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Abstract
Articular cartilage cannot repair itself in response to degradation from injury or osteoarthritis. As
such, there is a substantial clinical need for replacements of damaged cartilage. Tissue engineering
aims to fulfill this need by developing replacement tissues in vitro. A major goal of cartilage tissue
engineering is to produce tissues with robust biochemical and biomechanical properties. One
technique that has been proposed to improve these properties in engineered tissue is the use of
non-enzymatic glycation to induce collagen crosslinking, an attractive solution that may avoid the
risks of cytotoxicity posed by conventional crosslinking agents such as glutaraldehyde. The
objectives of this study were 1) to determine whether continuous application of ribose would
enhance biochemical and biomechanical properties of self-assembled articular cartilage constructs,
and 2) to identify an optimal time window for continuous ribose treatment. Self-assembled
constructs were grown for 4 weeks using a previously established method and were subjected to
continuous 7-day treatment with 30 mM ribose during culture weeks 1, 2, 3, or 4, or for the entire
4-week culture. Control constructs were grown in parallel, and all groups were evaluated for gross
morphology, histology, cellularity, collagen and sulfated glycosaminoglycan (GAG) content, and
compressive and tensile mechanical properties. Compared to control constructs, it was found that
treatment with ribose during week 2 and for the entire duration of culture resulted in significant
62% and 40% increases in compressive stiffness, respectively; significant 66% and 44% increases
in tensile stiffness; and significant 50% and 126% increases in tensile strength. Similar statistically
significant trends were observed for collagen and GAG. In contrast, constructs treated with ribose
during week 1 had poorer biochemical and biomechanical properties, although they were
significantly larger and more cellular than all other groups. We conclude that non-enzymatic
glycation with ribose is an effective method for improving tissue engineered cartilage and that
specific temporal intervention windows exist to achieve optimal functional properties.
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1. Introduction
Articular cartilage covers the surfaces of diarthrodial joints and serves to reduce friction and
distribute loads during joint motion. Structurally, articular cartilage is an avascular,
hypocellular tissue with an abundant extracellular matrix (ECM) rich in collagen type II and
glycosaminoglycans (GAGs), which give rise to the tissue's tensile and compressive
properties, respectively. Due to its avascularity and hypocellularity, cartilage lacks an
intrinsic capacity to repair itself after painful destruction brought on by trauma or
osteoarthritis [1]. Thus, there is a substantial clinical need for suitable replacements of
damaged cartilage. The field of tissue engineering aims to fulfill this need by developing
biologic replacements in vitro for eventual in vivo implantation. A fundamental objective of
cartilage tissue engineering is to produce tissues with robust biochemical and biomechanical
properties [2].

To address this objective, our laboratory has developed a self-assembly process for
engineering cartilage constructs [3]. The self-assembly process involves seeding
chondrocytes at a high density into pre-formed, non-adherent, cylindrical wells. Cells
coalesce into disc-shaped constructs and, over time, undergo biochemical and biophysical
changes that approximate in vivo cartilage development [4]. Unlike traditional tissue
engineering strategies, the self-assembly process does not employ a biomaterial scaffold,
thereby circumventing the typical challenges associated with scaffold use, such as toxicity,
biodegradability, and inhibited cellular signaling [3]. An important advantage of the self-
assembly process is that, since it is a strictly cell-mediated phenomenon, it can serve as a
model system for examining the direct effects of biochemical [5–7] and biophysical [8–10]
stimuli on cell physiology and ECM development. Although progress has been made in
identifying beneficial stimuli for self-assembly, the functional properties of self-assembled
cartilage constructs still fall short of native tissue values. Therefore, it is imperative that
additional treatment modalities be evaluated.

One technique that has been proposed to improve engineered tissue is the use of non-
enzymatic glycation to induce collagen crosslinking [11–14]. Non-enzymatic glycation
involves three steps [15]. First, the aldehyde group of a reducing sugar, such as ribose, reacts
with the nucleophilic ε-amino residue of lysine in the collagen polypeptide to form an
unstable, reversible Schiff base. One advantage of using ribose is that formation of the
Schiff base occurs more rapidly with ribose compared to other sugars (e.g., 17× faster than
glucose), largely due to its preferentially open-chain configuration [15]. In the second step
of non-enzymatic glycation, the Schiff base undergoes Amadori rearrangement, producing a
stable, less reversible ketone. Finally, over time, the Amadori products are degraded to form
a variety of advanced glycation end-products (AGEs) [16], which accumulate in the ECM.
Traditionally, the accumulation of AGEs has been understood to be an unwanted
manifestation of aging and diabetes [15,17,18]. However, researchers have begun to
recognize the potential benefits of non-enzymatic glycation as a tool to improve engineered
tissue properties, especially without the risk of cytotoxicity posed by conventional
crosslinking methods like glutaraldehyde fixation [11–14,19,20].

