.
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en face

side I h

Figure 2.2. Geometry of spacer. OD: outer diameter, ID: inner diameter, h: thickness.
OD is set as inner diameter of the main chamber, while ID is varied.
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Figure 2.3. Permeation bioreactor schematic diagram. (A) Cellular collagen solution
is seeded to the main chamber and incubated at 37°C. (B) The fluid content is taken
out by a peristaltic pump via permeation. (C) The cellular construct is formulated and
(D) is analyzed. (B), (C), and (D) are performed at 25°C.
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B. Tables

Table 2.2. Experimental design for different target/final density of constructs. Ci:
initial concentration, Cs: target concentration. Geometry of final construct was h=1.50
mm, d=12.7 mm.

Exp | Group | Material Ci Cs Cell Compa | Sample
[mg/ml] | [mg/ml] | type ction | size(n)
| 01 agarose 2 164 - 3
02 5 411 - 3
01 2 20 - 3
Il 02 collagen 2 60 - 3
03 2 100 - 3
01 2 2 ' direct 1
02 2 2 bCCs 1
03 2 2 hMSCs 1
1 collagen
04 2 20 bCCs 1
05 2 20 hMSCs 1
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Table 2.3. Experimental design (compaction with spacer). h: thickness of a spacer.
ID: inner diameter of a spacer. Ci: initial concentration. Cy: target / final concentration.
*Final volume was calculated based on the assumption that the construct forms within

the spacer dimension.

Exp | Group | Material h ID C C Comp- | Sample
01 - - 5 5 - 1
02 1.50 12.7 5 417 1
v 03 agarose 12.7 5 156 direct 1
04 3.18 9.6 5 272 1
05 6.4 5 625 1
01 - - 2 2 - 3
02 1.50 12.7 2 20 1
Vv 03 collagen 12.7 2 8 direct 1
04 3.18 9.6 2 13 1
05 6.4 2 30 1
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Table 2.4. Experimental groups (permeation compaction). Geometry of final
construct was h=1.50 mm, d=12.7 mm.

Exp | Group C C Cell Cicell Comp- | Sample
6 . .
[mg/ml] | [mg/ml] type | [10°/ml] | action | size(n)
01 2 2 - 0 - 1
02 2 2 hMSC 0.1 - 1
VI 03 2 2 bCC 0.5 - 1
04 2 40 hMSC 0.1 permea 1
05 2 40 bCC 0.5 tion 1




RESULTS
l. Study 1: The effect of collagen density on biomechanical properties of a
compacted construct

A. Formation of Compacted Agarose Constructs

The agarose constructs were successfully compacted in the bioreactor
(Figure 3.1). The compacted constructs were opaque and structurally firm.
Noticeable difference in appearance was not observed between groups.
However, the edges were more transparent than the center (Figure 3.1 (B)).
The thickness of the final constructs varied in each trial, resulting in high
standard deviation (Table 3.1). In addition, the measurement of biomechanical
properties through confined compression testing was inconsistent (Table 3.1).
While the agarose compaction resulted in increase in final concentrations,
leaking of agarose gels through top chamber was observed. As a consequence,
inconsistent constructs were produced to cause very high difference in
biomechanical properties (Table 3.1). As a preliminary experiment, the
construct formation in the bioreactor by confined compression proved to be

operable.

B. Formation of Compacted Collagen Constructs

The collagen constructs of various concentrations of collagen were
successfully produced in the bioreactor using the direct compaction method

