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a b s t r a c t 

Multiple human tissue engineered cartilage constructs are showing promise in advanced clinical trials 

but identifying important measures of manufacturing reproducibility remains a challenge. FDA guidance 

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. 

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

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

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

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

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. 

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. 
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. Introduction 

Clinical trials of human tissue engineered cartilage have shown 

romising results in the repair of focal cartilage defects [ 1 , 2 ], but

ccurately identifying manufacturing variability remains a chal- 

enge. Assessment of manufacturing variability requires identifi- 
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ation of critical quality attributes that are appropriate for tissue 

mplants. In guidance documentation, the FDA recommends that 

ultiple mechanical properties (compression, friction, and shear) 

e evaluated prior to implantation [3] . These mechanical proper- 

ies could serve as critical quality attributes of human tissue engi- 

eered cartilage. However, these mechanical properties are rarely 

easured by manufacturers. As a result, manufacturers do not 

now if any mechanical property has large variations due to the 

anufacturing process. Large variability in any mechanical prop- 

rty of engineered cartilage could cause differences in the in vivo 

unction and may need to be measured prior to implantation. 

The autologous chondrocyte source, an inherently irregular 

anufacturing variable, could be a major source of manufacturing 

ariability and could contribute to changes in engineered cartilage 

echanics. Studies that isolate human chondrocytes have shown 

hat patient variables such as age [4–6] , BMI [7] , and presence 

f arthritis [ 6 , 8 ] can affect gene expression and a chondrocyte’s 

bility to produce matrix. In studies on engineered cartilage with 

nimal chondrocytes, differences in the chondrocyte source such 

s age and anatomic location influenced production and concen- 

ration of collagen and proteoglycans [9–12] . These concentrations 

f collagen and proteoglycans are usually correlated with the me- 

hanical properties of engineered constructs [13–19] . Although ev- 

dence suggests that the autologous chondrocyte source will affect 

onstruct mechanics, the mechanical property (compression, fric- 

ion, or shear) that will be most sensitive to chondrocyte source is 

nknown. 

Previous work has shown evidence that the mechanical prop- 

rties of human tissue engineered cartilage are sensitive to other 

anufacturing variables, specifically the culture period. During the 

anufacturing process of most human tissue engineered cartilage, 

utologous chondrocytes are seeded into porous scaffolds [ 2 , 20–

2 ]. Once seeded some constructs are implanted directly into the 

oint, while others are grown in vitro for approximately 5 weeks. 

he construct compressive properties can improve 2-3-fold and ap- 

roached values similar to native tissue in this 5 week culture pe- 

iod [ 18 , 23 , 24 ]. During this culture period, the friction coefficients

eached values similar to native articular cartilage early (between 

 and 3 weeks) and remained similar to native tissue throughout 

he remaining growth period [18] . The shear modulus was the me- 

hanical property least likely to change and typically remained an 

rder of magnitude less than native cartilage even after 5 weeks of 

ulture. Finally, local mechanical properties, such as depth depen- 

ent tissue modulus, can change by a factor of 10 with depth in a 

ingle sample and between constructs [25] . These differences were 

elated to the growth period and local concentrations of new ma- 

rix deposition [26] . These previous results show some mechanical 

roperties (compression and local mechanics) appear to be very 

ensitive to variability in the manufacturing and culture process. 

his subset of mechanical properties may also be the most sensi- 

ive to differences in the autologous chondrocyte source. 

The main goal of this study was to assess the sensitivity of con- 

truct mechanical properties due to one inherently variable part of 

he manufacturing process – the autologous chondrocyte source. 

pecifically, we determined how the global compressive proper- 

ies, friction coefficients, global shear modulus, depth dependent 

ompressive strain, and depth dependent shear strain varied with 

hanges in the human chondrocyte source. These results will help 

anufacturers identify the range of mechanical properties that are 

urrently implanted into patients and establish which mechani- 

al properties better define the manufacturing reliability. Based on 

revious work [18] , each construct used in this study is expected 

o produce a unique quantity and spatial pattern of new matrix de- 

osition. These spatial patterns of new matrix deposition may pro- 

uce a wide range of mechanical properties. Here we test the hy- 

othesis that the mechanical properties most sensitive to increased 
2 
rowth (compressive properties and local mechanics) will also ex- 

ibit the largest changes due to the chondrocyte source. 

. Methods 

.1. Construct preparation 

All constructs were cultured in a manner similar to a clinically 

elevant human tissue engineered cartilage construct in a good 

anufacturing practices (GMP) compliant facility (Histogenics Inc, 

altham, MA) as previously described [ 18 , 21 , 25 , 27 , 28 ]. Briefly, hu-

an chondrocytes from 7 different cadavers were obtained from 

DRI (Philadelphia, PA) as per policy of the Cornell University In- 

titutional Review Board. Donor ages ranged from 28 to 42 years 

ld with BMIs ranging from 23.7 to 34.9. Once obtained, all chon- 

rocytes were expanded in monolayer culture and seeded onto 

caffold (passage 1) or reseeded onto culture flasks and harvested 

fter a second monolayer culture (passage 2). Since the total num- 

er of passages was small for all constructs tested, no changes due 

o passaging cells were expected. After being passaged, cells were 

eeded at a concentration of 5 × 10 6 cells/ml into a 3 mg/ml col- 

agen gel. The cell seeded gel was then pipetted into a 6 mm di- 

meter by 1.5 mm deep type I collagen honeycomb scaffold (Ko- 

en Co, Tokyo, JP). The pore size for all scaffolds was verified to 

e within the manufacturing release criteria. All constructs were 

hen incubated under low oxygen conditions (2%) at 37 °C and 

% CO 2 with media changes (DMEM/ F12 with 10% FBS, Gibco, 

hermo Fisher Scientific, Waltham, MA) at regular intervals for 

pproximately 5 weeks. A total of 4 chondrocyte sources under- 

ent dynamic growth conditions for the first 7 days followed by 

tatic culture conditions. The remaining sources underwent static 

ulture conditions only. Data obtained from all culture conditions 

ere pooled for subsequent analysis. Once incubation was com- 

lete, constructs were removed from culture then stored prior to 

esting. 

The final depth of each construct was measured prior to test- 

ng. The depth of some scaffolds increased from the initial scaf- 

old depth of 1.5 mm indicating that new extracellular matrix was 

eposited beyond the scaffold surfaces in some constructs. Consis- 

ent with how manufacturers would most likely implement testing, 

ample depths were not modified prior to mechanical testing. 

Towards this end, chondrocytes from 7 human cadavers were 

sed to make 240 constructs, which were then used in 3 distinct 

echanical experiments and 2 biochemical assays ( Fig. 1 ). Each 

echanical experiment or biochemical assay was performed using 

t least 51 constructs and at most 96 constructs. 

.2. Compressive properties 

A total of 93 samples were tested using confined compression 

o determine the aggregate modulus and hydraulic permeability of 

ach engineered cartilage construct. All chondrocyte sources had 

t least 8 samples with a maximum of 16 samples ( Fig. 1 ). All

onstructs were evaluated using a previously described technique 

 18 , 25 , 29 , 30 ]. Briefly, constructs were cut to a diameter of 4 mm

sing a biopsy punch. Then constructs were placed inside a confin- 

ng chamber, covered with a porous platen, and mounted into an 

nduraTEC ELF 3200 (Eden Prairie, MN) for stress relaxation test- 

ng. Constructs were compressed using a series of 8 step functions 

ith each step being 5% strain, reaching a maximum strain of 40%. 

 poro-elastic model was then fit to the linear portion of this stress 

train curve and used to calculate the aggregate modulus and the 

ydraulic 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). 
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.3. Friction coefficient 

A total of 96 samples were tested to measure the friction co- 

fficient ( Fig. 1 ). Each chondrocyte source had at least 8 samples, 

ith most sources having 16 samples. Constructs were tested us- 

ng a custom cartilage-on-glass tribometer as previously described 

 15 , 18 , 28 , 31 , 32 ]. Engineered cartilage constructs were mounted

nto a plastic plate then glued into the tribometer, such that the 

urface of the sample was in contact with a glass slide. Constructs 

ere then compressed and allowed to relax for at least 30 min 

rior to reaching an equilibrium load of approximately 100 g. By 

llowing samples to reach an equilibrium load, the boundary mode 

riction coefficient could be obtained. Once samples reached this 

quilibrium load, they were slid at 0.1 mm/s in both the forward 

nd reverse directions for 3 cycles. A biaxial load cell measured 

oth shear and normal loads, which were used to calculate the 

oundary mode friction coefficient. The friction coefficient was av- 

raged in both the forward and reverse direction for all 3 cycles. 