In a recent experiment from our laboratory, self-assembled cartilage constructs were treated
for 3.5 h with one of four exogenous crosslinking agents on the final day of construct culture
(t=28 days) [11]. A head-to-head comparison of treatments revealed that ribose produced the
greatest improvements in tensile stiffness and strength, beating glutaraldehyde, genipin, and
methylglyoxal. Encouraged by these results and other studies in the literature, we decided to
examine the effects of continuous ribose treatment on self-assembled cartilage constructs at
different time windows throughout 4 weeks of culture.
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The objectives of this study were 1) to determine whether continuous application of ribose
would enhance the biochemical and biomechanical properties of self-assembled articular
cartilage constructs, and 2) to identify an optimal time window for continuous ribose
treatment. Constructs were self-assembled from bovine chondrocytes and subjected to
continuous 7-day treatment with ribose during culture weeks 1, 2, 3, or 4, or for the entire 4-
week duration of culture. Control constructs were grown in parallel. It was hypothesized that
1) ribose would improve construct biochemical and biomechanical properties, 2) an optimal
treatment time window exists for which constructs undergo greatest improvement, and 3)
ribose treatment for the entire duration of culture would produce the greatest effect on
constructs. Assessments included gross morphology, histology, quantitative biochemistry,
and biomechanical testing.

2. Materials and Methods
2.1. Media

This study employed two medium formulations: “control medium” and “ribose medium.”
Control medium is a chondrogenic medium described extensively by our group [5,6,8].
Ribose medium is control medium plus 30 mM D-ribose (Sigma). This concentration of
ribose was selected from literature that demonstrated beneficial effects of 30 mM ribose on
specimen mechanical properties, with no effects on cell viability [11,12]. Our chosen
concentration of 30 mM ribose is far below the 250 mM ribose shown to be tolerated well
by chondrocytes in vitro [14].

2.2. Chondrocyte isolation
Cartilage harvested from the distal femur of 1-week-old male calves (Research 87) was
digested in 0.2% collagenase type II (Worthington) for 24 h [7]. Each leg came from a
different animal, and cells from 8 legs were pooled. Cells were counted and then frozen at
−80°C in DMEM containing 20% fetal bovine serum and 10% dimethyl sulfoxide.

2.3. Preparation of agarose wells for construct self-assembly
Cylindrical, non-adherent wells were prepared using a technique adapted from previous
work [3,4]. A stainless steel mold consisting of 5 mm diameter cylindrical prongs was
placed into molten 2% agarose in a 48-well plate. The agarose solidified at room
temperature, and the mold was removed. Two changes of control medium were used to
saturate the agarose before cell seeding.

2.4. Self-assembly and culture of cartilage constructs
Cells were thawed and counted within 5 days of freezing. Viability was >90%. To create
each construct, 5.5 million cells in 100 μL control medium were seeded into each cylindrical
agarose well, followed by addition of 400 μL control medium after 4 h. Cells coalesced into
free-floating disc-shaped constructs; t=1 day was defined as 24 h after seeding. Constructs
were cultured in the agarose wells until t=10 days, at which point they were unconfined and
transferred to 48-well plates unrestricted by circumferential confinement. Constructs
received 500 μL medium change every 24 h and remained in culture until t=28 days. All
culture was at 37°C and 10% CO2.

This study examined six groups: Control, Week 1, Week 2, Week 3, Week 4, and All
Weeks. Controls received control medium during t=1–28 days. Ribose-treated constructs
received ribose medium during t=1–7 days (Week 1), t=8–14 days (Week 2), t=15–21 days
(Week 3), t=22–28 days (Week 4), or t=1–28 days (All Weeks). Ribose-treated constructs
received control medium when not undergoing ribose treatment.
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2.5. Gross morphology and histology
At t=28 days, constructs were removed from culture. Photographs were taken, and diameters
were measured from photographs using ImageJ software. Wet weights (WW) were recorded,
and constructs were portioned for analysis. A 3 mm diameter punch was taken from the
construct's center for indentation testing. The remaining outer ring was split into portions for
histology, quantitative biochemistry, and tensile testing. For histology, constructs were
cryoembedded and sectioned at 14 μm. Samples were fixed in 10% formalin and stained
with Safranin-O/fast green (GAG) and picrosirius red (collagen).