(Figure 3.2). The translucent pink colored soft tissue-like constructs were

30
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formed after compaction for all the experimental groups. All the constructs were
circular discs with uneven thickness. Notably, the outer edge was thinner than
the center. Qualitatively, 1I/03 was the most opaque construct, followed by 11/02
while 11/01 was transparent to some extent (Figure 3.2). Due to very soft and
thin structure, 11/01 was easily damaged and folded upon itself and was thus
difficult to handle. Conversely, 11/02 and 11/03 were easy to handle due to their

structural rigidity

C. Thicknesses and Concentrations

Paired t-test was performed to determine the significance of the effect of
compaction. Thicknesses of 11/01, 11/02, and 11/03 were reduced to 1.9% (p<0.05),
3.86% (p<0.05), and 2.65% (p<0.05) of their initial values, respectively. The
significance of thickness difference across the samples was found from ANOVA
test (p<0.05). Whereas, the collagen concentrations of 11/01, 11/02, and 11/03
were increased by 28 (p<0.01), 32 (p<0.01), and 47 fold (p<0.01), respectively
(Figure 3.11 (B)). The collagen concentrations of 11/02 and 11/03 reached their
target concentrations, 60 (p<0.01) and 100 mg/ml (p<0.01), respectively, within
one standard deviation while that of 11/01 was overachieved (p<0.01) (Figure
3.11 (B)) No significance between groups for the concentration of collagen was

found from ANOVA test (p<0.07).

D. Biomechanical Properties
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The equilibrium tensile testing and oscillatory confined compression
stress relaxation testing on Dynastat mechanical spectrometer were performed
on the compacted constructs. The data listed on Table 2.3 shows the results of
biomechanical tests. Two sample t-test (two tailed) was performed to determine
significant differences between the two groups, 11/02 and 11/03. The significant
difference was found for max load values (p<0.05) while differences between
the groups of other parameters including Hao, kpo, peak stress, elongation at
failure, failure strain, and stiffness at failure, were in significant (p>0.30).
Statistical analysis on the biomechanical properties of the constructs measured
from the oscillatory confined compression stress relaxation test and equilibrium
tensile test suggests that a significance in max load exists between 11/02 and
[1/03 (p<0.05). In addition, the mean of hydraulic permeability and failure strain
were twice as high in 1I/03 than in [1/02 (p>0.30), indicating the possible

improvement in biomechanical properties.

E. Cellullarized Construct Formation and Cell Viability Test

Cellularized constructs, 111/04 and 111/05, were successfully produced.
Both constructs were soft and flimsy, having similar characteristics to 11/01. The
live/dead assay was performed right after compaction. Approximately 7.3% cell
viability was found for [11/05 while no cells were alive for 111/04 (Table 3.3). Some
live cells for 111/05 were observed under 10X magnification microscope (Figure

3.4 (A)).
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Il. Study 2: Engineering a compacted construct — controlled thickness and
diameter during agarose and collagen compaction

A. Compacted Agarose Constructs with Spacers

The agarose gels were fully compacted with the spacers via uniaxial
loading and the compacted constructs were successfully formed (Figure 3.6).
The compacted constructs were shaped by the spacers and the hat part of the
constructs (indicated in Figure 3.5) physically fit into the spacer. The diameter
of the hat shaped part for all the constructs corresponded to the ID of the
spacers used within one standard deviation. However, the heights (h) of the
constructs were found to be higher than that of the spacers (Table 3.4). The
constructs, especially the thinner parts, were easily broken during disassembly

of the bioreactor, thus, forming uneven surfaces and edges.

B. Compacted Collagen Constructs with Spacers

The compacted collagen constructs were successfully produced using
the spacers (Figure 3.4). The final constructs were pink circular disks. The
center of the constructs was more opaque and intense color than the periphery.
In addition, unlike the compacted agarose constructs, they were more round
shaped. The thin peripheral aspects of the collagen constructs were soft, flimsy,
and easily folded on thin peripheral part. They were very soft and easily folded.
A denser core was formed and was opaque while the peripheral part was thinner

and transparent (Figure 3.4 (C) and (D)), resembling a sunny side up egg. In
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addition, the thickness of all the constructs was much less than the spacer
thickness (Table 3.4). However, the diameter of the center for all the groups fit

the corresponding ID of the spacers within one standard deviation.

