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A B S T R A C T

Tissue-engineered osteochondralimplants manuactured rom condensed mesenchymalstem cellbodies have
shown promise or treating ocalcartilage deects.Notably,such manuacturing techniques have shown to
successully recapture the bulk mechanical properties o native cartilage. However, the relationships among the
architectural eatures, local composition, and micromechanical environment within tissue-engineered cartilage
rom cell-based aggregates remain unclear.Understanding such relationships is crucialor identiying critical
parameters thatcan predictin vivo perormance.Thereore,this study investigated the relationship among
architectural eatures, composition, and micromechanical behavior o tissue-engineered osteochondral implants.
We utilized ast-conocal microscopy combined with a strain mapping technique to analyze the micromechanical
behavior under quasi-static loading,as well as Fourier Transorm Inrared Spectroscopy to analyze the local
compositions.More specically,we investigated the architecturaleaturesand compositionaldistributions
generated rom tissue maturation,along with macro- and micro-level strain distributions.Our results showed
that under compression, cell-based aggregates underwent deormation ollowed by body movement, generating
high local strain around the boundaries,where local aggrecan concentration was low and local collagen con-
centration was high. By analyzing the micromechanics and composition at the single aggregate length scale, we
identied a strong threshold relationship between local strain and compositions.Namely at the aggrecan con-
centration below 0.015 arbitrary unit (A.U.) and the collagen concentration above 0.15 A.U.,the constructs
experienced greaterthan threeold increase in compressive strain.Overall, this study suggeststhat local
compositional eatures are the primary driver o the local mechanical environment in tissue-engineered cartilage
constructs,providing insightinto potentialquality controlparametersormanuacturing tissue-engineered
constructs.

1. Introduction

For the last three decades,various tissue engineering approaches
have been investigated to healocalcartilage deects.Scientists and
engineers have utilized numerous biomaterials, ranging rom hydrogels
to synthetic scaolds (Chu et al.,1995;Craword et al.,2009;Jutila
et al., 2015), as well as bioabrication methods, ranging rom injection
molding to 3D printing (Chang et al., 2003; Guo et al., 2017; Yan et al.,
2023) to manuacture tissue-engineered cartilage. Multiple in vitro and

in vivo studies have shown that unctionallycompetenttissue-
engineered constructs can be manuactured regardless o specic bio-
abrication methods (Kock et al., 2012; Little et al., 2011; Patel et al.,
2019). Despite the tremendoussuccessin cartilage bioabrication,
identiying criticalparameters thatare predictive oproductperor-
mance in vivo remains a major hurdle or the eld (see Fig. 1).

Notably,the Food and Drug Administration guidance in the past
three decades suggests that the mechanical properties o the engineered
cartilage tissue should be measured prior to implantation as they could
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aect the success o the implantation (Center or Biologics Evaluation,
2019). Interestingly, multiple studies have shown that the macro level
mechanical properties are strongly correlated to the overall composition
othe engineered tissue,suggesting composition as a potentialnon-
destructiveparameterto predict mechanicalproperties(Kim and
Bonassar,2023;Rotter etal., 2002;Vunjak-Novakovic etal., 1999).
However, to date, no tissue-engineered cartilage constructs have been
able to replicate all mechanical properties o native tissue at multiple
scales (Grin et al., 2015; Little et al., 2011; Patel et al., 2019).

One othe challenges oreplicating the mechanicalproperties o
native cartilage tissue arises rom the act that the architectural eatures
and compositional distribution o tissue-engineered cartilage constructs
do not match native tissue. Regardless o the biomaterials or abrication
methods, tissue-engineeredcartilage constructs have extremely
dierent architecturaland compositionaleatures compared to native
tissue. Notably, clinically available tissue-engineered cartilage products
or productsthat are in clinical trials all utilize collagen scaolds
(Craword et al., 2012; Kon et al., 2012; Nurmukhametov et al., 2021).
Previous studies have shown that collagen scaold architecture creates
compressive instabilities thatare not observed in native tissue (Kim
et al., 2023, 2022). More importantly, such local compositional
thresholds are shown to have a strong correlation to the probability o
instabilities or the tissue-engineered cartilage constructs (Middendor
et al., 2017). In addition, studies have shown that this local mechanical
strain is predictive o cell death in native and tissue-engineered cartilage
constructs (Bartell et al., 2015; Kim et al., 2023). These studies collec-
tively indicate that identiying and monitoring the local compositional
parameters are crucial or determining the quality o tissue-engineered
cartilage.