2.6. Quantitative biochemistry
Biochemistry samples were weighed, frozen, and lyophilized. Dry weights (DW) were
measured, after which samples were digested with 125 μg/mL papain (Sigma) for 18 h at
65°C. Total DNA was assessed with a PicoGreen Assay (Invitrogen), and cell number was
estimated assuming 7.7 pg DNA per cell. Sulfated GAG was quantified using the Blyscan
Glycosaminoglycan Assay (Biocolor). Following hydrolysis with 4 N sodium hydroxide for
20 min at 110°C, total collagen was quantified with a chloramine-T hydroxyproline assay
[21]. Sircol collagen standard (Biocolor) was used such that the standard curve reflected
collagen amount, eliminating the need to convert hydroxyproline to collagen. Total collagen
and sulfated GAG were normalized to WW and DW for making comparisons.

2.7. Creep indentation testing
A creep indentation apparatus was used to determine compressive behavior of each
construct [22]. Each sample was affixed to a stainless steel surface and equilibrated for 20
min in PBS. A 0.7 g (0.007 N) mass was applied with a 0.8 mm diameter flat, porous
indenter tip, and specimens crept until equilibrium. Specimen thickness was measured from
photographs. Aggregate modulus, a measure of compressive stiffness, was calculated using
a semi-analytical, semi-numeric, linear biphasic model [22].

2.8. Tensile testing
Tensile specimens were cut into dog-bone shapes with 1-mm gauge length. Specimen
thickness and width were measured from photographs using ImageJ software. Specimens
were then affixed with glue to paper tabs outside the gauge length, and these tabs were
gripped during testing. A uniaxial materials testing system (Instron Model 5565) was
employed to determine tensile properties. Tensile tests were performed until failure at a
strain rate of 1% of the gauge length per second. Stress-strain curves were calculated by
normalizing force-displacement to specimen dimensions. Young's modulus, a measure of
tensile stiffness, was determined by least squares fitting of the linear region of the stress-
strain curve. The ultimate tensile strength (UTS) was determined as the maximum stress
reached during a test.

2.9. Statistical analysis
All quantitative assessments were made using n=5–9. Numerical data are represented as
means ± standard deviations. To compare among treatment groups, single-factor ANOVA
was employed, with Fisher LSD post hoc testing when warranted. Significance was defined
as p<0.05.

3. Results
3.1. Gross appearance and histology

At t=28 days, constructs from every group had similar flat surfaces with no surface
abnormalities (Figure 1). Diameter and WW are provided in Table 1. Week 1 constructs had
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significantly greater diameter (1.06× control) and WW (1.34× control) compared to all other
groups. On histology, all constructs stained positively for collagen and GAG (Figure 1).

3.2. Quantitative biochemistry
Cell number is shown in Table 1. Week 1 had a significantly higher cell number (1.63×
control), with no other differences between groups.

GAG/WW is shown in Figure 2A. GAG/WW values for control, Week 1, Week 2, Week 3,
Week 4, and All Weeks were 4.6±0.6%, 3.8±0.7%, 6.2±1.5%, 4.4±1.3%, 5.0±0.6%, and
6.2±0.7%, respectively. Week 2 and All Weeks had the greatest GAG/WW (1.34× and
1.35× control, respectively). Week 1 had the least GAG/WW (0.82× control). GAG per dry
weight (DW), provided in Table 1, showed a similar trend to that observed for GAG/WW.

Collagen/WW is shown in Figure 3A. Collagen/WW values for control, Week 1, Week 2,
Week 3, Week 4, and All Weeks were 5.0±0.6%, 4.6±0.9%, 7.6±1.3%, 5.9±1.9%,
5.2±0.6%, and 10.1±3.4%, respectively. All Weeks had the highest collagen/WW (2.04×
control), followed by Week 2 (1.53× control). Week 1, Week 3, and Week 4 were no
different from control. Similar trends were observed for collagen/DW (Table 1), though
Week 2 and All Weeks did not differ from each other in collagen/DW.

3.3. Biomechanics
Compressive stiffness, represented by aggregate modulus, is shown in Figure 2B. Aggregate
moduli for control, Week 1, Week 2, Week 3, Week 4, and All Weeks were 138±34, 64±22,
193±38, 131±27, 152±41, and 224±45 kPa, respectively. Trends for aggregate moduli
followed those of GAG/WW. The highest aggregate moduli were found in All Weeks (1.62×
control), followed by Week 2 (1.40× control). Week 1 had the lowest aggregate moduli
(0.46× control).