.4. Shear modulus 

A total of 51 samples were used to measure the shear modulus 

nd depth dependent strain in constructs ( Fig. 1 ). Each chondro- 

yte source contained at least 4 samples with a maximum of 8. The 

onstruct shear modulus, depth dependent axial strain, and depth 

ependent shear strain were obtained using a previously reported 

echnique [ 18 , 26 , 28 , 30 , 33 ]. Briefly, constructs were cut in half,

hen stained with 14 μg/ml 5-dichlorotriazinyl-aminofluorescein 

5-DTAF) (Molecular Probes1, Grand Island, NY) for 30 min fol- 

owed by a rinse in phosphate buffer saline (PBS, Corning Cellgro, 

anassas, VA) for at least 20 min. Constructs were then mounted 

etween 2 plates and placed on an inverted confocal microscope. 

ll constructs were submerged in PBS throughout testing. Con- 

tructs were imaged while being compressed to 10% axial strain 

hen allowed to relax for at least 10 min. After relaxing, constructs 

ere imaged using a 488 nm laser while being subjected to a 1% 
3 
scillatory shear strain at a frequency of 0.5 Hz. To verify there 

as minimal slippage between the oscillating plate and the con- 

truct, the input shear strain amplitude of the sample surface and 

scillating plate was measured and compared. The displacements 

f the two tissue surfaces were measured and subtracted to calcu- 

ate the global shear strain amplitude. The global shear stress was 

alculated by dividing the measured shear force on the sample by 

he cross-sectional area. Global shear modulus was then calculated 

y dividing the shear stress by the shear strain for each sample. 

.5. Depth dependent strains 

Depth dependent Green-Lagrangian shear strain (E xy ) and 

reen-Lagrangian axial strain (E xx ) were calculated for shear load- 

ng and compressive loading respectively. To obtain these values, 

ideos of the sample being compressed and the sample being 

heared were analyzed using an open source DIC software as previ- 

usly reported [ 26 , 28 , 34–36 ] in MATLAB (Mathworks, Natick, MA). 

mage resolution and size were 512 × 512 pixels and 2.6 μm/pixel 

espectively. For large samples undergoing shear analysis, images 

ere stacked to obtain shear strain throughout the entire tis- 

ue depth. After DIC analysis, the average strain at each construct 

epth was calculated by averaging all strain values reported for 

hat depth. The average strain values for each chondrocyte source 

ere then plotted versus depth and compared. 

.6. Proteoglycan and DNA content 

The biochemical content of each sample was measured us- 

ng a biochemical assay. A total of 96 constructs were measured 

or sulfated glycosaminoglycans (sGAG) content and 93 constructs 

ere measured for DNA content ( Fig. 1 ). A Hoechst dye assay was

sed to measure DNA content. Prior to testing, constructs were 

yophilized, then digested in 0.125 mg/ml papain solution at 60 °C 

or up to 16 h [32] . A Dimethylmethylene Blue (DMMB) assay was 

sed to measure sGAG content [37] . Construct sGAG content was 

ormalized to the DNA content to observe how efficient chondro- 

ytes were at producing sGAGs. 

.7. Statistics 

All global mechanical and biochemical data were analyzed us- 

ng R Studio (RStudio, Boston, MA). The chondrocyte source was 

ested for significant differences using a linear model and a Kruskal 

allis post hoc test with Bonferroni correction. All linear models 

ere checked for normality (friction coefficient and sGAG content). 

echanical and biochemical outcomes with non-normal distribu- 

ions (shear modulus, aggregate modulus, hydraulic permeability, 

NA content, and sGAG per DNA) were log transformed prior to 

unning the linear model. To verify additional variables had no ef- 

ect on the mechanical results, t-tests were run for growth param- 

ters such as passage number and culture conditions (static ver- 

us dynamic). Results were considered significant for p < 0.05. The 

ower analysis for the chondrocyte source was completed using 

owerSim in RStudio. 

. Results 

.1. Compressive propertie s 

The compressive properties (aggregate modulus and hydraulic 

ermeability) of constructs spanned a large range of values primar- 

ly arising from the chondrocyte source rather than intrapatient 

ariability. The aggregate modulus ranged from 1.6 kPa to 593 kPa 

ith a single broad peak (median) at 110 kPa (mean = 131 kPa 

nd standard deviation = 125 kPa) and a right skewed histogram 
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Table 1 

Result (p-values) from sttistical liner model determining the effect of chondrocytesource on the measured global mechanical or global 

biochemical property. 

Fig. 2. Compressive properties summary: A) Aggregate modulus histogram shows a 

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). 
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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. 

Different symbols indicate statistical significance (p < 0.05). 

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). 
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 Fig. 2 A). The hydraulic permeability of constructs spanned from 

.11 × 10 −13 to 13.5 × 10 −13 m 

2 /Pa-s with a single sharp peak 

median) at 1.28 × 10 −13 m 

2 /mPa-s (mean = 2.3 × 10 −13 m 

2 /mPa- 

 and standard deviation = 3.5 × 10 −13 m 

2 /mPa-s, Fig. 2 B) and 

 right skewed histogram ( Fig. 2 B). With the exception of source 

, intrapatient variability for the compressive properties was rel- 

tively low (standard deviations ≈ 50%) compared to differences 

etween the chondrocyte source (orders of magnitude). Source A, 

, and G had the lowest aggregate modulus (Ha ranged from 23 

o 30 kPa, Fig. 2 A) and the highest permeabilities (k ranged from 

.6 × 10 −13 to 4.0 × 10 −13 and m 

2 /Pa-s respectively, Fig. 2 B). 

hondrocyte source C had an aggregate modulus (Ha = 166 kPa) 

hat was 5 times larger than sources A, F, and G. Source E had

he lowest permeability (k = 0.25 × 10 −13 m 

2 /Pa-s; p < 0.001; 

ower = 1.0, Table 1 ), which was over an order magnitude less 

han sources A, F, and G. The order of magnitude differences 

bserved in the compressive properties due to the chondrocyte 

ource were larger than all other observed differences in the me- 

hanical properties. 

.2. Friction coefficients 

The friction coefficient of constructs spanned a large range of 

alues due to the chondrocyte source and intrapatient variability. A 

istogram of all friction coefficients from all experiments, showed 

 left skewed distribution with a median at μ ~ 0.26, a mean of 

~ 0.25, and a standard deviation of μ ~ 0.13 ( Fig. 3 ). Intrapa- 

ient variability was comparable (standard deviations ≈ 41%) to 

nterpatient variability. The chondrocyte source had a large effect 
4 
n the friction coefficient measured in tissue engineered cartilage 

onstructs (p < 0.05, Table 1 ). Chondrocyte source F had the low- 

st friction coefficients measured (μmean = 0.06), while source D 

ad the highest friction coefficient (μmean = 0.32). All other chon- 

rocyte sources had similar friction coefficients with averages that 

anged from 0.21 to 0.30. These results show that friction coeffi- 

ients for human tissue engineered cartilage constructs can vary 

y a factor of 5 both within and across chondrocyte sources. 

.3. Shear modulus 

The shear modulus of constructs also spanned a large range of 

alues due to a high degree of intrapatient variability. A histogram 

f all the shear modulus values showed a median at G = 0.11 MPa, 

 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

.38 MPa. The chondrocyte source did not cause significant differ- 

nces in the shear modulus (p = 0.494, power = 0.60; Table 1 ),

espite the range of shear modulus magnitudes (ranged from 0.09 

o 0.18 MPa). Overall, the shear modulus showed little dependence 

n chondrocyte source and showed the greatest variations (stan- 

ard deviations ≈ 76%) within the same patients. 

.4. Depth dependent mechanics 

Under compressive loading, the depth dependent pattern of the 

xial strain varied per chondrocyte source indicating some chon- 

rocyte 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%). 
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Fig. 6. Depth dependent shear strain for each chondrocyte source. Some chondro- 

cyte sources produced uniform strain fields across the sample while other sources 

produced very heterogeneous strain. Additionally, the total length of each construct 

could vary based on the location of new matrix deposition. Gray dashed line is the 

input shear strain (1%). 

