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suggests measuring multiple mechanical properties prior to implantation, because these properties could
affect the long term success of the implant. Additionally, these engineered cartilage mechanics could be
sensitive to the autologous chondrocyte source, an inherently irregular manufacturing starting material.

Keywords: If any mechanical properties are sensitive to changes in the autologous chondrocyte source, these proper-

Chondrocytes ties may need to be measured prior to implantation to ensure manufacturing reproducibility and quality.

Compression Therefore, this study identified variability in the compressive, friction, and shear properties of a human

:Liction tissue engineered cartilage constructs due to the chondrocyte source. Over 200 constructs were created
ear

from 7 different chondrocyte sources and tested using 3 distinct mechanical experiments. Under con-
fined compression, the compressive properties (aggregate modulus and hydraulic permeability) varied by
orders of magnitude due to the chondrocyte source. The friction coefficient changed by a factor of 5 due
to the chondrocyte source and high intrapatient variability was noted. In contrast, the shear modulus was
not affected by changes in the chondrocyte source. Finally, measurements on the local compressive and
shear mechanics revealed variability in the depth dependent strain fields based on chondrocyte source.
Since the chondrocyte source causes large amounts of variability in the compression and local mechanical
properties of engineered cartilage, these mechanical properties may be important measures of manufac-
turing reproducibility.

Tissue engineering

Statement of significance

Although the FDA recommends measuring mechanical properties of human tissue engineered cartilage
constructs during manufacturing, the effect of manufacturing variability on construct mechanics is un-
known. As one of the first studies to measure multiple mechanical properties on hundreds of human tis-
sue engineered cartilage constructs, we found the compressive properties are most sensitive to changes
in the autologous chondrocyte source, an inherently irregular manufacturing variable. This sensitivity to
the autologous chondrocyte source reveals the compressive properties should be measured prior to im-
plantation to assess manufacturing reproducibility.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Clinical trials of human tissue engineered cartilage have shown
promising results in the repair of focal cartilage defects [1,2], but
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cation of critical quality attributes that are appropriate for tissue
implants. In guidance documentation, the FDA recommends that
multiple mechanical properties (compression, friction, and shear)
be evaluated prior to implantation [3]. These mechanical proper-
ties could serve as critical quality attributes of human tissue engi-
neered cartilage. However, these mechanical properties are rarely
measured by manufacturers. As a result, manufacturers do not
know if any mechanical property has large variations due to the
manufacturing process. Large variability in any mechanical prop-
erty of engineered cartilage could cause differences in the in vivo
function and may need to be measured prior to implantation.

The autologous chondrocyte source, an inherently irregular
manufacturing variable, could be a major source of manufacturing
variability and could contribute to changes in engineered cartilage
mechanics. Studies that isolate human chondrocytes have shown
that patient variables such as age [4-6], BMI [7], and presence
of arthritis [6,8] can affect gene expression and a chondrocyte’s
ability to produce matrix. In studies on engineered cartilage with
animal chondrocytes, differences in the chondrocyte source such
as age and anatomic location influenced production and concen-
tration of collagen and proteoglycans [9-12]. These concentrations
of collagen and proteoglycans are usually correlated with the me-
chanical properties of engineered constructs [13-19]. Although ev-
idence suggests that the autologous chondrocyte source will affect
construct mechanics, the mechanical property (compression, fric-
tion, or shear) that will be most sensitive to chondrocyte source is
unknown.

Previous work has shown evidence that the mechanical prop-
erties of human tissue engineered cartilage are sensitive to other
manufacturing variables, specifically the culture period. During the
manufacturing process of most human tissue engineered cartilage,
autologous chondrocytes are seeded into porous scaffolds [2,20-
22]. Once seeded some constructs are implanted directly into the
joint, while others are grown in vitro for approximately 5 weeks.
The construct compressive properties can improve 2-3-fold and ap-
proached values similar to native tissue in this 5 week culture pe-
riod [18,23,24]. During this culture period, the friction coefficients
reached values similar to native articular cartilage early (between
1 and 3 weeks) and remained similar to native tissue throughout
the remaining growth period [18]. The shear modulus was the me-
chanical property least likely to change and typically remained an
order of magnitude less than native cartilage even after 5 weeks of
culture. Finally, local mechanical properties, such as depth depen-
dent tissue modulus, can change by a factor of 10 with depth in a
single sample and between constructs [25]. These differences were
related to the growth period and local concentrations of new ma-
trix deposition [26]. These previous results show some mechanical
properties (compression and local mechanics) appear to be very
sensitive to variability in the manufacturing and culture process.
This subset of mechanical properties may also be the most sensi-
tive to differences in the autologous chondrocyte source.