Recent advances in a variety o scaold-ree technologies,such as
pellet and micromassculture systems,have demonstrated to be a

potential bioabricationapproach or producing tissue-engineered
cartilage constructs (Johnstone et al.,2013;Kim et al.,2011;Mohan-
raj et al., 2014). Notably, osteochondral tissue engineering technology,
manuactured by using condensed mesenchymalstem cell bodies
(CMBs) to trabecular bone scaolds,have demonstrated promising in
vivo results in the treatmentoocalcartilage deects (Bhumiratana
et al., 2014; Steani et al., 2020). The grats were then cultured or an
extended period or stem cells dierentiation and chondrogenic matu-
ration. During the culture, CMBs integrate with each other and generate
unique architecturaleaturesas well as cartilage matrix containing
collagen and aggrecan.Remarkably,engineered cartilage tissue rom
CMBs have comparable bulk mechanicalproperties to thatonative
cartilage (Bhumiratana and Vunjak-Novakovic, 2015). Notably, the ar-
chitecture o tissue grown rom combining CMBs is distinct rom native
and tissue-engineered cartilage with collagen scaold. Investigating the
relationships among the architectural eatures,local composition,and
the micromechanicalenvironmentwithin tissue-engineered cartilage
rom CMBs,is critical or identiying criticalparameters that are pre-
dictive o in vivo perormance.

As such, the objective o this study was to investigate the relationship
among the architecture, local composition, and local micromechanical
environmentin tissue-engineered osteochondralgrats under uncon-
ned compression testing. We obtained osteochondral grats manuac-
tured by using CMBs with trabecular bone scaolds and investigated
the relationship among architecturaleatures,local composition,and
local mechanicalbehavior.We (i) compared the architecturaland
compositional dierences between the two dierent culture techniques,
(ii) identied the global and local strain distribution, and (iii) ound the
correlation between the local composition and micromechanical
behavior.

Fig. 1. Experimental and analysis methods for tissue-engineered osteochondral implants.  A. Engineered osteochondral samples are manuactured using static
and perusion & loading culture conditions.B. Constructs were loaded in Tissue Deormation Imaging Stage and axially compressed.Compressive mechanical
behavior o the samples was recorded. C. From the compression video, local strain was analyzed. D. Sa -O stain reveals heterogenous compositional distribution in
osteochondralimplant.E. The compositionaldistribution was quantied using Fourier Transorm Inrared Spectroscopy.F. FTIR distribution data was linearly
decomposed to aggrecan and collagen concentration and analyzed radially per spheroid basis. G. The relationship between radial composition and radial local strain
was ound.
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2. Materials and methods

2.1. Tissue-engineered osteochondral construct preparation

Constructswere obtained rom EpiBone,Inc. using a modied
version o a previously described method (Bhumiratana et al.,2014).
Constructs were abricated with bone marrow derived mesenchymal
stem cell based CMBs, dierentiated in chondrogenic media containing
ascorbic acid and transorming growth actor β3,and cultured in two
dierent conditions: static-culture (static) and perusion with dynamic
loading bioreactor culture (bioreactor).The bioreactor applied cyclic
compression or 11 days (10% compression, 1 Hz, 3 h/day) during the
28-day culture period with continuous media perusion through the
grats. These culture methods were utilized to generate dierent archi-
tectures and localcomposition.A total o 7 constructs,2 static and 5
bioreactor, were generated. Each construct was bisected. One hal was
used or micromechanicalenvironment analysis,while the other hal
was used or Fourier Transorm Inrared Spectroscopy (FTIR) to analyze
local composition o the construct.

2.2. Micromechanical environment analysis

The local mechanicalresponses oeach constructwere measured
using a previously established protocol(Buckley etal., 2010,2008).
Briefy, each bisected constructwas stained with 5-dichlorotriazinyl-
aminofuorescein (14 µg/mL o dimethylsuloxide,Molecular Probes,
Grand Island, NY) or 30 min, washed in PBS or 20 min, and mounted
between two parallelplatesoa tissue deormation imaging stage
(TDIS).