Fig. 7. Biochemical properties summary: A) The sGAG content histogram shows a 

bimodal distribution with a large range of values. B) The DNA content histogram 

shows a broad peak with right skewed data and a large range of values. The chon- 

drocyte source had a large effect on the sGAG and DNA content. Different symbols 

indicate statistical significance (p < 0.05). 
ies, local concentrations of nutrients, and/or nearby chondrocytes 

 Fig. 5 ). Sources A, B, C, D, and G exhibited highly heterogeneous

xial strain fields that varied by up to a factor of 10 through the 

issue depth. In contrast, sources E and F exhibited relatively uni- 

orm axial strain across the sample. These data suggest the depth 

ependent axial strain patterns do change based on the chondro- 

yte source and its response to the local environment. 

Similarly, depth dependent patterns of shear strain varied per 

hondrocyte source indicating differences in the local deposition 

f new matrix by chondrocytes. Sources C, D, E, and G exhibited 

on-uniform shear strain across the construct with depth depen- 

ent 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- 

orm shear strains across each construct ( �Exy < 0.009, Fig. 6 ). 

hese data suggest the depth dependent shear strain patterns also 

hange based on the chondrocyte source and the chondrocyte re- 

ponse to its local environment. 

.5. Biochemical composition 

The synthesis of biochemical content in human tissue en- 

ineered cartilage constructs varied based on the chondrocyte 

ource. The histogram of sGAG content was bimodal with a max- 

mum (median) at 60.2 μg/construct and a secondary peak near 

29.2 μg/construct (mean = 67.5 μg/construct, standard devia- 

ion = 11.2 μg/construct, Fig. 7 A). This bimodal histogram appears 

o be caused by distinct differences between chondrocyte sources 
5 
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Fig. 8. The global structure function relationship of human tissue engineered cartilage showed no strong correlations between the global sGAG content and the A) aggregate 

modulus, B) hydraulic permeability, or C) the shear modulus. This lack of correlation may be caused by heterogeneity in new matrix deposition. 
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 through E, which have low biochemical content when compared 

o sources F and G, which have high biochemical content. The to- 

al sGAG content per construct varied from 1.1 to 147 μg/construct. 

hondrocyte source F and G produced the most sGAG (~ 126. 

 μg/construct). All other sources produced at least 50% less sGAG 

er construct (~46 to 64 μg/construct, p < 0.001; power = 1, 

able 1 ). The total sGAG content per construct was affected by the 

hondrocyte source, but the observed differences were much less 

han the order of magnitude differences observed in the compres- 

ive properties. 

Although constructs were initially seeded with the same num- 

er of cells, the DNA content was also affected by the chondrocyte 

ource. The histogram of DNA content was right skewed with a 

edian (peak) at 2.42 μg/construct, a mean of 2.93 μg/construct, 

nd a standard deviation of 0.73 μg/construct ( Fig. 7 B). DNA con- 

ent ranged from 2.8 to 13.2 μg/construct. Chondrocyte source A 

ad the largest amount of DNA content (5.5 μg/construct), while 

ources E and F had the least amount of DNA content and about 5 

imes less than source A (~1.1 μg/construct, p < 0.001; power = 1, 

able 1 ). After normalizing the sGAG content by the DNA con- 

ent, source F had produced the largest amount of sGAG per DNA 

supplemental Figure 1). Similar to the compressive properties and 

GAG content, the chondrocyte source can influence the number of 

hondrocytes in these engineered cartilage constructs. 

To understand the relationship between global mechanical 

roperties and tissue function we plotted the aggregate modulus, 

ydraulic permeability, and shear modulus versus the sGAG con- 

ent. From these plots we note little to no correlation between the 

ggregate modulus and sGAG content and little to no correlation 

etween the hydraulic permeability and sGAG content ( Fig. 8 A- 8 B; 

 

2 = 0.16 for both hydraulic permeability and aggregate modulus). 

he shear modulus did not correlate with sGAG content ( Fig. 8 C; 

 

2 = 0.01). Although surprising, these results show that global 

GAG content is not a strong predictor of a construct’s aggregate 

odulus and hydraulic permeability. 

. Discussion 

This study analyzed hundreds of human tissue engineered car- 

ilage constructs and discovered that the autologous chondrocyte 

ource, an inherently irregular manufacturing variable, has a large 

ffect on multiple mechanical properties. The global compressive 

roperties showed large sensitivity to changes in the chondrocyte 

ource with less intrapatient variability than both the friction coef- 

cient and the shear modulus. Additionally, both depth dependent 

ompressive and shear mechanical properties of constructs showed 

 variety of behaviors associated with tissue heterogeneity and the 

hondrocyte source. These findings indicate the aggregate modulus, 

ydraulic permeability, and depth dependent mechanical proper- 
6 
ies are sensitive to changes in the chondrocyte source and could 

e important measures of manufacturing reproducibility. 

The sensitivity of compression to slight changes in the manu- 

acturing process is consistent with previous work showing large 

hanges in the compressive properties but smaller changes in both 

riction and shear properties after 5 weeks of construct growth 

 18 , 28 , 38 ]. Compressive properties continuously improve from the 

nitial scaffold mechanics during the 5 week culture period [18] . 

his improvement in compressive properties may be caused by 

igh collagen concentration in the scaffold and the heterogeneous 

eposition of proteoglycan content (new matrix) [ 18 , 38 ]. Friction 

oefficients reach values similar to native tissue early during the 

n vitro culture process (~3 weeks), then the coefficients stop im- 

roving [18] . These friction coefficients have been associated with 

ecreases in surface roughness [39] . In contrast, the shear modu- 

us remains relatively constant with increased growth, which has 

een linked to the relatively small changes in collagen and col- 

agen fiber formation [ 26 , 40 ]. In this study we note proteoglycan 

roduction by 2 of the 7 chondrocyte sources used in this study 

as very large compared to all other chondrocytes. A larger co- 

ort of chondrocytes should be used to determine if this ratio of 

verperforming chondrocytes to average chondrocytes is to be ex- 

ected for a general sample of the population. Nevertheless, the 

ensitivity of the compressive properties to two aspects of the con- 

truct manufacturing process (growth period [18] and chondrocyte 

ource) show compressive properties could be an important mea- 

ure of manufacturing reproducibility. 

Despite FDA guidance, manufacturers rarely measure mechan- 

cs prior to implantation. Instead, the global biochemical content 

s measured because mechanical properties typically correlate well 

ith biochemical composition [ 13 , 14 , 17–19 , 38 , 41 ]. However, this

tudy did not observe a correlation between global compressive or 

hear properties and global sGAG content ( Fig. 8 ). Although sur- 

rising, we believe this low correlation (R 

2 = 0.16, R 

2 = 0.01) may 

e caused by heterogeneity in the deposition of the sGAG content. 

eterogeneity in sGAG content has previously been shown to have 

istinct effects on the construct mechanics based on the location 

f new matrix deposition [26] . Matrix deposited in pores results in 

 much larger improvement in compressive properties than matrix 

eposited outside pores on the scaffold surface [26] . This finding 

uggests that measurements of global sGAG content may not be 

 suitable surrogate for compressive properties. Notably, the con- 

ned compression technique is most affected by the chondrocyte 

ource and is one of the simplest and most common mechanical 

easurements performed by researchers on engineered cartilage 

 9 , 10 , 23 , 41–43 ]. Therefore, measuring the global compressive prop-

rties of engineered cartilage could be a straightforward and sim- 

le method to satisfy FDA guidance. 
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The presence of intrapatient variability in some mechanical 

roperties but not others provides an opportunity to identify the 

echanical parameters that could be most easily implemented 

uring manufacturing. Implementing mechanical testing on the 

anufacturing line will most likely require more surrogates, which 

re representative tissue samples that can increase complexity of 

he manufacturing process. To implement mechanical tests, the 

inimum number of additional surrogates necessary for this eval- 

ation can be calculated using a power analysis [44] , which uses 

ultiple factors including the intrapatient variability. Although it’s 

ot clear what causes intrapatient variability, we believe slight 

ariations in chondrocyte distribution within the construct and nu- 

rient transport, as well as variability in chondrocyte behavior may 

ause local construct heterogeneity [45–50] that will lead to the 

bserved intrapatient variability. Since the intrapatient variability 

f the friction coefficient and shear modulus in this study was very 

igh compared to interpatient variability, many surrogates would 

e necessary to determine differences between groups. In contrast, 

onfined compression resulted in low intrapatient variability com- 

ared to interpatient variability. As such, measuring the compres- 

ive properties on constructs prior to implantation should require 

he fewest surrogates compared to other mechanical tests, and may 

e a good first step towards constraining the variability due to the 

utologous chondrocyte source. 