The main goal of this study was to assess the sensitivity of con-
struct mechanical properties due to one inherently variable part of
the manufacturing process - the autologous chondrocyte source.
Specifically, we determined how the global compressive proper-
ties, friction coefficients, global shear modulus, depth dependent
compressive strain, and depth dependent shear strain varied with
changes in the human chondrocyte source. These results will help
manufacturers identify the range of mechanical properties that are
currently implanted into patients and establish which mechani-
cal properties better define the manufacturing reliability. Based on
previous work [18], each construct used in this study is expected
to produce a unique quantity and spatial pattern of new matrix de-
position. These spatial patterns of new matrix deposition may pro-
duce a wide range of mechanical properties. Here we test the hy-
pothesis that the mechanical properties most sensitive to increased
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growth (compressive properties and local mechanics) will also ex-
hibit the largest changes due to the chondrocyte source.

2. Methods
2.1. Construct preparation

All constructs were cultured in a manner similar to a clinically
relevant human tissue engineered cartilage construct in a good
manufacturing practices (GMP) compliant facility (Histogenics Inc,
Waltham, MA) as previously described [18,21,25,27,28]. Briefly, hu-
man chondrocytes from 7 different cadavers were obtained from
NDRI (Philadelphia, PA) as per policy of the Cornell University In-
stitutional Review Board. Donor ages ranged from 28 to 42 years
old with BMIs ranging from 23.7 to 34.9. Once obtained, all chon-
drocytes were expanded in monolayer culture and seeded onto
scaffold (passage 1) or reseeded onto culture flasks and harvested
after a second monolayer culture (passage 2). Since the total num-
ber of passages was small for all constructs tested, no changes due
to passaging cells were expected. After being passaged, cells were
seeded at a concentration of 5 x 10° cells/ml into a 3 mg/ml col-
lagen gel. The cell seeded gel was then pipetted into a 6 mm di-
ameter by 1.5 mm deep type I collagen honeycomb scaffold (Ko-
ken Co, Tokyo, JP). The pore size for all scaffolds was verified to
be within the manufacturing release criteria. All constructs were
then incubated under low oxygen conditions (2%) at 37 °C and
5% CO, with media changes (DMEM/ F12 with 10% FBS, Gibco,
Thermo Fisher Scientificc, Waltham, MA) at regular intervals for
approximately 5 weeks. A total of 4 chondrocyte sources under-
went dynamic growth conditions for the first 7 days followed by
static culture conditions. The remaining sources underwent static
culture conditions only. Data obtained from all culture conditions
were pooled for subsequent analysis. Once incubation was com-
plete, constructs were removed from culture then stored prior to
testing.

The final depth of each construct was measured prior to test-
ing. The depth of some scaffolds increased from the initial scaf-
fold depth of 1.5 mm indicating that new extracellular matrix was
deposited beyond the scaffold surfaces in some constructs. Consis-
tent with how manufacturers would most likely implement testing,
sample depths were not modified prior to mechanical testing.

Towards this end, chondrocytes from 7 human cadavers were
used to make 240 constructs, which were then used in 3 distinct
mechanical experiments and 2 biochemical assays (Fig. 1). Each
mechanical experiment or biochemical assay was performed using
at least 51 constructs and at most 96 constructs.

2.2. Compressive properties

A total of 93 samples were tested using confined compression
to determine the aggregate modulus and hydraulic permeability of
each engineered cartilage construct. All chondrocyte sources had
at least 8 samples with a maximum of 16 samples (Fig. 1). All
constructs were evaluated using a previously described technique
[18,25,29,30]. Briefly, constructs were cut to a diameter of 4 mm
using a biopsy punch. Then constructs were placed inside a confin-
ing chamber, covered with a porous platen, and mounted into an
EnduraTEC ELF 3200 (Eden Prairie, MN) for stress relaxation test-
ing. Constructs were compressed using a series of 8 step functions
with each step being 5% strain, reaching a maximum strain of 40%.
A poro-elastic model was then fit to the linear portion of this stress
strain curve and used to calculate the aggregate modulus and the
hydraulic permeability.
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Fig. 1. Number of samples for a given combination of global mechanical property
and the chondrocyte source or combination of biochemical property and the chon-
drocyte source. (BMI was unknown for sample E and G).