Tensile stiffness, represented by Young's modulus, and UTS are shown in Figure 3. Young's
moduli for control, Week 1, Week 2, Week 3, Week 4, and All Weeks were 717±160,
457±106, 1034±141, 888±181, 669±130, and 1192±340 kPa, respectively. All Weeks had
the highest Young's moduli (1.66× control), followed by Week 2 (1.44× control). Week 1
had the lowest Young's moduli (0.64× control). UTS values for control, Week 1, Week 2,
Week 3, Week 4, and All Weeks were 366±61, 411±147, 551±147, 465±101, 376±110, and
830±188 kPa, respectively. Trends for UTS appeared to reflect trends in collagen/WW. All
Weeks had the highest UTS (2.26× control), followed by Week 2 (1.50× control).

4. Discussion
This study examined the effects of continuous ribose treatment over various time windows
during self-assembly of articular cartilage constructs. Experimental results supported the
hypotheses motivating the study: 1) treatment of self-assembled constructs with ribose
produced significant increases in biochemical and biomechanical properties; 2) week 2 was
identified as the optimal treatment time window to produce the greatest improvements in
constructs; and 3) continuous ribose treatment for the entire duration of culture had the
greatest effect on construct properties, notably producing a 62% increase in compressive
stiffness, a 66% increase in tensile stiffness, and a 126% increase in tensile strength
compared to control. To the best of our knowledge, this is the first study not only to
systematically compare ribose treatment over various time windows during in vitro tissue
development, but also to examine the direct effects of ribose treatment on both cells and
their surrounding ECM during tissue engineering. This study demonstrates the effectiveness
of ribose as an agent to improve tissue engineered materials.
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It was found that the optimal time window for ribose treatment is during week 2 (t=8–14
days). Compared to controls, week 2 constructs exhibited significant improvements in GAG/
WW (34% increase), collagen/WW (53% increase), compressive stiffness (40% increase),
tensile stiffness (44% increase), and tensile strength (50% increase). To understand why
intervening during week 2 can lead to such dramatic improvements in construct properties, it
is important to consider the developmental milestones of self-assembling constructs. A
previous study from our laboratory characterized matrix development during self-assembly
[4]. A principal finding was that collagen production reaches a plateau between days 10–14
of culture, after which GAG production predominates. It is thought that rapid production of
GAG with no new collagen contributes to pre-stress within the fledgling ECM, thereby
compromising the engineered tissue's tensile properties [6,23]. Altering this imbalance
between GAG and collagen has been shown to improve the tensile properties of self-
assembled constructs [6]. During week 2, before collagen production halts and GAG
production ramps up, the developing ECM may be more susceptible to interventions like
ribose that either reinforce existing matrix or induce new matrix biosynthesis. The beneficial
effects of week 2 ribose treatment are corroborated by previous work showing that other
stimuli also produce their maximal effects when applied to constructs during week 2 [5,7,8].

One interesting finding is that the results for collagen content reflected trends seen for
tensile strength but do not track as closely with tensile stiffness. It is understood that the
tensile properties of cartilage are conferred by the tissue's collagen network. Collagen
networks have complex structure-function relationships governed by peptide abundance,
fibril organization, and crosslink presence [24]. A possible explanation for the fidelity
between tensile strength and collagen content is that collagen abundance may preferentially
determine the tissue's failure point (and thus strength), whereas individual crosslinks within
the network may determine the fiber bundle response to strain (and thus stiffness). Future
studies on native cartilage should be undertaken to tease out structure-function relationships
between collagen abundance, crosslinks, tensile stiffness, and tensile strength.

Increased GAG and compressive stiffness in ribose-treated constructs may be explained by
the effects of crosslinking, as well. Glycation-mediated crosslinking may be trapping GAGs
within the crosslinked network, thereby preventing GAG loss during culture. Higher
compressive stiffness may be explained by tighter packing of GAG within the crosslinked
network. One way to test this hypothesis in the future may be to examine the ratio of GAG
to pentosidine, a molecule derived from ribose that is responsible for crosslinks between
lysine and arginine residues in collagen [24]. By studying correlations between GAG and
pentosidine, inferences can be made about the effect of collagen crosslinking on GAG
retention or loss.