The depth dependent mechanical properties may also be an im- 

ortant quality control attribute of human tissue engineered car- 

ilage [51] . This study observed large variabilities in the depth 

ependent strain fields of constructs based on the chondrocyte 

ource. Since all scaffolds were made using the same process and 

he relative pore size was verified in each batch, we expect depth 

ependent scaffold variability to have a small effect on the lo- 

al strain. Instead, these differences in depth dependent mechan- 

cs may be associated with local sGAG content that varied due to 

he response of chondrocytes to their local scaffold properties, lo- 

al nutrient concentrations, and/or local chondrocyte concentration 

 4 8 , 4 9 ]. This heterogeneity in new matrix deposition can cause

ocalized strengthening that leads to heterogeneous mechanical 

roperties under compression [ 25 , 26 ]. Because native cartilage tis- 

ue also has large depth dependent variations in mechanical prop- 

rties, such heterogeneity in construct local mechanics may be a 

esirable feature. If such mechanical heterogeneity is critical to the 

uccess of implanted constructs, our data suggest that the autol- 

gous chondrocyte source could cause depth dependent variabil- 

ty. Consequently, mechanical heterogeneity may be an important 

easure to improve manufacturing repeatability of implanted con- 

tructs. 

Heterogeneous depth dependent mechanical properties are 

resent in a large number of tissue engineered cartilage con- 

tructs [ 11 , 16 , 18 , 19 , 52–55 ], but measuring these depth dependent

echanics is destructive in nature and may require high sample 

umbers to implement. Alternatively, quantitative measures of lo- 

al biochemical composition (i.e. FTIR and Raman spectroscopy) 

 26 , 56–61 ] may be able to non-destructively infer the depth de- 

endent mechanical properties. The benefit of spectroscopy tech- 

iques includes the ability to directly quantify the relative concen- 

ration of collagen and proteoglycans on a local scale. Some tech- 

iques can be implemented in real time and are non-destructive. 

hus, implementing spectroscopy techniques that can be correlated 

ith measurements of local mechanical properties would be ad- 

antageous. This correlation allows manufacturers to more readily 

haracterize acceptable ranges of manufacturing variability due to 

utologous chondrocyte source. 

Many studies show engineered cartilage has inferior mechan- 

cal properties compared to native cartilage [ 15 , 18 , 19 , 41 , 62–64 ],

hese differences may be caused by local structural features in 

issue engineered cartilage that are distinct from native cartilage. 
p

7 
pecifically, the engineered cartilage used in this study has a stiff

caffold with very large pores made from collagen type I, while 

ative tissue has a collagen type II network with much smaller 

ores. The difference in pore sizes also affects how new matrix 

eposition (proteoglycans) change the tissue mechanical prop- 

rties. A previously proposed percolation theory that states the 

onnectivity of collagen is critical to understanding when small in- 

reases in collagen content will greatly increase the shear modulus 

 40 , 65 ] may explain the observed differences between native and 

ngineered tissues. The high interconnectivity of collagen in native 

issue allows for small increases in collagen to greatly increase the 

hear modulus. In contrast, our constructs have shear moduli that 

re orders of magnitude less than native tissue and have a much 

ess interconnected collagen network than native tissue [ 18 , 26 ], 

mplying that large amounts of collagen content may be needed to 

mprove construct mechanics. This percolation theory also shows 

hat the effects of proteoglycan content on the shear modulus of 

onstructs is dependent on the connectivity of the local collagen 

etwork. A similar theory may be used to understand why per- 

eability of tissue engineered constructs remains so much larger 

han native tissue, but the aggregate modulus can approach values 

imilar to native tissue. In engineered cartilage, the large pore size 

reatly increases the permeability and decreases the aggregate 

odulus compared to native cartilage [18] . Achieving mechanical 

roperties in engineered cartilage that approach native tissue, 

ikely requires highly levels of matrix deposition in the scaffold 

ores [26] . These levels of matrix deposition may take more than 

 weeks of in vitro growth, as was used in this study. The vast 

ifferences in the collagen network structure of native versus 

ngineered tissues may contribute to the large differences seen in 

heir mechanical properties. 

In this study, a large number of human and chondrocyte spe- 

ific factors may have affected the differences observed in the 

lobal and depth dependent mechanical properties of constructs. 

uman factors such as age [ 4 , 5 , 8 , 66 ], BMI [7] , and degree of os-

eoarthritis [8] could contribute to the effectiveness of the chon- 

rocytes in producing new matrix and resulting desirable mechan- 

cal properties. These factors were not controlled, and this study 

oes not have the statistical power necessary to make any conclu- 

ions about which chondrocyte factor (age, BMI, etc.) caused the 

ifferences in the observed mechanical properties. Previous work 

as shown increased BMI may be associated with increased sGAG 

roduction per chondrocyte [7] . However, our study shows differ- 

nt results, with the smallest BMI (patient source F) producing the 

ost sGAG content. These differences could indicate another pa- 

ient variable is more predictive of sGAG production by chondro- 

ytes. Future experiments may be designed to specifically identify 

hich human and chondrocyte specific factors cause the observed 

hanges in the global compressive and depth dependent mechani- 

al properties. Until future studies identify the many complex and 

nteracting factors associated with the observed mechanical differ- 

nces, measuring construct mechanics may be necessary to verify 

he repeatability of the manufacturing process. 

In addition to the chondrocyte source, other manufacturing pa- 

ameters could affect constructs mechanics. In this study, both 

he passage number and the presence of dynamic culture condi- 

ions were varied. Previous research has shown these parameters 

an change the production of new matrix in engineered cartilage 

 63 , 67–73 ]. However, this study did not observe any differences 

aused by either of these culture conditions (supplemental Fig- 

re 2). The differences in the mechanical properties caused by the 

hondrocyte source are magnitudes greater than any differences 

aused by either passage number or dynamic culture. These culture 

onditions do not change the overall results of this study showing 

hat compressive properties and local mechanical properties of hu- 

an tissue engineered cartilage should be measured prior to im- 

lantation. 
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Since a relationship between construct mechanics and the in 

ivo success of tissue engineered cartilage is unknown, some re- 

earchers believe engineered cartilage properties need to match 

ative articular cartilage [ 46 , 51 , 74 ]. However, native tissue prop-

rties may not be necessary to ensure success of a construct af- 

er implantation. For example, the integration of native and engi- 

eered tissues may be stronger if constructs are implanted prior to 

he constructs reaching native tissue properties [75] . In the current 

tudy, many of the mechanical properties measured were inferior 

o those of native articular cartilage [18] , yet this manufacturing 

rocess and implantation procedure has produced favorable clin- 

cal outcomes [ 21 , 27 ]. These favorable outcomes may be because 

he constructs continue to mature after implantation. The mechan- 

cal variability seen in the current study identifies the range of me- 

hanical parameters that should be studied relative to clinical out- 

omes. Once a relationship between pre-implantation mechanics 

nd clinical outcomes has been identified, constructs with inferior 

ompressive properties (e.g. group A’s aggregate modulus and hy- 

raulic permeability) could be allowed to grow for a longer period 

f time to reach the desired mechanical threshold. Conversely, con- 

tructs containing autologous chondrocytes that are able to pro- 

uce large quantities of proteoglycans (group F and G) or high 

ompressive properties (group C, D, and E for aggregate modulus) 

ay not require the full 5 week growth process. This study laid 

he groundwork for future studies to tune the manufacturing pro- 

ess to optimize cost, mechanical function, and in vivo success by 

dentifying the mechanical variability that should be measured by 

anufacturers. 

In conclusion, the chondrocyte source can cause large variability 

n the compressive and local mechanical properties of engineered 

artilage. By identifying the mechanical properties that are most 

ensitive to changes in the manufacturing process, this work helps 

anufacturers focus on a few mechanical properties listed in the 

ecommendations from the FDA guidance [3] . Future work should 

onsider determining acceptable ranges for these mechanical prop- 

rties of engineered constructs by measuring the compressive and 

ocal mechanical properties of human tissue engineered cartilage 

onstructs prior to implantation. 

eclaration of Competing Interest 

This research was partially funded through Histogenics. C.D. E.C. 

nd S.K, were full time employees and stockholders of Histogenics 

orp during the data collection. J.M., N.D., B.K., and L.B., were par- 

ially funded by an award from Histogenics to Cornell University. 