2.3. Friction coefficient

A total of 96 samples were tested to measure the friction co-
efficient (Fig. 1). Each chondrocyte source had at least 8 samples,
with most sources having 16 samples. Constructs were tested us-
ing a custom cartilage-on-glass tribometer as previously described
[15,18,28,31,32]. Engineered cartilage constructs were mounted
onto a plastic plate then glued into the tribometer, such that the
surface of the sample was in contact with a glass slide. Constructs
were then compressed and allowed to relax for at least 30 min
prior to reaching an equilibrium load of approximately 100 g. By
allowing samples to reach an equilibrium load, the boundary mode
friction coefficient could be obtained. Once samples reached this
equilibrium load, they were slid at 0.1 mm/s in both the forward
and reverse directions for 3 cycles. A biaxial load cell measured
both shear and normal loads, which were used to calculate the
boundary mode friction coefficient. The friction coefficient was av-
eraged in both the forward and reverse direction for all 3 cycles.

2.4. Shear modulus

A total of 51 samples were used to measure the shear modulus
and depth dependent strain in constructs (Fig. 1). Each chondro-
cyte source contained at least 4 samples with a maximum of 8. The
construct shear modulus, depth dependent axial strain, and depth
dependent shear strain were obtained using a previously reported
technique [18,26,28,30,33]. Briefly, constructs were cut in half,
then stained with 14 pg/ml 5-dichlorotriazinyl-aminofluorescein
(5-DTAF) (Molecular Probesl1, Grand Island, NY) for 30 min fol-
lowed by a rinse in phosphate buffer saline (PBS, Corning Cellgro,
Manassas, VA) for at least 20 min. Constructs were then mounted
between 2 plates and placed on an inverted confocal microscope.
All constructs were submerged in PBS throughout testing. Con-
structs were imaged while being compressed to 10% axial strain
then allowed to relax for at least 10 min. After relaxing, constructs
were imaged using a 488 nm laser while being subjected to a 1%
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oscillatory shear strain at a frequency of 0.5 Hz. To verify there
was minimal slippage between the oscillating plate and the con-
struct, the input shear strain amplitude of the sample surface and
oscillating plate was measured and compared. The displacements
of the two tissue surfaces were measured and subtracted to calcu-
late the global shear strain amplitude. The global shear stress was
calculated by dividing the measured shear force on the sample by
the cross-sectional area. Global shear modulus was then calculated
by dividing the shear stress by the shear strain for each sample.

2.5. Depth dependent strains

Depth dependent Green-Lagrangian shear strain (Exy) and
Green-Lagrangian axial strain (Exx) were calculated for shear load-
ing and compressive loading respectively. To obtain these values,
videos of the sample being compressed and the sample being
sheared were analyzed using an open source DIC software as previ-
ously reported [26,28,34-36] in MATLAB (Mathworks, Natick, MA).
Image resolution and size were 512 x 512 pixels and 2.6 pm/pixel
respectively. For large samples undergoing shear analysis, images
were stacked to obtain shear strain throughout the entire tis-
sue depth. After DIC analysis, the average strain at each construct
depth was calculated by averaging all strain values reported for
that depth. The average strain values for each chondrocyte source
were then plotted versus depth and compared.

2.6. Proteoglycan and DNA content

The biochemical content of each sample was measured us-
ing a biochemical assay. A total of 96 constructs were measured
for sulfated glycosaminoglycans (sGAG) content and 93 constructs
were measured for DNA content (Fig. 1). A Hoechst dye assay was
used to measure DNA content. Prior to testing, constructs were
lyophilized, then digested in 0.125 mg/ml papain solution at 60 °C
for up to 16 h [32]. A Dimethylmethylene Blue (DMMB) assay was
used to measure sGAG content [37]. Construct sGAG content was
normalized to the DNA content to observe how efficient chondro-
cytes were at producing sGAGs.