We observed that the three-dimensional (3D) mechanical behaviors
(Video 3 and 4) dominate the micromechanicalbehaviorwhen the
constructs were compressed past10% othe cartilage thickness.To
remove the eects rom the 3D behavior,we chose to analyze the
micromechanical environment at 10% imposed compression.

2.3. Fourier transformation infrared spectroscopy

FTIR data analysis was conducted using a previously established
protocol (DiDomenico et al., 2019; Middendor et al., 2020; Silverberg
et al., 2014).

2.4. CMB size, radial strain, and composition analysis

Each CMBs are individually manuactured rom the same cell source
and used together to orm cartilage tissue. Thereore, we treated each
CMB as an individual sample to quantiy the architectural eatures, we
measured the size othe CMBs in ImageJ based on the undeormed
conocal image o each construct. A total o 47 CMB radii (n = 19 static,
n = 28 bioreactor) were measured by tting a circle on each CMB.

Since we observed that the radial local composition corresponds to
the radiallocal strain,we calculated the radialaverage and standard
deviation o local strain and composition rom the center o each CMB
(n = 8 static, n = 10 bioreactor).

2.5. Statistical analysis

A two-sample t-test was conducted to compare the average radius
and compositions.A two-sample Kolmogorov-Smirnov testwas con-
ducted to compare the overallcompositionaland strain distributions.
We used a two-way analysis o variance to compare the radial compo-
sition and strain.To identiy the aggrecan and collagen concentration
thresholds or local strain, we utilized a sigmoid regression analysis. We
conducted an analysisocovariance(ANCOVA) in regressionsto
compare the two linear regression models. p-values<0.05 were consid-
ered statistically signicant.Coecient o variation was calculated as
the standard deviation divided by the average o the local strain data,

multiplied by 100.

3. Results

3.1. CMB size and compositional distribution

Previous studies have suggested thatCMBs mature and integrate
with time.We have utilized two culture conditions,static and biore-
actor, to mimic temporal development o the cartilage. Bioreactor CMBs
had an average radius (650μm) that was more than two times larger
than that o static CMBs (275μm, Fig. 2A, p < 0.001).Qualitatively,
static CMBs appeared to be lessintegrated with each other,while
bioreactor CMBs were wellintegrated (Video 1 and 2).Overall,both
qualitative and quantitative architectural data showed that bioreactor
CMBs were better integrated than static CMBs.

To measure how CMB maturity impacted localcomposition,we
utilized FTIR to analyze the compositional distributions. The aggrecan
concentration distributions o both static and bioreactor constructs had
no statistical dierence (Fig. 2B and C, p > 0.34). However, the mean
aggrecan concentration wasalmosttwo times higher orbioreactor
constructs (0.016 A.U.) compared to the static constructs (0.0095 A.U.,
p < 0.0001, Appendix B). The collagen concentration had no dierence
in distributions between the two culture conditions (Fig.2D and E,
p > 0.28).Static constructs had concentration peaks at 0.03 A.U.and
0.19 A.U., while bioreactor constructs had peaks at 0.02 A.U. and 0.1 A.
U. However,the mean collagen concentration orstatic constructs
(0.144 A.U.) was higher than the bioreactor constructs (0.124 A.U.,
p < 0.0001).Overall,our data suggests that the main driver o local
compositionaldierence atvarious stages omaturation is aggrecan
concentrations.

3.2. Micromechanical environment of osteochondral constructs under
compression

We utilized TDIS and ast-conocalmicroscopy to investigate how
architectural and compositional dierencesmaniestin micro-
mechanical behavior. Conocal images captured at various compression
levels revealed that poorly integrated CMBs may become separated at
the boundaries (Fig.3A). Such separation led the CMBs to experience
heterogeneous local axial strain ranging rom 0.5 compressive strain to
0.5 tensile strain (Fig.3B). Notably,tensile strain was concentrated
around the boundaries. This data indicates that the boundary is ar more
compliant than the center,resulting in larger deormational behavior.
We observed thatthe CMB separation dominated the localmicro-
mechanical environment at 20% imposed strain. Based on these results,
we decided to conduct the micromechanicalenvironment analysis at
10% imposed strain.