RediT authorship contribution statement 

Jill M. Middendorf: Conceptualization, Data curation, Formal 

nalysis, Writing – review & editing. Nicole Diamantides: Data 

uration, Visualization, Writing – review & editing. Byumsu Kim: 

ata curation, Visualization, Writing – review & editing. Caroline 

ugopolski: Conceptualization, Funding acquisition, Project ad- 

inistration, Writing – review & editing. Stephen Kennedy: Con- 

eptualization, Funding acquisition, Project administration, Writing 

review & editing. Eric Blahut: Conceptualization, Funding acqui- 

ition, Project administration, Writing – review & editing. Itai Co- 

en: Conceptualization, Formal analysis, Writing – review & edit- 

ng. Lawrence J. Bonassar: Conceptualization, Funding acquisition, 

upervision, Writing – review & editing. 

cknowledgments 

This work was partially funded by Cornell University , 

istogenics , and the NSF [ DMR-1807602 , BMMB-153646 , and 
8 
GE-1650441 ]. The authors would like to thank Sonya Shortkroff

or helping initiate this collaboration. 

upplementary materials 

Supplementary material associated with this article can be 

ound, in the online version, at doi: 10.1016/j.actbio.2021.07.003 . 

eferences 

[1] E. Kon, G. Filardo, B. Di Matteo, F. Perdisa, M. Marcacci, Matrix assisted autolo-

gous chondrocyte transplantation for cartilage treatment: A systematic review, 

Bone Joint Res. 2 (2013) 18–25, doi: 10.1302/2046-3758.22.20 0 0 092 . 
[2] E. Kon, G. Filardo, A. Di Martino, M. Marcacci, ACI and MACI, J. Knee Surg. 25

(2012) 17–22, doi: 10.1055/s- 0031- 1299651 . 
[3] U.S. Food and Drug Administration, Guidance for industry: Preparation of 

IDEs and INDs for products intented to repair or replace knee cartilage, 2011. 
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/ 

preparation- ides- and- inds- products- intended- repair- or- replace- knee- cartilage

[4] A. Barbero, S. Grogan, D. Scha, M. Heberer, P. Mainil-Varlet, I. Martin, Age re- 
lated changes in human articular chondrocyte yield, proliferation and post- 

expansion chondrogenic capacity, Osteoarthr. Cartil. 12 (2004) 476–484, doi: 10. 
1016/j.joca.2004.02.010 . 

[5] N. Tran-khanh , C.D. Hoemann , M.D. Mckee , J.E. Henderson , M.D. Buschmann ,
Aged bovine chondrocytes display a diminished capacity to produce a colla- 

gen-rich, mechanically functional cartilage extracellular matrix, J. Orthop. Res. 

23 (2005) 1354–1362 . 
[6] P. Smeriglio, J.H. Lai, F. Yang, N. Bhutani, 3D hydrogel scaffolds for articular 

chondrocyte culture and cartilage generation, J. Vis. Exp. (2015) 1–6, doi: 10. 
3791/53085 . 

[7] A.L. Buchholz, M.C. Niesen, E.B. Gausden, D.G. Sterken, S.J. Hetzel, S.Z. Baum, 
M.W. Squire, L.D. Kaplan, The knee metabolic activity of osteoarthritic knees 

correlates with BMI, Knee 17 (2010) 161–166, doi: 10.1016/j.knee.2009.07.012 . 
[8] K. Bobacz, L. Erlacher, J. Smolen, A. Soleiman, W. Graninger, Chondrocyte num- 

ber and proteoglycan synthesis in the aging and osteoarthritic human articular 

cartilage, Ann. Rheum. Dis. 63 (2004) 1618–1622, doi: 10.1136/ard.20 02.0 02162 . 
[9] G. Peng, S.M. McNary, K.A. Athanasiou, A.H. Reddi, Surface zone articular chon- 

drocytes modulate the bulk and surface mechanical properties of the tissue 
engineered cartilage, Tissue Eng. Part A. 20 (2014) 3332–3341, doi: 10.1089/ten. 

tea.2014.0099 . 
[10] G.A. Whitney, H. Mera, M. Weidenbecher, A. Awadallah, J.M. Mansour, J.E. Den- 

nis, Methods for producing scaffold-free engineered cartilage sheets from au- 

ricular and articular chondrocyte cell sources and attachment to porous tanta- 
lum, Biores. Open Access. 1 (2012) 157–165, doi: 10.1089/biores.2012.0231 . 

[11] W. Kafienah, M. Jakob, O. Démarteau, A. Frazer, M.D. Barker, I. Martin, A.P. Hol- 
lander, Three-dimensional tissue engineering of hyaline cartilage: compari- 

son of adult nasal and articular chondrocytes, Tissue Eng. 8 (2002) 817–826, 
doi: 10.1089/10763270260424178 . 

[12] L. Galois, S. Hutasse, D. Cortial, C.F. Rousseau, L. Grossin, M.C. Ronziere, 

D. Herbage, A.M. Freyria, Bovine chondrocyte behaviour in three-dimensional 
type I collagen gel in terms of gel contraction, proliferation and gene expres- 

sion, Biomaterials 27 (2006) 79–90, doi: 10.1016/j.biomaterials.2005.05.098 . 
[13] B.A. Byers, R.L. Mauck, I.E. Change, R.S. Tuan, Transient exposure to TGF-B3 un- 

der serum-free conditions enhances the biomechanical and biochemical matu- 
ration of tissue engineered cartilage, Tissue Eng. Part A. 14 (2008) 1821–1834, 

doi: 10.1089/ten.tea.2007.0222 . 

[14] A.D. Cigan, B.L. Roach, R.J. Nims, A.R. Tan, M.B. Albro, A.M. Stoker, J.L. Cook, 
G. Vunjak-Novakovic, C.T. Hung, G.A. Ateshian, High seeding density of human 

chondrocytes in agarose produces tissue-engineered cartilage approaching na- 
tive mechanical and biochemical properties, J. Biomech. 49 (2016) 1909–1917, 

doi: 10.1016/j.jbiomech.2016.04.039 . 
[15] D.J. Griffin, E.D. Bonnevie, D.J. Lachowsky, J.C.A. Hart, H.D. Sparks, N. Moran, 

G. Matthews, A.J. Nixon, I. Cohen, L.J. Bonassar, Mechanical characterization 

of matrix-induced autologous chondrocyte implantation (MACI®) grafts in an 
equine model at 53 weeks, J. Biomech. 48 (2015) 1944–1949, doi: 10.1016/j. 

jbiomech.2015.04.010 . 
[16] T.J. Klein, M. Chaudhry, W.C. Bae, R.L. Sah, Depth-dependent biomechanical and 

biochemical properties of fetal, newborn, and tissue-engineered articular car- 
tilage, J. Biomech. 40 (2007) 182–190, doi: 10.1016/j.jbiomech.20 05.11.0 02 . 

[17] R.L. Mauck, S.L. Seyhan, G.A. Ateshian, C.T. Hung, Influence of seeding den- 

sity and dynamic deformational loading on the developing structure/function 
relationships of chondrocyte-seeded agarose hydrogels, Ann. Biomed. Eng. 30 

(2002) 1046–1056, doi: 10.1114/1.1512676 . 
[18] J.M. Middendorf, D.J. Griffin, S. Shortkroff, C. Dugopolski, S. Kennedy, J. Siemi- 

atkoski, I. Cohen, L.J.L.J. Bonassar, Mechanical properties and structure-function 
relationships of human chondrocyte-seeded cartilage constructs after in vitro 

culture, J. Orthop. Res. 35 (2017) 1–9, doi: 10.1002/jor.23535 . 
[19] L.Q. Wan, J. Jiang, D.E. Miller, X.E. Guo, V.C. Mow, H.H. Lu, Matrix deposition

modulates the viscoelastic shear properties of hydrogel-based cartilage grafts, 

Tissue Eng. Part A. 17 (2011) 1111–1122, doi: 10.1089/ten.tea.2010.0379 . 
20] A.J. Nixon, E. Rickey, T.J. Butler, M.S. Scimeca, N. Moran, G.L. Matthews, A chon- 

drocyte infiltrated collagen type I/III membrane (MACI® implant) improves 
cartilage healing in the equine patellofemoral joint model, Osteoarthr. Cartil. 