C. Concentration and Thickness

The final concentration was determined from the ratio of dw to ww. The
concentrations of the agarose constructs as well as that of the collagen
constructs increased after compaction (Figure 3.12 (C) and (D)). Agarose
contents that were not recovered in the constructs were found in the top
chamber after compaction. The collagen concentrations increased by 7.1 — 21.4
folds. The significant decrease in thickness was observed for all samples (Table
3.2). Inner diameters of the constructs (ID) were decreased after compaction
(Figure 3.12 (A) and (B)). Most of them were similar to their inner diameters of
spacers within one standard deviation (Table 3.4) as well. Control group 1\V/02
had smaller ID than expected due to fragility of the construct (Figure 3.12 (A)

ctrl).

[ll. Study 3: Creating a cellularized collagen construct via permeation
compaction

A. Formation of Compacted Collagen Constructs

The high density collagen constructs were successfully produced in the
bioreactor using permeation method (Figure 3.8). The shape of the compacted

constructs was determined by the circular chamber of the bioreactor while that



35

of control groups were determined by 50 ml conical tubes in which they were
seeded in for gelling. The color of all constructs was light pink. Difference in
opacity was noticeable. Uniform opacity was observed for the controls while the
opacity of other constructs, VI/04 and VI/05, were uneven as indicated by the
intensity of color. In addition, bubbles inside all the gels were visible. The
physical characteristics of the constructs were soft, fluidic, and gel-like after

compaction. The duration of the complete compaction was about 37.5 min.

B. Live/Dead Assay

Cell viability in the constructs was analyzed by staining with the live/dead
assay. Approximately >60% cell viability of the compacted constructs was
counted (Table 3.5). The higher number of cells can be seen in Figure 3.9 (D)
and (E) compared to (B) and (C), respectively. In addition, slight decrease in
cell viability was measured between control groups and the experimental groups
(Table 3.5). Neither live nor dead cell was detected on negative control group,

as expected.
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IV. Figures and tables

A. Figures
Cs
[ mg/ml]
164
411

Figure 3.1. Compacted agarose constructs of direct compaction. Agarose gels
were compacted to target (A) 164 and (B) 411 mg/ml after compaction.
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Cs
[mg/ml]

20

60

100

Figure 3.2. Compacted collagen constructs of direct compaction. Collagen
compacted constructs with target concentration of (A,B) 20mg/ml, (C,D) 60mg/ml, and
(E,F) 100mg/ml were formed. (A,C,E) Light background to show the opacity. (B,D,F)
Solid background.
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Compaction: - - - + +
Cells:
Live
F
Dead
Live / Dead: 0/0
Viability [ % ]: 0

Figure 3.3. Effects of direct compaction on cell viability. (A-E) Green fluorescence
indicating live cells. (F-J) Red fluorescence indicating the nuclei of dead cells.
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Front View

Bottom View

Figure 3.4. Schematic of construct geometry resulting from use of spacer. Layer
of thickness, h1, and diameter, d1, were occasionally present above main construct of
total thickness, h, and main diameter, d.
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h[mm]
d[mm]

agarose

collagen

Figure 3.5. Effects of spacer on geometry of constructs formed by direct
compaction. Constructs were formed with (A-D) agarose or (E-H) collagen, and with
(A,E) standard spacer or (B-D, F-H) spacer with height, h=3.18mm, and diameter, d,
(B,F) 12.7mm, (C,G) 9.6mm, or (D,H) 6.4mm.
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Vessel: tube tube bioreactor bioreactor
Compaction: - - + +
Cells: none hMSC hMSC

Figure 3.6. Collagen constructs of permeation compaction. Collagen gels were
formed with (A,E) no cells and no compaction, (B,F) hMSC and no compaction, (C,G)
hMSC and permeation compaction, and (D,H) bCC and permeation compaction. (A-D)
Light background for opacity. (E-H) Solid background.
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4X