2.7. Statistics

All global mechanical and biochemical data were analyzed us-
ing R Studio (RStudio, Boston, MA). The chondrocyte source was
tested for significant differences using a linear model and a Kruskal
Wallis post hoc test with Bonferroni correction. All linear models
were checked for normality (friction coefficient and sGAG content).
Mechanical and biochemical outcomes with non-normal distribu-
tions (shear modulus, aggregate modulus, hydraulic permeability,
DNA content, and sGAG per DNA) were log transformed prior to
running the linear model. To verify additional variables had no ef-
fect on the mechanical results, t-tests were run for growth param-
eters such as passage number and culture conditions (static ver-
sus dynamic). Results were considered significant for p < 0.05. The
power analysis for the chondrocyte source was completed using
powerSim in RStudio.

3. Results
3.1. Compressive properties

The compressive properties (aggregate modulus and hydraulic
permeability) of constructs spanned a large range of values primar-
ily arising from the chondrocyte source rather than intrapatient
variability. The aggregate modulus ranged from 1.6 kPa to 593 kPa
with a single broad peak (median) at 110 kPa (mean = 131 kPa
and standard deviation = 125 kPa) and a right skewed histogram
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Result (p-values) from sttistical liner model determining the effect of chondrocytesource on the measured global mechanical or global

biochemical property.

Aggregate Hydraulic Friction Shear Modulus | sGAG Content | DNA Content
Modulus (Ha) | Permeability (k) | Cosfficient (Js) G*) (pgiconstruct) | (pglconstruct)
p-value 2.20E-186 1.30E-15 89.90E-07 4 94E-01 2.20E-16 2.20E-15
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Fig. 3. Friction coefficient summary: The histogram shows a broad peak and a large
range of values. The chondrocyte source has a large effect on the friction coefficient.
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broad peak with right skewed data and a large range of values. B) Hydraulic Perme-
ability histograms show a narrow peak with right skewed data and a large range of
values. The chondrocyte source had a large effect on the hydraulic permeability and
aggregate modulus. Different symbols indicate statistical significance (p < 0.05).

(Fig. 2A). The hydraulic permeability of constructs spanned from
011 x 1071 to 13.5 x 10~13 m?2/Pa-s with a single sharp peak
(median) at 1.28 x 10~'3 m2/mPa-s (mean = 2.3 x 10~ m?/mPa-
s and standard deviation = 3.5 x 10~!3 m2/mPa-s, Fig. 2B) and
a right skewed histogram (Fig. 2B). With the exception of source
B, intrapatient variability for the compressive properties was rel-
atively low (standard deviations ~ 50%) compared to differences
between the chondrocyte source (orders of magnitude). Source A,
F, and G had the lowest aggregate modulus (Ha ranged from 23
to 30 kPa, Fig. 2A) and the highest permeabilities (k ranged from
1.6 x 10713 to 40 x 10~ and m?2/Pa-s respectively, Fig. 2B).
Chondrocyte source C had an aggregate modulus (Ha = 166 kPa)
that was 5 times larger than sources A, F, and G. Source E had
the lowest permeability (k = 0.25 x 10~13 m?/Pa-s; p < 0.001;
power = 1.0, Table 1), which was over an order magnitude less
than sources A, F, and G. The order of magnitude differences
observed in the compressive properties due to the chondrocyte
source were larger than all other observed differences in the me-
chanical properties.

3.2. Friction coefficients

The friction coefficient of constructs spanned a large range of
values due to the chondrocyte source and intrapatient variability. A
histogram of all friction coefficients from all experiments, showed
a left skewed distribution with a median at p ~ 0.26, a mean of
1 ~ 0.25, and a standard deviation of p ~ 0.13 (Fig. 3). Intrapa-
tient variability was comparable (standard deviations ~ 41%) to
interpatient variability. The chondrocyte source had a large effect

Shear Modulus (MPa) A B C D EF G

Fig. 4. Shear modulus summary: The histogram shows a broad peak, a large range
of values, and right skewed data. The chondrocyte source had no effect on the shear
modulus. Different symbols indicate statistical significance (p < 0.05).

on the friction coefficient measured in tissue engineered cartilage
constructs (p < 0.05, Table 1). Chondrocyte source F had the low-
est friction coefficients measured (Umean = 0.06), while source D
had the highest friction coefficient (jimean = 0.32). All other chon-
drocyte sources had similar friction coefficients with averages that
ranged from 0.21 to 0.30. These results show that friction coeffi-
cients for human tissue engineered cartilage constructs can vary
by a factor of 5 both within and across chondrocyte sources.