23 (2015) 648–660, doi: 10.1016/j.joca.2014.12.021 . 

https://doi.org/10.13039/100007231
https://doi.org/10.13039/100008187
https://doi.org/10.13039/100017338
https://doi.org/10.1016/j.actbio.2021.07.003
https://doi.org/10.1302/2046-3758.22.2000092
https://doi.org/10.1055/s-0031-1299651
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/preparation-ides-and-inds-products-intended-repair-or-replace-knee-cartilage
https://doi.org/10.1016/j.joca.2004.02.010
http://refhub.elsevier.com/S1742-7061(21)00434-7/sbref0005
http://refhub.elsevier.com/S1742-7061(21)00434-7/sbref0005
http://refhub.elsevier.com/S1742-7061(21)00434-7/sbref0005
http://refhub.elsevier.com/S1742-7061(21)00434-7/sbref0005
http://refhub.elsevier.com/S1742-7061(21)00434-7/sbref0005
http://refhub.elsevier.com/S1742-7061(21)00434-7/sbref0005
https://doi.org/10.3791/53085
https://doi.org/10.1016/j.knee.2009.07.012
https://doi.org/10.1136/ard.2002.002162
https://doi.org/10.1089/ten.tea.2014.0099
https://doi.org/10.1089/biores.2012.0231
https://doi.org/10.1089/10763270260424178
https://doi.org/10.1016/j.biomaterials.2005.05.098
https://doi.org/10.1089/ten.tea.2007.0222
https://doi.org/10.1016/j.jbiomech.2016.04.039
https://doi.org/10.1016/j.jbiomech.2015.04.010
https://doi.org/10.1016/j.jbiomech.2005.11.002
https://doi.org/10.1114/1.1512676
https://doi.org/10.1002/jor.23535
https://doi.org/10.1089/ten.tea.2010.0379
https://doi.org/10.1016/j.joca.2014.12.021


J.M. Middendorf, N. Diamantides, B. Kim et al. Acta Biomaterialia xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: ACTBIO [m5G; July 22, 2021;11:53 ] 

 

[

[

[

[

[

[

[

[

[

[

[

[

[  

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[  

[

[

[21] D.C. Crawford, C.M. Heveran, W.D. Cannon, L.F. Foo, H.G. Potter, An autologous 
cartilage tissue implant NeoCart for treatment of grade III chondral injury to 

the distal femur: prospective clinical safety trial at 2 years, Am. J. Sports Med.
37 (2009) 1334–1343, doi: 10.1177/0363546509333011 . 

22] M. Brittberg, Cell carriers as the next generation of cell therapy for car- 
tilage repair: a review of the matrix-induced autologous chondrocyte im- 

plantation procedure, Am. J. Sports Med. 38 (2010) 1259–1271, doi: 10.1177/ 
0363546509346395 . 

23] S. Nebelung, K. Gavenis, C. Lüring, B. Zhou, R. Mueller-Rath, M. Stoffel, M. Tin- 

gart, B. Rath, Simultaneous anabolic and catabolic responses of human chon- 
drocytes seeded in collagen hydrogels to long-term continuous dynamic com- 

pression, Ann. Anat. 194 (2012) 351–358, doi: 10.1016/j.aanat.2011.12.008 . 
24] X. Cui, K. Breitenkamp, M.G. Finn, M. Lotz, D. D’Lima, Direct human carti- 

lage repair using 3D bioprinting technology, Tissue Eng. 18 (2012) 1304–1312, 
doi: 10.1089/ten.tea.2011.0543 . 

25] J.M. Middendorf, S. Shortkroff, C. Dugopolski, S. Kennedy, J. Siemiatkoski, 

L.R.L.R. Bartell, I. Cohen, L.J.L.J. Bonassar, In vitro culture increases mechanical 
stability of human tissue engineered cartilage constructs by prevention of mi- 

croscale scaffold buckling, J. Biomech. 64 (2017) 77–84, doi: 10.1016/j.jbiomech. 
2017.09.007 . 

26] J.M. Middendorf, C. Dugopolski, S. Kennedy, E. Blahut, I. Cohen, L.J. Bonas- 
sar, Heterogeneous matrix deposition in human tissue engineered cartilage 

changes the local shear modulus and resistance to local construct buckling, 

J. Biomech. 105 (2020) 109760, doi: 10.1016/j.jbiomech.2020.109760 . 
27] D.C. Crawford, T.M. DeBerardino, R.J. Williams, NeoCart, an autologous cartilage 

tissue implant, compared with microfracture for treatment of distal femoral 
cartilage lesions: an FDA phase-II prospective, randomized clinical trial after 

two years, J. Bone Joint Surg. Am. 94 (2012) 979–989, doi: 10.2106/JBJS.K.00533 . 
28] J.M. Middendorf, N. Diamantides, S. Shortkroff, C. Dugopolski, S. Kennedy, 

I. Cohen, L.J. Bonassar, Multiscale mechanics of tissue-engineered cartilage 

grown from human chondrocytes and human-induced pluripotent stem cells, 
J. Orthop. Res. 38 (2020) 1965–1973, doi: 10.1002/jor.24643 . 

29] C.T. Buckley, T. Vinardell, S.D. Thorpe, M.G. Haugh, E. Jones, D. McGonagle, 
D.J. Kelly, Functional properties of cartilaginous tissues engineered from infra- 

patellar fat pad-derived mesenchymal stem cells, J. Biomech. 43 (2010) 920–
926, doi: 10.1016/j.jbiomech.20 09.11.0 05 . 

30] M.R. Buckley, J.P. Gleghorn, L.J. Bonassar, I. Cohen, Mapping the depth depen- 

dence of shear properties in articular cartilage, J. Biomech. 41 (2008) 2430–
2437, doi: 10.1016/j.jbiomech.2008.05.021 . 

[31] J.P. Gleghorn, L.J. Bonassar, Lubrication mode analysis of articular cartilage us- 
ing Stribeck surfaces, J. Biomech. 41 (2008) 1910–1918, doi: 10.1016/j.jbiomech. 

2008.03.043 . 
32] N.K. Galley, J.P. Gleghorn, S. Rodeo, R.F. Warren, S.A. Maher, L.J. Bonassar, Fric- 

tional properties of the meniscus improve after scaffold-augmented repair of 

partial meniscectomy: A pilot study, Clin. Orthop. Relat. Res. 469 (2011) 2817–
2823, doi: 10.1007/s11999-011-1854-6 . 

33] D.J. Griffin, J. Vicari, M.R. Buckley, J.L. Silverberg, I. Cohen, L.J. Bonassar, Effects 
of enzymatic treatments on the depth-dependent viscoelastic shear proper- 

ties of articular cartilage, J. Orthop. Res. 32 (2014) 1652–1657, doi: 10.1002/jor. 
22713 . 

34] L.R. Bartell, M.C. Xu, L.J. Bonassar, I. Cohen, Local and global measurements 
show that damage initiation in articular cartilage is inhibited by the surface 

layer and has significant rate dependence, J. Biomech. 72 (2018) 63–70, doi: 10. 

1016/j.jbiomech.2018.02.033 . 
35] A .J. Boys, J.A .M.R. Kunitake, C.R. Henak, I. Cohen, L.A. Estroff, L.J. Bonassar, Un-

derstanding the stiff-to-compliant transition of the meniscal attachments by 
spatial correlation of composition, structure, and mechanics, ACS Appl. Mater. 

Interfaces 11 (2019) 26559–26570, doi: 10.1021/acsami.9b03595 . 
36] J. Blaber, B. Adair, A. Antoniou, Ncorr: open-source 2D digital image cor- 

relation matlab software, Exp. Mech. 55 (2015) 1105–1122, doi: 10.1007/ 

s11340- 015- 0 0 09-1 . 
37] B.O. Enobakhare, D.L. Bader, D. a Lee, Quantification of sulfated glycosamino- 

glycans in chondrocyte/alginate cultures, by use of 1,9-dimethylmethylene 
blue, Anal. Biochem. 243 (1996) 189–191, doi: 10.1006/abio.1996.0502 . 

38] D.J. Griffin, K.F. Ortved, A.J. Nixon, L.J. Bonassar, Mechanical properties and 
structure-function relationships in articular cartilage repaired using IGF-I 

gene-enhanced chondrocytes, J. Orthop. Res. 34 (2016) 149–153, doi: 10.1002/ 

jor.23038 . 
39] H. Forster , J. Fisher , The influence of continuous sliding and subsequent surface 

wear on the friction of articular cartilage, Proc. Instn. Mech. Engrs. 213 (1999) 
329–345 . 

40] J.L. Silverberg, A.R. Barrett, M. Das, P.B. Petersen, L.J. Bonassar, I. Cohen, 
Structure-function relations and rigidity percolation in the shear properties of 

articular cartilage, Biophys. J. 107 (2014) 1721–1730, doi: 10.1016/j.bpj.2014.08. 