10X

Figure 3.9.Effects of permeation compaction (bCC). Live/dead images were taken
at (A,B,E,F) top and (C,D,G,H) bottom of the construct.
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agarose collagen
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Figure 3.10. Comparison (direct compaction) of dw / ww before and after
compaction. The error bars represent sd. i: initial concentration before compaction. f:

final concentration after compaction
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agarose collagen
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Figure 3.11. Effects of spacer on structure and composition. i: initial/before

compaction, f: final/after compaction, ctrl: control. The final diameter, d:, and dry to wet
weight ratio, dw: / wwi, of (A,C) agarose and (B,D) collagen constructs were measured
before compaction, i, and after compaction, f.
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Table 3.1. Physical properties for direct compacted agarose disks. Definitions of
parameters: Hao: confined compression modulus, ky: permeability constant, e: strain.

Data was presented as meanzsd, n=3.

Exp / Group /01 /02
Ci, Criarget | Mg / ml ] 2,164 5,411
mi [ mg ] 25 63
hi [ mm ] 46 46
After ht [ mm ] 1.34+0.98 2.10+0.89
compaction wws [ mg ] 191+104 4304245
After he [ mm ] 1.40+1.08 2.47+0.82
swelling
wwi [ mg ] 236+131 522+280
Final dws [ mg ] 9.1+3.8 40.3+11.5
dws / wwi [ % ] 5.6+3.2 11.445.3
Confined H,,[kPa] 24+19 87+108
compr(_assion k  @e=0
testing P 4,830+8180 89+94
[10*° m2/ (Pa-s)]
k @e=0.2
P 351+562 1.8+1.7
[10*° m2/ (Pa-s)]
k @e=0.4
L 27.5+35.2 8.9+10.0
[10° m~/ (Pa-s)]
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Table 3.2. Physical properties for direct compacted collagen disks.*1l/01 samples
were untestable due to their soft and fragile characteristics. Definitions of parameters:
Hao: confined compression modulus, kp: permeability constant, e: strain, max load:
maximum recorded load, peak stress: maximum stress prior to failure, elongation at
failure: elongation at maximum load, failure strain: (elongation at failure-tare
displacement)/gauge length, stiffness at failure strain: peak stress/failure strain. Data
was presented as meanzsd, n=3.

Exp / Group I/ 01* 11/ 02 I1/03
Ci,C [mg/ml] 2,20 2,60 2,100
m; [ mg ] 3.1 9.1 15.2
h [ mm] 5.53 16.6 27.7
After h,[mm ] 0.13+0.04 0.64+0.19 0.73+0.25
compaction wws [ mg ] 90.1+3.9 173+22.3 193+10.3
After swelling h [ mm ] 0.10+0.17 0.61+0.16 0.86+0.28
ww;s [ mg ] 67.4+44.1 183+19.5 266+24.8
Final dws[ mg ] 5.0£2.3 11.2+2.0 18.2+1.6
dws / wwi [ %] 5.5+2.5 6.5+0.9 9.5+1.3
Confined H,, [ kPa] - 0.42+0.11 0.85+0.63
compression k_@e=0
i po - 172041800 2880+270
testing [107° m?/ (Pa-s)]
ko @e=0.2
[105 m2/ (Pa-s)] - 4104450 1000£10
kp@e=0.4
P@ - 340+340 340140
[101° m2/ (Pa-s)]
Tensile testing Max load [ mN ] - 49.5+1.3 114.0+21.9
Peak
stress[ MPa | - 0.08+0.06 0.10+0.01
Elongation at i 2.1+0.8 3.6£1.4
failure [ mm ]
Failure strain - 0.44+0.18 0.84+0.42
Stiffness at
failure strain - 0.26+0.32 0.13+0.06
[ MPa]
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Table 3.3. Effects of direct compaction on cell viability. C;: initial concentration of

collagen. Cs: final/target concentration of collagen.

Exp | Group Ci Ct Cell type Viability
[mg/mil] | [mg/ml] [%]
01 2 2 - N/A
02 2 2 bCC 99.0
1l 03 2 2 hMSC 95.0
04 2 20 bCC 0
05 2 20 hMSC 7.3
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Table 3.5. Cell viability result (permeation compaction). Ci: initial concentration of
collagen. Cs. final/target concentration of collagen.