3.3. Shear modulus

The shear modulus of constructs also spanned a large range of
values due to a high degree of intrapatient variability. A histogram
of all the shear modulus values showed a median at G = 0.11 MPa,
a mean of G = 0.13 MPa, and a standard deviation of G = 0.11 MPa
(Fig. 4). The data were right skewed and ranged from G ~ 0.01 to
0.38 MPa. The chondrocyte source did not cause significant differ-
ences in the shear modulus (p = 0.494, power = 0.60; Table 1),
despite the range of shear modulus magnitudes (ranged from 0.09
to 0.18 MPa). Overall, the shear modulus showed little dependence
on chondrocyte source and showed the greatest variations (stan-
dard deviations ~ 76%) within the same patients.

3.4. Depth dependent mechanics
Under compressive loading, the depth dependent pattern of the

axial strain varied per chondrocyte source indicating some chon-
drocyte sources may respond differently to local scaffold proper-
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Fig. 5. Depth dependent axial strain for each chondrocyte source. Some chondro-
cyte sources produced uniform strain fields across the sample while other sources
produced very heterogeneous strain. Gray dashed line is the input strain (10%).

ties, local concentrations of nutrients, and/or nearby chondrocytes
(Fig. 5). Sources A, B, C, D, and G exhibited highly heterogeneous
axial strain fields that varied by up to a factor of 10 through the
tissue depth. In contrast, sources E and F exhibited relatively uni-
form axial strain across the sample. These data suggest the depth
dependent axial strain patterns do change based on the chondro-
cyte source and its response to the local environment.

Similarly, depth dependent patterns of shear strain varied per
chondrocyte source indicating differences in the local deposition
of new matrix by chondrocytes. Sources C, D, E, and G exhibited
non-uniform shear strain across the construct with depth depen-
dent strains varying by at most a factor of 7 through a tissue depth
(Fig. 6). In contrast, source A, B, and F experienced relatively uni-
form shear strains across each construct (AExy < 0.009, Fig. 6).
These data suggest the depth dependent shear strain patterns also
change based on the chondrocyte source and the chondrocyte re-
sponse to its local environment.

3.5. Biochemical composition

The synthesis of biochemical content in human tissue en-
gineered cartilage constructs varied based on the chondrocyte
source. The histogram of sGAG content was bimodal with a max-
imum (median) at 60.2 pg/construct and a secondary peak near
129.2 pg/construct (mean = 67.5 pg/construct, standard devia-
tion = 11.2 pg/construct, Fig. 7A). This bimodal histogram appears
to be caused by distinct differences between chondrocyte sources
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modulus, B) hydraulic permeability, or C) the shear modulus. This lack of correlation may be caused by heterogeneity in new matrix deposition.

A through E, which have low biochemical content when compared
to sources F and G, which have high biochemical content. The to-
tal sGAG content per construct varied from 1.1 to 147 pg/construct.
Chondrocyte source F and G produced the most sGAG (~ 126.
9 pg/construct). All other sources produced at least 50% less sGAG
per construct (~46 to 64 pg/construct, p < 0.001; power = 1,
Table 1). The total sGAG content per construct was affected by the
chondrocyte source, but the observed differences were much less
than the order of magnitude differences observed in the compres-
sive properties.

Although constructs were initially seeded with the same num-
ber of cells, the DNA content was also affected by the chondrocyte
source. The histogram of DNA content was right skewed with a
median (peak) at 2.42 pg/construct, a mean of 2.93 ng/construct,
and a standard deviation of 0.73 pg/construct (Fig. 7B). DNA con-
tent ranged from 2.8 to 13.2 pg/construct. Chondrocyte source A
had the largest amount of DNA content (5.5 pg/construct), while
sources E and F had the least amount of DNA content and about 5
times less than source A (~1.1 pg/construct, p < 0.001; power = 1,
Table 1). After normalizing the sGAG content by the DNA con-
tent, source F had produced the largest amount of sGAG per DNA
(supplemental Figure 1). Similar to the compressive properties and
sGAG content, the chondrocyte source can influence the number of
chondrocytes in these engineered cartilage constructs.