011 . 
[41] A .K. Williamson, A .C. Chen, R.L. Sah, Compressive properties and function - 

composition relationships of developing bovine articular cartilage, J. Orthop. 
Res. 19 (2001) 1113–1121, doi: 10.1016/S0736-0266(01)0 0 052-3 . 

42] N.-C. Cheng, B.T. Estes, T.-H. Young, F. Guilak, Engineered cartilage using pri- 
mary chondrocytes cultured in a porous cartilage-derived matrix, Regen. Med. 

6 (2011) 81–93, doi: 10.2217/rme.10.87 . 

43] R.L. Mauck, M. a Soltz, C.C. Wang, D.D. Wong, P.H. Chao, W.B. Valhmu, 
C.T. Hung, G. a Ateshian, Functional tissue engineering of articular cartilage 

through dynamic loading of chondrocyte-seeded agarose gels, J. Biomech. Eng. 
122 (20 0 0) 252–260, doi: 10.1115/1.429656 . 

44] R.C. MacCallum, M.W. Browne, H.M. Sugawara, Power analysis and determi- 
9 
nation of sample size for covariance structure modeling, Psychol. Methods. 1 
(1996) 130–149, doi: 10.1037/1082-989X.1.2.130 . 

45] A.D. Cigan, K.M. Durney, R.J. Nims, G. Vunjak-Novakovic, C.T. Hung, 
G.A. Ateshian, Nutrient channels aid the growth of articular surface-sized en- 

gineered cartilage constructs, Tissue Eng. Part A . 1 (2016) ten.TEA .2016.0179, 
doi: 10.1089/ten.TEA.2016.0179 . 

46] M. Kim, M.J. Farrell, D.R. Steinberg, J.A. Burdick, R.L. Mauck, Enhanced nutrient 
transport improves the depth-dependent properties of tri-layered engineered 

cartilage constructs with zonal co-culture of chondrocytes and MSCs, Acta Bio- 

mater. 58 (2017) 1–11, doi: 10.1016/j.actbio.2017.06.025 . 
[47] A .A . Bunaciu, V.D. Hoang, H.Y. Aboul-Enein, Vibrational micro-spectroscopy 

of human tissues analysis: review, Crit. Rev. Anal. Chem. 47 (2017) 194–203, 
doi: 10.1080/10408347.2016.1253454 . 

48] D.A. Taylor, L.C. Sampaio, Z. Ferdous, A.S. Gobin, L.J. Taite, Decellularized matri- 
ces in regenerative medicine, Acta Biomater (2018), doi: 10.1016/j.actbio.2018. 

04.044 . 

49] G. Ofek, K.A. Athanasiou, Micromechanical properties of chondrocytes and 
chondrons: relevance to articular cartilage tissue engineering, J. Mech. Mater. 

Struct. 2 (2007) 1059–1086, doi: 10.2140/jomms.2007.2.1059 . 
50] R.J. Nims, A.D. Cigan, M.B. Albro, C.T. Hung, G.A. Ateshian, Synthesis rates 

and binding kinetics of matrix products in engineered cartilage constructs us- 
ing chondrocyte-seeded agarose gels, J. Biomech. 47 (2014) 2165–2172, doi: 10. 

1016/j.jbiomech.2013.10.044 . 

[51] T. Nagel, D.J. Kelly, The composition of engineered cartilage at the time of im- 
plantation determines the likelihood of regenerating tissue with a normal col- 

lagen architecture, Tissue Eng. Part A. 19 (2013) 824–833, doi: 10.1089/ten.tea. 
2012.0363 . 

52] M.B. Albro, M.S. Bergholt, J.P. St-Pierre, A. Vinals Guitart, H.M. Zlotnick, 
E.G. Evita, M.M. Stevens, Raman spectroscopic imaging for quantification of 

depth-dependent and local heterogeneities in native and engineered cartilage, 

Regen. Med. 3 (2018) 1–10, doi: 10.1038/s41536- 018- 0042- 7 . 
53] K.J. Gooch, T. Blunk, D.L. Courter, A.L. Sieminski, G. Vunjak-Novakovic, 

L.E. Freed, Bone morphogenetic proteins-2, -12, and -13 modulate in vitro de- 
velopment of engineered cartilage, Tissue Eng 8 (2002) 591–601, doi: 10.1089/ 

107632702760240517 . 
54] V.V. Meretoja, R.L. Dahlin, S. Wright, F.K. Kasper, A.G. Mikos, The effect of hy- 

poxia on the chondrogenic differentiation of co-cultured articular chondrocytes 

and mesenchymal stem cells in scaffolds, Biomaterials 34 (2013) 4266–4273, 
doi: 10.1016/j.biomaterials.2013.02.064 . 

55] K.W. Ng, J.D. Saliman, E.Y. Lin, L.Y. Statman, L.E. Kugler, S.B. Lo, G.A. Ateshian, 
C.T. Hung, Culture duration modulates collagen hydrolysate-induced tissue 

remodeling in chondrocyte-seeded agarose hydrogels, Ann. Biomed. Eng. 35 
(2007) 1914–1923, doi: 10.1007/s10439- 007- 9373- z . 

56] A . Kunstar, A .M. Leferink, P.I. Okagbare, M.D. Morris, B.J. Roessler, C. Otto, 

M. Karperien, C.A. van Blitterswijk, L. Moroni, A .A . van Apeldoorn, Label- 
free Raman monitoring of extracellular matrix formation in three-dimensional 

polymeric scaffolds, J. R. Soc. Interface 10 (2013) 20130464, doi: 10.1098/rsif. 
2013.0464 . 

57] A. Boskey, N.P. Camacho, FT-IR imaging of native and tissue-engineered bone 
and cartilage, Biomaterials 28 (2007) 2465–2478, doi: 10.1016/j.biomaterials. 

2006.11.043 . 
58] M. Pudlas, S. Koch, C. Bolwien, H. Walles, Raman spectroscopy as a tool for 

quality and sterility analysis for tissue engineering applications like cartilage 

transplants, Int. J. Artif. Organs. 33 (2010) 228–237, doi: 10.1021/j100606a013 . 
59] C.M. McGoverin, A. Hanifi, U.P. Palukuru, F. Yousefi, P.B.M. Glenn, M. Shock- 

ley, R.G. Spencer, N. Pleshko, Nondestructive assessment of engineered carti- 
lage composition by near infrared spectroscopy, Ann. Biomed. Eng. 44 (2016) 

680–692, doi: 10.1007/s10439-015-1536-8 . 
60] J.P. Karchner, F. Yousefi, K. Darvish, N. Pleshko, Non-destructive spectroscopic 

assessment of articular cartilage correlates with mechanical properties, J. Or- 

thop. Res. (2017) 35, doi: 10.1177/1947603518764269 . 
61] F. Yousefi, M. Kim, Y. Nahri, R.L. Mauck, N. Pleshko, Near-Infrared Spectroscopy 

Predicts Compositional and Mechanical Properties of Hyaluronic Acid-Based 
Engineered Cartilage Constructs, Tissue Eng. Part A. 24 (2018) 106–116, doi: 10. 

1089/ten.tea.2017.0035 . 
62] P.X. Ma, B. Schloo, D. Mooney, R. Langer, Development of biomechanical prop- 

erties and morphogenesis of in vitro tissue engineered cartilage, J. Biomedical 

Materials Res. 29 (1995) 1587–1595, doi: 10.1002/jbm.820291215 . 
63] G. Vunjak-Novakovic, I. Martin, B. Obradovic, S. Treppo, A.J. Grodzinsky, 

R. Langer, L.E. Freed, Bioreactor cultivation conditions modulate the compo- 
sition and mechanical properties of tissue-engineered cartilage, J. Orthop. Res. 

17 (1999) 130–138, doi: 10.1002/jor.1100170119 . 
64] N.N.K. Paschos, N. Lim, J.C. Hu, K.A. Athanasiou, Functional properties of na- 

tive and tissue-engineered cartilage toward understanding the pathogenesis 

of chondral lesions at the knee. A bovine cadaveric study, J. Orthop. Res. 35 
(2017) 2452–2464, doi: 10.1002/jor.23558 . 

65] P. Lwin , A. Sindermann , L. Sutter , T.W. Jackson , L. Bonassar , I. Cohen , M. Das ,
Rigidity and fracture of fibrous double networks, ArXiv (2020) 1–5 . 