The local strain distributions o the osteochondral constructs at 10%
imposed strain were plotted as histograms. Notably, 27% o the static
constructs experienced tensile strain, while only 10% o the bioreactor
constructs experienced tension (Fig.3C and D),which indicates poor
integration among CMBs or static constructs. Furthermore, the coe-
cient o variation or the static constructs (-1.98) was almost two times
higher than that o the bioreactor constructs (-1.04). However, there was
no dierence between the two local axial strain distributions (p > 0.22).

In general, the bioreactor constructs had larger regions that experi-
enced lower shear strain compared to the static constructs (Fig. 3E and
F). The average local shear or the static constructs (0.03) was higher
than that o the bioreactor constructs (0.02,p < 0.0001),which also
indicates poor integration among the static CMBs. However, static and
bioreactor constructs had the same coecient o variation (0.82), and
there was no statisticaldierence between the two localshear strain
distributions(p > 0.91). Overall, our local strain distribution data
showed that the static constructs experienced a higher levelolocal
tensile strain and shear strain due to poor integration compared to the
bioreactor constructs.

B. Kim et al.
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Fig. 2. Architectural features and compositional distribution of osteochondral implants.  A. Perusion & loading samples had larger spheroids compared to
static samples.B. Aggrecan concentration distribution o static samples.C. Aggrecan concentration distribution o perusion samples.D. Collagen concentration
distribution o static samples. E. Collagen concentration distribution o perusion samples.

Fig. 3. Local mechanical behavior of osteochondral implants.  A. Compression-induced spheroid separation was observed through a series o conocal micro-
graphs. B. High tensile strain indicates spheroid separation. C. Axial strain distribution o  static samples. Almost 30% o the static samples experienced tensile strain.
D. Axial strain distribution o perusion samples. Only 10% o the perusion samples experienced tensile strain. E. Shear strain distribution o static samples. Larger
portions o the static samples experienced higher shear strain. F. Shear strain distribution o perusion samples. Larger portion o the perusion samples experienced
lower shear strain.

B. Kim et al.
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3.3. Radial composition and strain distribution analysis

Based on our observations, we developed an analytical ramework in
the contextothe structure–unction relationship oa collection o
CMBs. We analyzed each CMB as an individual unit structure by
calculating radialaverage localstrain and compositionaldata. The
radial aggrecan concentration distribution (Fig.4A) showed that,on
average, bioreactor CMBs had higher aggrecan concentration compared
to static CMBs (p < 0.0001).Both bioreactorand static CMBs had
aggrecan concentration o0.015 A.U. at the center othe CMBs
(r = 0 μm) and decreased towards the boundary.The aggrecan con-
centration in bioreactor CMBs increased up to a radius o 100μm and
decreased linearly, while the static CMBs’ concentration decreased lin-
early throughout the radius.The radialcollagen concentration distri-
bution (Fig. 4B) showed that static CMBs had higher collagen
concentrations than bioreactor CMBs (p < 0.0001). At the center, static
CMBs had a collagen concentration o 0.15 A.U. and increased linearly
towards the boundary, while bioreactor CMBs had 0.1 A.U. at the center
and increased linearly. However, there was no statistical dierence in
concentration at any given radius between static and bioreactor CMBs
(p > 0.73).

The radial analysis o construct mechanics revealed that static CMBs
had higher overall local compressive and shear strain than bioreactor
CMBs (Fig. 4C and D, p < 0.0001). While there was no dierence in the
compressive strain at any given radius (p > 0.74), static CMBs showed
signicantly higher shear strain than bioreactor CMBs at the boundary
(250μm to 300μm, p < 0.01). The average strain norm o static CMBs
was generally higher than that o bioreactor CMBs,but there was no
statistical signicance between the two types o CMBs (Fig. 4E, p > 0.5).
Our radial analysis indicated that bioreactor CMBs had relatively high
local aggrecan concentrations at the radialedge,which were accom-
panied by lower levels o local compressive strain and strain norm. On
the other hand,static CMBs experienced signicantly higher levels o
local shear strain,most likely due to the poor integration and lower
aggrecan concentration.