Exp | Group Ci Cs Cell dw/ww | Viability
[mg/ml] [[mg/ml]| type | [mg/ml] [%]
01 2 2 - : N/A
02 2 2 hMSC - 80
v 03 2 2 bCC - 90
04 2 40 hMSC 86 71
05 2 40 bCC 28 62
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Table 3.6. Compaction studies in comparison. This table summarizes the variables
in other studies compared with this study.

Independent Var. Dependent Var.
Stud i .
y Method Shape Pore size Material Cr Cell
[um] [mg/ml]
Brown et al unconflngd rectangular 50 col type | n/d n/d
compression
Han et al ' circular 2 agarose 25 viable
confined col type Il
Blum et al [COMPressionfrectangular, g, jcollagen | 5o o) 5 | iape
circular oligomer
confined circular agarose | 60 — 120 not viable
Sungil [compression 0.2 |coltype || 20 — 100
permeation | circular col type | 40 viable




DISCUSSION

This thesis paper examined the ability of a bioreactor to achieve
compaction of hydrogels by direct compaction with a constant pressure (180
kPa) or permeation compaction with an applied constant fluid flow (43 pl/min).
The shape of final constructs was circular disc with different opacity and affected
by the presence of spacers. Both compactions resulted in increase in dw/ww
ratio although the target concentration and complete retention of materials were
not achieved. The mechanical properties including compressive modulus and
hydraulic permeability were varied with target construct and material. The
effects of direct and permeation compaction on cell viability were markedly
different; high cell viability was only observed in constructs compacted via
permeation.

These studies provide various engineering tools that can be useful in
making cartilaginous constructs. The successful use of commercial telocollagen
type | in the bioreactor is advantageous for its simplicity and cost-effectiveness.
A novel permeation method in addition to direct compaction is easily adopted
for various experimental designs. With 0.2 um pore size filter, many fibrous
hydrogels whose diameter is smaller can be tested as well. Although
concentrations and dimensions of constructs may be controlled with spacer,
more studies are needed to improve the accuracy of controllable measures.

The pressure gradients associated with direct and permeation

compaction can be compared. Static load of 180 kPa was practically set for
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steady and complete direct compaction. The pressure gradient through the

collagen scaffold due to fluid flow can be found using Darcy’s law [36]

kAP

U=u_L(1)

where v is the fluid velocity, K is the hydraulic permeability, u is the viscosity, P
is the pressure, and L is the thickness of a slab. Also, k for 3D arrays of fibers

can be found by the equation derived by Jackson and James [35]

A ) @

where a is the fiber radius and ¢ is the volume fraction of fibers. Using the
reported values of a (0.17 pm) and, assuming that rho = 1.025 g / cm®and Cc
= 2 — 40 mg/ml, the calculated ¢ ranges from -3.0*10*3to -1.4*10** for collagen
in hydrogel [36, 68] and the viscosity is that of water (0.001 N s / m?), the
calculated AP, based on equation 1 and 2, ranges from -200 to -5 Pa. As a result,
permeation compaction creates negative pressure across the scaffold. Thus,
the pressure gradient across the sample with permeation compaction (5-200
Pa), is much less than that with direct compaction (180 kPa).

Reported typical values of Ha and kp for AC are in the range of 0.5 - 0.9
MPa and 1x10'® — 1x10% m?/(Pa-s), respectively [7]. The Ha and kp of
compacted constructs show the potential for obtaining biomechanical properties
similar to natural articular cartilage. However, the tensile modulus was not close

to the reported value (5 — 25 MPa) [6]. Discrepancy may be due to the absence
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of PG in scaffold since the tensile modulus of ECM to collagen to PG ratio is
strongly correlated [1].