66] J. Gille, E. Schuseil, J. Wimmer, J. Gellissen, a.P. Schulz, P. Behrens, Mid-term re- 
sults of Autologous Matrix-Induced Chondrogenesis for treatment of focal car- 

tilage defects in the knee, knee surgery, Sport. Traumatol. Arthrosc. 18 (2010) 

1456–1464, doi: 10.10 07/s0 0167-010-1042-3 . 
67] N. Wang, S. Grad, M.J. Stoddart, P. Niemeyer, N.P. Südkamp, J. Pestka, M. Alini, 

J. Chen, G.M. Salzmann, Bioreactor-induced chondrocyte maturation is de- 
pendent on cell passage and onset of loading, Cartilage 4 (2012) 165–176, 

doi: 10.1177/1947603512471345 . 

https://doi.org/10.1177/0363546509333011
https://doi.org/10.1177/0363546509346395
https://doi.org/10.1016/j.aanat.2011.12.008
https://doi.org/10.1089/ten.tea.2011.0543
https://doi.org/10.1016/j.jbiomech.2017.09.007
https://doi.org/10.1016/j.jbiomech.2020.109760
https://doi.org/10.2106/JBJS.K.00533
https://doi.org/10.1002/jor.24643
https://doi.org/10.1016/j.jbiomech.2009.11.005
https://doi.org/10.1016/j.jbiomech.2008.05.021
https://doi.org/10.1016/j.jbiomech.2008.03.043
https://doi.org/10.1007/s11999-011-1854-6
https://doi.org/10.1002/jor.22713
https://doi.org/10.1016/j.jbiomech.2018.02.033
https://doi.org/10.1021/acsami.9b03595
https://doi.org/10.1007/s11340-015-0009-1
https://doi.org/10.1006/abio.1996.0502
https://doi.org/10.1002/jor.23038
http://refhub.elsevier.com/S1742-7061(21)00434-7/sbref0039
http://refhub.elsevier.com/S1742-7061(21)00434-7/sbref0039
http://refhub.elsevier.com/S1742-7061(21)00434-7/sbref0039
https://doi.org/10.1016/j.bpj.2014.08.011
https://doi.org/10.1016/S0736-0266(01)00052-3
https://doi.org/10.2217/rme.10.87
https://doi.org/10.1115/1.429656
https://doi.org/10.1037/1082-989X.1.2.130
https://doi.org/10.1089/ten.TEA.2016.0179
https://doi.org/10.1016/j.actbio.2017.06.025
https://doi.org/10.1080/10408347.2016.1253454
https://doi.org/10.1016/j.actbio.2018.04.044
https://doi.org/10.2140/jomms.2007.2.1059
https://doi.org/10.1016/j.jbiomech.2013.10.044
https://doi.org/10.1089/ten.tea.2012.0363
https://doi.org/10.1038/s41536-018-0042-7
https://doi.org/10.1089/107632702760240517
https://doi.org/10.1016/j.biomaterials.2013.02.064
https://doi.org/10.1007/s10439-007-9373-z
https://doi.org/10.1098/rsif.2013.0464
https://doi.org/10.1016/j.biomaterials.2006.11.043
https://doi.org/10.1021/j100606a013
https://doi.org/10.1007/s10439-015-1536-8
https://doi.org/10.1177/1947603518764269
https://doi.org/10.1089/ten.tea.2017.0035
https://doi.org/10.1002/jbm.820291215
https://doi.org/10.1002/jor.1100170119
https://doi.org/10.1002/jor.23558
http://refhub.elsevier.com/S1742-7061(21)00434-7/sbref0065
http://refhub.elsevier.com/S1742-7061(21)00434-7/sbref0065
http://refhub.elsevier.com/S1742-7061(21)00434-7/sbref0065
http://refhub.elsevier.com/S1742-7061(21)00434-7/sbref0065
http://refhub.elsevier.com/S1742-7061(21)00434-7/sbref0065
http://refhub.elsevier.com/S1742-7061(21)00434-7/sbref0065
http://refhub.elsevier.com/S1742-7061(21)00434-7/sbref0065
http://refhub.elsevier.com/S1742-7061(21)00434-7/sbref0065
https://doi.org/10.1007/s00167-010-1042-3
https://doi.org/10.1177/1947603512471345


J.M. Middendorf, N. Diamantides, B. Kim et al. Acta Biomaterialia xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: ACTBIO [m5G; July 22, 2021;11:53 ] 

[  

[

[

[

[  

[

68] P.D. Benya , S.F.L. Padilla , M.E. Nimni , Regulation of collagen types by chon-
drocytes during the loss of differentiated function in culture, Cell 15 (1978) 

1313–1321 . 
69] E.M. Darling, K.A. Athanasiou, Rapid phenotypic changes in passaged articular 

chondrocyte subpopulations, 23 (2005) 425–432. doi: 10.1016/j.orthres.2004.08. 
008 . 

70] Z. Lin, J.B. Fitzgerald, J. Xu, C. Willers, D. Wood, A.J. Grodzinsky, M.H. Zheng, 
Gene expression profiles of human chondrocytes during passaged monolayer 

cultivation, (2008) 1230–1237. doi: 10.1002/jor.20523 . 

[71] C.T. Hung, R.L. Mauck, C.C.B. Wang, E.G. Lima, G.A. Ateshian, A paradigm for 
functional tissue engineering of articular cartilage via applied physiologic de- 

formational loading, Ann. Biomed. Eng. 32 (2004) 35–49, doi: 10.1023/B:ABME. 
0 0 0 0 0 07789.99565.42 . 

72] S.C. Tran, A.J. Cooley, S.H. Elder, Effect of a mechanical stimulation bioreac- 
tor on tissue engineered, scaffold-free cartilage, Biotechnol. Bioeng. 108 (2011) 

1421–1429, doi: 10.1002/bit.23061 . 
10 
73] C.-H. Lu, K.-J. Lin, H.-Y. Chiu, C.-Y. Chen, T.-C. Yen, S.-M. Hwang, Y.-H. Chang, Y.-
C. Hu, Improved chondrogenesis and engineered cartilage formation from TGF- 

β3-expressing adipose-derived stem cells cultured in the rotating-shaft biore- 
actor, Tissue Eng. Part A. 18 (2012) 2114–2124, doi: 10.1089/ten.tea.2012.0010 . 

[74] T.A.N. Kelly, B.L. Roach, Z.D. Weidner, C.R. Mackenzie-Smith, G.D. O’Connell, 
E.G. Lima, A.M. Stoker, J.L. Cook, G.A. Ateshian, C.T. Hung, Tissue-engineered ar- 

ticular cartilage exhibits tension-compression nonlinearity reminiscent of the 
native cartilage, J. Biomech. 46 (2013) 1784–1791, doi: 10.1016/j.jbiomech.2013. 

05.017 . 

75] M.B. Fisher, E.a. Henning, N.B. Söegaard, G.R. Dodge, D.R. Steinberg, R.L. Mauck, 
Maximizing cartilage formation and integration via a trajectory-based tis- 

sue engineering approach, Biomaterials 35 (2014) 2140–2148, doi: 10.1016/j. 
biomaterials.2013.11.031 . 

http://refhub.elsevier.com/S1742-7061(21)00434-7/sbref0068
http://refhub.elsevier.com/S1742-7061(21)00434-7/sbref0068
http://refhub.elsevier.com/S1742-7061(21)00434-7/sbref0068
http://refhub.elsevier.com/S1742-7061(21)00434-7/sbref0068
https://doi.org/10.1016/j.orthres.2004.08.008
https://doi.org/10.1002/jor.20523
https://doi.org/10.1023/B:ABME.0000007789.99565.42
https://doi.org/10.1002/bit.23061
https://doi.org/10.1089/ten.tea.2012.0010
https://doi.org/10.1016/j.jbiomech.2013.05.017
https://doi.org/10.1016/j.biomaterials.2013.11.031

	\advance \chk@titlecnt \@ne The influence of chondrocyte source on the manufacturing reproducibility of human tissue engineered cartilage\global \chk@titlecnt =\z@ 
	1 Introduction
	2 Methods
	2.1 Construct preparation
	2.2 Compressive properties
	2.3 Friction coefficient
	2.4 Shear modulus
	2.5 Depth dependent strains
	2.6 Proteoglycan and DNA content
	2.7 Statistics

	3 Results
	3.1 Compressive properties
	3.2 Friction coefficients
	3.3 Shear modulus
	3.4 Depth dependent mechanics
	3.5 Biochemical composition

	4 Discussion
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgments
	Supplementary materials
	References