To understand the relationship between global mechanical
properties and tissue function we plotted the aggregate modulus,
hydraulic permeability, and shear modulus versus the sGAG con-
tent. From these plots we note little to no correlation between the
aggregate modulus and sGAG content and little to no correlation
between the hydraulic permeability and sGAG content (Fig. 8A-8B;
R2 = 0.16 for both hydraulic permeability and aggregate modulus).
The shear modulus did not correlate with sGAG content (Fig. 8C;
R2 = 0.01). Although surprising, these results show that global
sGAG content is not a strong predictor of a construct’s aggregate
modulus and hydraulic permeability.

4. Discussion

This study analyzed hundreds of human tissue engineered car-
tilage constructs and discovered that the autologous chondrocyte
source, an inherently irregular manufacturing variable, has a large
effect on multiple mechanical properties. The global compressive
properties showed large sensitivity to changes in the chondrocyte
source with less intrapatient variability than both the friction coef-
ficient and the shear modulus. Additionally, both depth dependent
compressive and shear mechanical properties of constructs showed
a variety of behaviors associated with tissue heterogeneity and the
chondrocyte source. These findings indicate the aggregate modulus,
hydraulic permeability, and depth dependent mechanical proper-

ties are sensitive to changes in the chondrocyte source and could
be important measures of manufacturing reproducibility.

The sensitivity of compression to slight changes in the manu-
facturing process is consistent with previous work showing large
changes in the compressive properties but smaller changes in both
friction and shear properties after 5 weeks of construct growth
[18,28,38]. Compressive properties continuously improve from the
initial scaffold mechanics during the 5 week culture period [18].
This improvement in compressive properties may be caused by
high collagen concentration in the scaffold and the heterogeneous
deposition of proteoglycan content (new matrix) [18,38]. Friction
coefficients reach values similar to native tissue early during the
in vitro culture process (~3 weeks), then the coefficients stop im-
proving [18]. These friction coefficients have been associated with
decreases in surface roughness [39]. In contrast, the shear modu-
lus remains relatively constant with increased growth, which has
been linked to the relatively small changes in collagen and col-
lagen fiber formation [26,40]. In this study we note proteoglycan
production by 2 of the 7 chondrocyte sources used in this study
was very large compared to all other chondrocytes. A larger co-
hort of chondrocytes should be used to determine if this ratio of
overperforming chondrocytes to average chondrocytes is to be ex-
pected for a general sample of the population. Nevertheless, the
sensitivity of the compressive properties to two aspects of the con-
struct manufacturing process (growth period [18] and chondrocyte
source) show compressive properties could be an important mea-
sure of manufacturing reproducibility.

Despite FDA guidance, manufacturers rarely measure mechan-
ics prior to implantation. Instead, the global biochemical content
is measured because mechanical properties typically correlate well
with biochemical composition [13,14,17-19,38,41]. However, this
study did not observe a correlation between global compressive or
shear properties and global sGAG content (Fig. 8). Although sur-
prising, we believe this low correlation (R = 0.16, RZ = 0.01) may
be caused by heterogeneity in the deposition of the sGAG content.
Heterogeneity in SGAG content has previously been shown to have
distinct effects on the construct mechanics based on the location
of new matrix deposition [26]. Matrix deposited in pores results in
a much larger improvement in compressive properties than matrix
deposited outside pores on the scaffold surface [26]. This finding
suggests that measurements of global sGAG content may not be
a suitable surrogate for compressive properties. Notably, the con-
fined compression technique is most affected by the chondrocyte
source and is one of the simplest and most common mechanical
measurements performed by researchers on engineered cartilage
[9,10,23,41-43]. Therefore, measuring the global compressive prop-
erties of engineered cartilage could be a straightforward and sim-
ple method to satisfy FDA guidance.
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The presence of intrapatient variability in some mechanical
properties but not others provides an opportunity to identify the
mechanical parameters that could be most easily implemented
during manufacturing. Implementing mechanical testing on the
manufacturing line will most likely require more surrogates, which
are representative tissue samples that can increase complexity of
the manufacturing process. To implement mechanical tests, the
minimum number of additional surrogates necessary for this eval-
uation can be calculated using a power analysis [44], which uses
multiple factors including the intrapatient variability. Although it’s
not clear what causes intrapatient variability, we believe slight
variations in chondrocyte distribution within the construct and nu-
trient transport, as well as variability in chondrocyte behavior may
cause local construct heterogeneity [45-50] that will lead to the
observed intrapatient variability. Since the intrapatient variability
of the friction coefficient and shear modulus in this study was very
high compared to interpatient variability, many surrogates would
be necessary to determine differences between groups. In contrast,
confined compression resulted in low intrapatient variability com-
pared to interpatient variability. As such, measuring the compres-
sive properties on constructs prior to implantation should require
the fewest surrogates compared to other mechanical tests, and may
be a good first step towards constraining the variability due to the
autologous chondrocyte source.