Permeation compaction creates a compacted collagen construct with
viable cells with possibility to enhance biomimetic properties of the dense
scaffold. Density difference within the construct (Figure 3.7 (C)) is caused by
uneven outflow on the FLS during the compaction as the dense region for VI/04
and VI/05 appeared at the center where the 12.7mm diameter filter was. This
suggests that the outflow of fluid occurred unevenly over the entire construct. If
so, control of outflow can be achieved by the filter and the creation of a density
gradient within the construct that can induce cell migration may be achieved
[22]. The morphology of cells determined from calcein AM staining of cell
cytoplasm showed that all the cells were circular, suggesting that cell adhesion
onto the collagen fibrils did not fully take place [37]. Closer image of hMSC
(Figure 3.9 (K)) indicates spreading of cells to the collagen fibers, as change in
cell morphology in flattened spindle or discoid shapes [22] can be observed
within a day of culture in high dense collagen construct [12].

During the compaction, the media is filtered through three networks: First,
40 um pore size mesh, second, 0.2 um pore size membrane, and lastly, 2 um
frit. These filter sizes act as semi-permeable membrane that entraps the
constituents of construct, resulting in irreversible compaction. However, during
agarose compaction, those fibers smaller than the pore sizes of filters can

escape the confined chamber as leakage of agarose through top chamber was
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observed. Inconsistency in structure and composition of constructs as well as
irreversibility of compaction also suggests that the random entanglements of
fibers seem to play a role. Moreover, fiber-fiber interaction can cause coulombic
friction, affecting the rheological behavior and irreversibility [64].

Cell viability was assessed on the compacted constructs with bCC and
hMSC. The fluorescence dyes, calcein acetoxymethyl (calcein AM) and
ethidium homodimer-1, stain cell cytoplasm in live cells and DNA in dead cells
while they excite and emit at 494/517 and 528/617 nm (excitation/emission),
seen as green and red color under fluorescence microscope, respectively.
Since calcein AM and ethidium homodimer-1 stain cell cytoplasm and DNA in
nucleus, respectively, the results of the assay for proper staining can be verified
approximately by comparing the size of the diameter of cells (10-30um) and
nucleus (3-10um). No or low viability after the direct compaction may be due to
the insufficient protective materials such as PG and/or ECM for cells from shear
flow since apoptosis or necrotic cell death can be induced by shear flow of 1 Pa
and 2 Pa for single cell [69]. In addition, cells may be particularly sensitive to
dehydration and hypo-osmotic damage in the low mass of the collagen sheet
[14]. This indicates that less pressure and shear flow when compacting to create

a cellularized construct may minimize the cell death after compaction.



CONCLUSION

Direct compaction in the bioreactor can produce structurally rigid and
compacted collagen constructs with various densities. The biomechanical
properties of the constructs were as similar as a natural tissue to a certain
degree but they must be further improved and investigated for cell
encapsulation. The study with designed spacers for uniaxial loading showed
potential that such molding technique could be applied for a compacted
construct, either agarose or collagen. Permeation compaction in the bioreactor
resulted in successful fabrication of a high density collagen construct from
commercial acid-soluble telocollagen and cellularized with various types of cells
including hMSCs and bCCs, both of which serve as potential sources for
therapeutic cell populations, without significant decreases in cell viability [30].
Use of the bioreactor designed by the senior design team 2014-2015 in the CTE
lab allows the production of dense collagen tissues via compaction method,
either with piston (direct) or pump (permeation). Permeation compaction
method not only produces a compacted collagen scaffold, but also increases
cell viability of the construct necessary for successful engineered cartilage
tissues. These properties are advantageous for creating a biomimetic tissue
graft. In future, the effects of collagen density as well as ECM formation and
secretion by seeded cells on the biomechanical properties of a compacted
collagen construct should be studied. In addition, the comparison of

biomechanical properties of constructs via direct and permeation compaction
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may be helpful to figure out the underlying mechanism of compaction at
molecular level. Understanding cellular activities in 3D dense scaffold, whether

agarose or collagen, should be achieved as well.
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