3.4. Local composition and strain correlation

Our observation in the radial analysis qualitatively indicated a cor-
relation between the localcompositionaldistribution and mechanical
behavior,which led us to investigate the correlation between the two
actors.Our ANCOVA analysis showed that the CMB maturation level
does not aect the correlation among radial compressive strain, strain
norm, and compositions (Fig. 5A and C, p > 0.15). Thereore, we pooled
the data rom static and bioreactor CMBs. Local aggrecan concentration
had a signicant correlation with all local strain components (p < 0.05).
The local compressive strain displayed a clear non-linear behavior and
appeared to have an aggrecan concentration threshold,which was
modeled by using a sigmoidal curve (Fig. 5A, R2 = 0.93). Compressive
strain sharply decreased in regions with aggrecan concentrations higher
than 0.015 A.U. Such non-linear behavior was also present in local shear
strain or static CMBs (Fig.5 B, R2 = 0.90). The local shear strain
decreased sharply in regions with aggrecan concentration higher than
0.01 A.U. However, bioreactor CMBs showed a weak linear correlation
(R2 = 0.33). The strain norm was negatively correlated with aggrecan
concentration (Fig. 5C).

Local collagen concentration had signicantcorrelation with all
strain components in both types o CMBs (p < 0.0001), except the shear
strain o bioreactor CMBs (p > 0.15, Fig. 5D, E, and F). We modeled the
local compressive strain with a sigmoidalregression to identiy the
collagen concentration threshold (Fig.5D, R2 = 0.91). Compressive
strain sharply decreased in regions with collagen concentrations lower
than 0.14 A.U. The local shear strain increased sharply in regions with
collagen concentration higherthan 0.15 A.U (Fig. 5E, R2 = 0.90).
However, bioreactor CMBs had a weak linear correlation (R2 = 0.14).
The strain norm was positively correlated with the collagen concentra-
tion (Fig. 5F, R2 = 0.83). Overall, our analysis showed that local com-
positions in tissue-engineered cartilage were highly correlated with the
local strain.More interestingly,local shear strain in bioreactor CMBs
was not well correlated with composition, most likely due to the infu-
ence o construct architecture and maturation.

Fig. 4. Radial compositional and local strain distribution of spheroids.  A. Radial aggrecan concentration distribution. Perusion spheroids had higher aggrecan
concentration throughout the radius compared to static spheroids. B. Radial collagen concentration distribution. Static spheroids had consistently higher collagen
concentration throughout the radius. C. Radial compressive strain distribution. Static spheroids experienced steeper slope compared to per usion spheroids. D. Radial
shear strain distribution. Static spheroids experienced signicantly higher shear strain at the edge compared to perusion samples. Perusion spheroids experienced
relatively consistent shear strain throughout the spheroids.E. Radialstrain norm distribution.In general,static spheroids experienced higher localstrain norm
throughout the radius compared to perusion spheroids.

B. Kim et al.



Journal of Biomechanics 162 (2024) 111882

6

4. Discussion

In this study, we identied the relationship among the micro-
mechanical environment, local composition, and construct architecture
in tissue-engineered osteochondral implants. We utilized various culture
methods,DIC, and FTIR to understand how compositionaland archi-
tecturaleatures controlthe localmechanics.Specically,we investi-
gated how local strain was infuenced by local compositions, as well as
CMB integration.Culture method had a signicantinfuence on the
construct maturity maniested by the CMB size and compositional dis-
tributions. Under load, regions with high collagen concentration expe-
rienced higher compressive and shear strain,while regions with high
aggrecan concentration experienced lower strain.The relationship be-
tween the local compositions and strains was highly non-linear. Overall,
these results showed that (i) local composition is directly linked to the
local micromechanical environment, (ii) a local compositional threshold
exists or local strain, and (iii) architectural eatures have a signicant
infuence on the micromechanicalenvironmentor tissue-engineered
cartilage.