The depth dependent mechanical properties may also be an im-
portant quality control attribute of human tissue engineered car-
tilage [51]. This study observed large variabilities in the depth
dependent strain fields of constructs based on the chondrocyte
source. Since all scaffolds were made using the same process and
the relative pore size was verified in each batch, we expect depth
dependent scaffold variability to have a small effect on the lo-
cal strain. Instead, these differences in depth dependent mechan-
ics may be associated with local sGAG content that varied due to
the response of chondrocytes to their local scaffold properties, lo-
cal nutrient concentrations, and/or local chondrocyte concentration
[48,49]. This heterogeneity in new matrix deposition can cause
localized strengthening that leads to heterogeneous mechanical
properties under compression [25,26]. Because native cartilage tis-
sue also has large depth dependent variations in mechanical prop-
erties, such heterogeneity in construct local mechanics may be a
desirable feature. If such mechanical heterogeneity is critical to the
success of implanted constructs, our data suggest that the autol-
ogous chondrocyte source could cause depth dependent variabil-
ity. Consequently, mechanical heterogeneity may be an important
measure to improve manufacturing repeatability of implanted con-
structs.

Heterogeneous depth dependent mechanical properties are
present in a large number of tissue engineered cartilage con-
structs [11,16,18,19,52-55], but measuring these depth dependent
mechanics is destructive in nature and may require high sample
numbers to implement. Alternatively, quantitative measures of lo-
cal biochemical composition (i.e. FTIR and Raman spectroscopy)
[26,56-61] may be able to non-destructively infer the depth de-
pendent mechanical properties. The benefit of spectroscopy tech-
niques includes the ability to directly quantify the relative concen-
tration of collagen and proteoglycans on a local scale. Some tech-
niques can be implemented in real time and are non-destructive.
Thus, implementing spectroscopy techniques that can be correlated
with measurements of local mechanical properties would be ad-
vantageous. This correlation allows manufacturers to more readily
characterize acceptable ranges of manufacturing variability due to
autologous chondrocyte source.

Many studies show engineered cartilage has inferior mechan-
ical properties compared to native cartilage [15,18,19,41,62-64],
these differences may be caused by local structural features in
tissue engineered cartilage that are distinct from native cartilage.
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Specifically, the engineered cartilage used in this study has a stiff
scaffold with very large pores made from collagen type I, while
native tissue has a collagen type II network with much smaller
pores. The difference in pore sizes also affects how new matrix
deposition (proteoglycans) change the tissue mechanical prop-
erties. A previously proposed percolation theory that states the
connectivity of collagen is critical to understanding when small in-
creases in collagen content will greatly increase the shear modulus
[40,65] may explain the observed differences between native and
engineered tissues. The high interconnectivity of collagen in native
tissue allows for small increases in collagen to greatly increase the
shear modulus. In contrast, our constructs have shear moduli that
are orders of magnitude less than native tissue and have a much
less interconnected collagen network than native tissue [18,26],
implying that large amounts of collagen content may be needed to
improve construct mechanics. This percolation theory also shows
that the effects of proteoglycan content on the shear modulus of
constructs is dependent on the connectivity of the local collagen
network. A similar theory may be used to understand why per-
meability of tissue engineered constructs remains so much larger
than native tissue, but the aggregate modulus can approach values
similar to native tissue. In engineered cartilage, the large pore size
greatly increases the permeability and decreases the aggregate
modulus compared to native cartilage [18]. Achieving mechanical
properties in engineered cartilage that approach native tissue,
likely requires highly levels of matrix deposition in the scaffold
pores [26]. These levels of matrix deposition may take more than
5 weeks of in vitro growth, as was used in this study. The vast
differences in the collagen network structure of native versus
engineered tissues may contribute to the large differences seen in
their mechanical properties.