Although the guiding principle underlying this study is that ribose induces crosslinking of
the ECM, the observed changes in biochemistry and biomechanics may be further explained
by cellular metabolism or osmotic stress. Ribose is known to affect cellular metabolism [15]
and therefore may influence chondrocyte biosynthesis during self-assembly. Additionally,
ribose supplementation increases medium osmolarity. Cells undergo shrinkage in a
hyperosmotic environment; such cellular strain is thought to alter chromatin condensation
and nucleocytoplasmic transport [25]. The downstream effect of these nuclear changes may
be increased GAG or collagen. To test this concept in the future, one could examine the use
of a non-reducing sugar such as sucrose to modulate osmolarity while preventing glycation.

Of note is that constructs treated with ribose during week 1 exhibited decreases in
biochemical and biomechanical properties but increases in size and cell number compared to
all other groups. During week 1, in a process resembling chondrogenesis in vivo [26], our
laboratory has shown that the nascent construct's efforts are focused primarily on cell
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condensation through N-cadherin upregulation rather than on ECM synthesis [4]. As such,
there is very little ECM available as a substrate for glycation. Thus, the effect of early ribose
treatment may be metabolic or osmotic, rather than crosslink forming. Metabolically, ribose
may have shunted cellular biosynthesis towards proliferation [15], which may explain the
63% increase in cell number after week 1 treatment. Thus it is not surprising that, given the
greater cell number, week 1 treated constructs are larger. Despite the greater cell number
and size, these constructs were unable to keep up with ECM synthesis observed in other
groups. Similar results were obtained in a previous study that investigated initial cell seeding
density in self-assembly and revealed an upper limit for effective tissue engineering [27].

Constructs treated with ribose throughout the entire 4 weeks exhibited the greatest
improvements. It is possible that the beneficial effects seen with week 2 treatment were able
to mitigate the negative effects seen with week 1 treatment. Most importantly, however, the
success of these constructs demonstrates that treatment with 30 mM ribose can be used
safely in tissue engineering strategies with no risk of in vitro cytotoxicity. Future work is
warranted to assess biocompatibility in vivo, since previous work has suggested that AGEs
may mark ECM proteins for targeted proteolysis [15].

This work provides evidence that continuous treatment with ribose can significantly enhance
the biochemical and biomechanical properties of self-assembled cartilage constructs. We
have identified an optimal time window for ribose application. Additionally, we provide
evidence that 30 mM ribose can be used safely in vitro without risk of cell death or other
deleterious effects. Finally, a major innovation of this study is that it evaluated ribose
application during self-assembly, a purely cell-mediated phenomenon, from which direct
effects on both cells and ECM were ascertained for the first time.
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> Cartilage constructs were engineered using self-assembly over 4 weeks.

> Ribose treatment was evaluated directly on cells and developing ECM.

> Ribose enhanced mechanical properties of engineered tissue.

> Effects were time dependent.

> Ribose did not exhibit detrimental effects when used over 4 weeks.

Eleswarapu et al. Page 9

Biochem Biophys Res Commun. Author manuscript; available in PMC 2012 October 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Gross morphology and histology of self-assembled constructs at 4 weeks. From left to right:
representative images of constructs from Control, Week 1, Week 2, Week 3, Week 4, and
All Weeks ribose treatment groups. Constructs had a similar flat circular appearance with no
surface abnormalities (top row). All constructs stained positively for GAG (middle row) and
collagen (bottom row). Color images available in online version of this article.
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Figure 2.
Glycosaminoglycan content and compressive stiffness of self-assembled constructs. (A)
GAG/WW for all groups. Ribose treatment during Week 2 and All Weeks had the greatest
GAG/WW (34% and 35% > control, respectively). Week 1 had the least GAG/WW (18% <
control). (B) Compressive stiffness for all groups. The highest aggregate moduli were found
in All Weeks (62% > control), followed by Week 2 (40% > control). Week 1 had the lowest
aggregate moduli (54% < control). As expected, trends for aggregate moduli followed GAG/
WW trends. Data are presented as means ± standard deviations. Groups not connected by
the same letter are significantly different (p<0.05).
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Figure 3.
Collagen content, tensile stiffness, and tensile strength of self-assembled constructs. (A)
Collagen/WW for all groups. Ribose treatment during All Weeks had the highest collagen/
WW (104% > control), followed by Week 2 (53% > control). (B) Tensile stiffness for all
groups. The highest Young's moduli were found in All Weeks (66% > control), followed by
Week 2 (44% > control). Week 1 had the lowest Young's moduli (36% < control). (C)
Tensile strength for all groups. All Weeks had the highest UTS (126% > control), followed
by Week 2 (50% > control). UTS trends appeared to reflect collagen/WW trends. Data are
presented as means ± standard deviations. Groups not connected by the same letter are
significantly different (p<0.05).
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