Tissue maturation had a proound eect on the construct architec-
tural eatures.We observed thatthe average bioreactor CMB radius
(600μm) was two times larger than that o static CMB (275μm, Fig. 2
A), which is consistentwith previous ndings in CMB maturation
(Bhumiratana and Vunjak-Novakovic,2015). In addition, bioreactor
constructshad a higher average aggrecan concentration and lower
collagen concentration compared to static constructs (Fig. 2, Appendix
B). Such an increase in aggrecan concentration through bioreactor cul-
ture was rigorously shown in previous investigations in both native and
tissue-engineered cartilage (Kim and Bonassar,2023; Mauck et al.,
2000). However, to the best o our knowledge, the level o integration
among CMBs and the resulting architectural eatures due to the tissue
maturation have never been observed beore.

Compositional gradient on the length scale o 10–100μm dominated
the micromechanics o the constructs (Fig. 3 C, D, E, and F, Appendix C,
D, E, and F).Under compression,static constructs experienced higher
local tensile and shear strain compared to bioreactor constructs.High
local tensile and shear strains indicate that CMBs are being separated
(Fig. 3 A and B). We believe these phenomena arose rom the interaction
between trabecular bone and cartilage, as well as the 3D architecture o
cartilage.Under compression,the stier trabecular bone compressed
and penetrated the soter cartilage tissue,creating a rotational eect.
Such rotational eect caused the CMBs to separate along the boundaries
where aggrecan concentration is low and collagen concentration is high
(Fig. 3A, Video 3 and 4). Notably, high tensile strain was observed only
in horizontal boundaries, and such strain was not observed in vertical
boundaries. We believe this phenomenon is largely due to the material-
to-material interaction between the sot tissue-engineered cartilage and
relatively stier and brittle trabecular bone scaold. The displacement
direction othe trabecular bone scaold was vertical(linear y axis
movement),and the rotationaleect(rotation about× axis) on the
tissue-engineered cartilage caused by the displacement was the main
driver othe high tensile strain.Overall, these data show thatboth
architecturaleaturesand local composition infuence the micro-
mechanical environment o tissue-engineered osteochondral constructs.

These architecturaleatures,compositionaldistribution,and me-
chanicalbehaviors appear to be periodic atthe scale othe CMBs.
Thereore,we decided to treat each CMB as a unit structure and con-
ducted a radial analysis (Fig. 4 and Appendix G, H, I, and J). The local
aggrecan concentrations o bioreactor CMBs were consistently higher
compared to the static CMBsat any given radius(Fig. 4 A). Such
aggrecan distribution mostlikely caused static CMBs to have higher
average compressive strain (Fig.4 C). On the other hand,the local
collagen concentrations o bioreactor CMBs were lower than those o
static CMBs (Fig. 4 B). Despite the higher collagen concentration, static

Fig. 5. Relationship between radial strain and composition. A. Local compressive strain had a strong threshold relationship with local aggrecan concentration. B.
Local shear in static spheroids had a strong threshold relationship with aggrecan concentration. Per usion spheroids had a weak linear correlation. C. Local strain
norm has a strong linear relationship with local aggrecan concentration. D. Local compressive strain had a strong threshold relationship with local collagen con-
centration. E. Local shear in static spheroids had a strong threshold relationship with local collagen concentration. Per usion spheroids had a weak linear correlation.
F. Local strain norm has a strong linear relationship with local collagen concentration.

B. Kim et al.
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CMBs experienced higher local shear, especially at the boundary (Fig. 4
D). We believe that this phenomenon arises rom the interplay between
the local compositional distribution and the architectural eatures o the
osteochondralconstructs.Under compression,the CMBs underwent a
combination o rigid body rearrangement and deormation due to the
high aggrecan concentration at the center o the CMBs. Due to the rigid
body rearrangement, the shear strain at the radial edge increased. Such
behavior was more pronounced in static constructs due to the poor
integration among CMBs despite the relatively high collagen concen-
tration.These results highlight the signicant infuence othe archi-
tectural eatures on the micromechanical behavior o tissue-engineered
implants.