In this study, a large number of human and chondrocyte spe-
cific factors may have affected the differences observed in the
global and depth dependent mechanical properties of constructs.
Human factors such as age [4,5,8,66], BMI [7], and degree of os-
teoarthritis [8] could contribute to the effectiveness of the chon-
drocytes in producing new matrix and resulting desirable mechan-
ical properties. These factors were not controlled, and this study
does not have the statistical power necessary to make any conclu-
sions about which chondrocyte factor (age, BMI, etc.) caused the
differences in the observed mechanical properties. Previous work
has shown increased BMI may be associated with increased sGAG
production per chondrocyte [7]. However, our study shows differ-
ent results, with the smallest BMI (patient source F) producing the
most sGAG content. These differences could indicate another pa-
tient variable is more predictive of sGAG production by chondro-
cytes. Future experiments may be designed to specifically identify
which human and chondrocyte specific factors cause the observed
changes in the global compressive and depth dependent mechani-
cal properties. Until future studies identify the many complex and
interacting factors associated with the observed mechanical differ-
ences, measuring construct mechanics may be necessary to verify
the repeatability of the manufacturing process.

In addition to the chondrocyte source, other manufacturing pa-
rameters could affect constructs mechanics. In this study, both
the passage number and the presence of dynamic culture condi-
tions were varied. Previous research has shown these parameters
can change the production of new matrix in engineered cartilage
[63,67-73]. However, this study did not observe any differences
caused by either of these culture conditions (supplemental Fig-
ure 2). The differences in the mechanical properties caused by the
chondrocyte source are magnitudes greater than any differences
caused by either passage number or dynamic culture. These culture
conditions do not change the overall results of this study showing
that compressive properties and local mechanical properties of hu-
man tissue engineered cartilage should be measured prior to im-
plantation.
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Since a relationship between construct mechanics and the in
vivo success of tissue engineered cartilage is unknown, some re-
searchers believe engineered cartilage properties need to match
native articular cartilage [46,51,74]. However, native tissue prop-
erties may not be necessary to ensure success of a construct af-
ter implantation. For example, the integration of native and engi-
neered tissues may be stronger if constructs are implanted prior to
the constructs reaching native tissue properties [75]. In the current
study, many of the mechanical properties measured were inferior
to those of native articular cartilage [18], yet this manufacturing
process and implantation procedure has produced favorable clin-
ical outcomes [21,27]. These favorable outcomes may be because
the constructs continue to mature after implantation. The mechan-
ical variability seen in the current study identifies the range of me-
chanical parameters that should be studied relative to clinical out-
comes. Once a relationship between pre-implantation mechanics
and clinical outcomes has been identified, constructs with inferior
compressive properties (e.g. group A’s aggregate modulus and hy-
draulic permeability) could be allowed to grow for a longer period
of time to reach the desired mechanical threshold. Conversely, con-
structs containing autologous chondrocytes that are able to pro-
duce large quantities of proteoglycans (group F and G) or high
compressive properties (group C, D, and E for aggregate modulus)
may not require the full 5 week growth process. This study laid
the groundwork for future studies to tune the manufacturing pro-
cess to optimize cost, mechanical function, and in vivo success by
identifying the mechanical variability that should be measured by
manufacturers.

In conclusion, the chondrocyte source can cause large variability
in the compressive and local mechanical properties of engineered
cartilage. By identifying the mechanical properties that are most
sensitive to changes in the manufacturing process, this work helps
manufacturers focus on a few mechanical properties listed in the
recommendations from the FDA guidance [3]. Future work should
consider determining acceptable ranges for these mechanical prop-
erties of engineered constructs by measuring the compressive and
local mechanical properties of human tissue engineered cartilage
constructs prior to implantation.
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