We registered local radial strain and composition to understand the
relationship on a CMB-by-CMB basis (Fig. 5, Appendix K, L, M, O, P, Q,
R, S, and T). Our observation in periodic compositional distribution and
micromechanicalbehavior was refected as a strong relationship be-
tween the two actors (Fig. 5). Local aggrecan and collagen concentra-
tion thresholds existed or local compressive strain (Fig. 5 A and D). At
local aggrecan and collagen concentrations o 0.01 A.U. and 0.15 A. U.
respectively,compressivestrain started to decreasesharply. Such
threshold behavior was also present in local shear strain or static CMBs.
Interestingly, this compositional threshold was previously observed or
buckling in tissue-engineered cartilage manuactured using collagen
scaolds (Middendor et al., 2020, 2017). This indicates that composi-
tional thresholdsexist or micromechanicalbehaviors in tissue-
engineered cartilage regardless o specic bioabrication methods.

Interestingly, such a compositional threshold or local shear did not
exist in bioreactor CMBs (Fig. 5 B and E). This phenomenon most likely
arises due to the high level o integration, highlighting the infuence o
the architecturaleatureson local mechanicalbehavior.Our data
collectively show thatarchitecturaleaturescan infuence the local
mechanicalbehaviorotissue-engineered osteochondralconstructs.
More importantly,micromechanical behavior is heavily infuenced by
local composition.

Our ndings have implications beyond this specic bioabrication
process or producing tissue-engineered osteochondral grats. Scaold-
ree tissue-engineered cartilage is oten manuactured rom micromass
culture or pellet culture techniques (Ahrens et al., 1977; Denker et al.,
1995;Kronemberger et al.,2020;Markway et al.,2010;Yeung et al.,
2019;Zhang et al.,2004).Furthermore,drug delivery techniques or
osteoarthritistreatmentuse microspheres(Conaghan et al., 2018;
Eswaramoorthy et al.,2012;Han et al.,2021;Li et al., 2022,2021).
Upon implantation or injection to ocalcartilage deects,these engi-
neered constructs and microspheres will likely experience relative me-
chanical motion and local ailures similar to what we observed in this
study. Such local ailure can reduce the survivability o the cells within
the construct (Bartellet al., 2015;Kim et al., 2023) and hinder inte-
gration with the native cartilage tissue. Our ndings provide insight into
in vivo mechanical ailure modes and parameters that may be used to
prevent ailures in tissue engineering and drug delivery techniques that
utilize spheroid geometry.

The limitations o this study arise rom conductinga two-
dimensionalanalysis to explain 3D behavior. Under compression,
tissue-engineered osteochondralconstructsdisplay complicated 3D
behavior beyond 10% imposed strain (Video 3 and 4). Such 3D deor-
mation can hinder the accurate measurement o two-dimensional local
strain measurements through DIC. In this study, we did not analyze the
local strain beyond 10% imposed strain to avoid any potential infuence
rom the 3D deormation.In addition, we utilized unconned
compression or this study.Once implanted,the osteochondralcon-
structs can experience various boundary conditions ranging rom un-
conned compressionto conned compression.Such boundary
conditions can impactthe micromechanicalenvironmentothe con-
structs. Nonetheless, the overall relationships among local composition,
architecturaleatures,and micromechanicalbehavior are expected to
remain consistent. Previous studies have suggested collagen alignment

could impact local mechanical environment (Kim et al., 2021; Puetzer
et al.,2015;Statham et al.,2022).However,we did not quantiy the
collagen alignment in this study.

Previous studies in tissue-engineeredcartilage mechanicsand
composition have primarily ocused on identiying macro levelre-
lationships (Cigan et al., 2016; Vunjak-Novakovic et al., 1999; Waldman
et al., 2004). This approach provided tremendousinsight into the
macroscale mechanical behavior o tissue-engineered cartilage and bulk
compositional targets or bioabrication. However, recent studies have
indicated that the architectural eatures and micromechanical environ-
ment are more important or cellviability in both native and tissue-
engineered cartilage (Kim et al., 2023, 2022; Middendor et al., 2020,
2017). Despite the importance o the micromechanical environment, the
relationship between local composition and local mechanical behavior
was not previously well characterized. This study provides insight into
the infuence o localcomposition and architecturaleatures on local
mechanical ailure. Overall, our data suggest that achieving satisactory
local compositionalconcentration is crucialor preventing localme-
chanicalailure in tissue-engineered cartilage constructs,providing a
potential compositionaltarget ormanuacturing tissue-engineered
cartilage constructs.
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