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ARTI CLE INFO ABSTRACT

Keywords: Tissue-engineered osteochondmablants manu=actured =rom condensed mesensteymetllbodies have
Osteochondral Gra—ts shown promise —or treating —~amrttilage de—ectéotably,such manu=acturing techniques have shown to
I_'I_Sliue Engineering success=ully recapture the bulk mechanical properties o= native cartilage. However, the relationships amor

architectural =eatures, local composition, and micromechanical environment within tissue-engineered cartilz
-rom cell-based aggregates remain untlederstanding such relationships is crueiat identi=ying critical
parameters thatan predictin vivo per-=ormancEkhere-orghis study investigated the relationship among
architectural =eatures, composition, and micromechanical behavior o= tissue-engineered osteochondral imy
We utilized =ast-con=ocal microscopy combined with a strain mapping technique to analyze the micromech:
behavior under quasi-static loadimg,well as Fourier Trans=orm In=rared Spectroscopy to analyze the local
compositionsMore speciically,we investigated the architecturaleatureand compositionatlistributions
generated =rom tissue maturatitong with macro- and micro-level strain distributiOuog.results showed

that under compression, cell-based aggregates underwent de—~ormation =ollowed by body movement, gene
high local strain around the boundarie$iere local aggrecan concentration was low and local collagen con-
centration was high. By analyzing the micromechanics and composition at the single aggregate length scale,
identiied a strong threshold relationship between local strain and compadsiioeby at the aggrecan con-
centration below 0.015 arbitrary unit (A.U.) and the collagen concentration above 0.1%h&ldgnstructs
experienced greatathan three—old increase in compressive stradwerall, this study suggestshat local
compositional =eatures are the primary driver o= the local mechanical environment in tissue-engineered ca
constructsproviding insightinto potentialquality controlparameters-omanu=acturing tissue-engineered
constructs.

Digital Image Correlation
Cartilage Micromechanics
Bio—abrication

1. Introduction in vivo studies have shown that =unctionallycompetenttissue-

engineered constructs can be manu—actured regardless o= speciic bio-
For the lastthree decadesyarious tissue engineering approaches —=abrication methods (Kock et al., 2012; Little et al., 2011; Patel et al.,

have been investigated to healocatartilage de=ectScientists and 2019). Despite the tremendousuccessin cartilage bio=abrication,

engineers have utilized numerous biomaterials, ranging =rom hydredeigi—ying criticgdarameters thaére predictive oroductper—or-

to synthetic sca==o0lds (Chu et1#95;Craw=ord et al2009;]utila mance in vivo remains a major hurdle =or the ield (see Fig. 1).

et al., 2015), as well as bio=abrication methods, ranging =rom injectioNotably,the Food and Drug Administration guidance in the past

molding to 3D printing (Chang et al., 2003; Guo et al., 2017; Yan et three decades suggests that the mechanical properties o= the engineer

2023) to manu=acture tissue-engineered cartilage. Multiple in vitroartilage tissue should be measured prior to implantation as they could
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a—=ect the success o= the implantation (Center —or Biologics Evalpeatential bio=abricatiorapproach =or producing tissue-engineered
2019). Interestingly, multiple studies have shown that the macro lewalrtilage constructs (Johnstone et 2013;Kim et al.,2011;Mohan-
mechanical properties are strongly correlated to the overall compositipat al., 2014). Notably, osteochondral tissue engineering technology,
o-the engineered tissusuggesting composition as a potentian- manu=actured by =using condensed mesenchtraah cell bodies
destructiveparameterto predict mechanicalproperties(Kim and (CMBs) to trabecular bone sca=-dtldge demonstrated promising in
Bonassar2023; Rotter etal., 2002; Vunjak-Novakovic etl., 1999). vivo results in the treatmerd--ocatartilage de=ects (Bhumiratana
However, to date, no tissue-engineered cartilage constructs have beé¢ral., 2014; Ste—ani et al., 2020). The gra=ts were then cultured =or an
able to replicate all mechanical properties o= native tissue at multighetended period =or stem cells di==erentiation and chondrogenic matu
scales (Gri=#n et al., 2015; Little et al., 2011; Patel et al., 2019). ration. During the culture, CMBs integrate with each other and generate
One o=the challenges oreplicating the mechanicplroperties o= unique architecturateatureas well as cartilage matrix containing
native cartilage tissue arises =rom the =—act that the architectural -esdtages and aggrecamemarkablyengineered cartilage tissue =rom
and compositional distribution o= tissue-engineered cartilage constfiMBs have comparable bulk mechaniqaloperties to thab=-native
do not match native tissue. Regardless o= the biomaterials or =abrimatiibege (Bhumiratana and Vunjak-Novakovic, 2015). Notably, the ar-
methods, tissue-engineeredtartilage constructs have extremely chitecture o= tissue grown =rom combining CMBs is distinct =rom nativ
di==erent architectarad compositionatkeatures compared to native and tissue-engineered cartilage with collagen sca==old. Investigating th
tissue. Notably, clinically available tissue-engineered cartilage produetstionships among the architectural =eatioced,compositionand
or productsthat are in clinical trials all utilize collagen sca==olds the micromechanicaénvironmentwithin tissue-engineered cartilage
(Craw=ord et al., 2012; Kon et al., 2012; Nurmukhametov et al., 202Irbm CMBSs critical =or identi=ying critipaframeters that are pre-
Previous studies have shown that collagen sca==old architecture criatise o in vivo per=ormance.
compressive instabilities thate not observed in native tissue (Kim As such, the objective o= this study was to investigate the relationshi
et al., 2023, 2022). More importantly, such local compositional among the architecture, local composition, and local micromechanical
thresholds are shown to have a strong correlation to the probabilityenvironmentin tissue-engineered osteochondgeb—ts under uncon-
instabilities =or the tissue-engineered cartilage constructs (Middendned compression testing. We obtained osteochondral gra=ts manu=ac-
et al.,, 2017). In addition, studies have shown that this local mechantaakd by =using CMBs with trabecular bone sca==olds and investigated
strain is predictive o= cell death in native and tissue-engineered cathigeationship among architecturakaturespcal compositionand
constructs (Bartell et al., 2015; Kim et al., 2023). These studies colléaeal mechanicalbehavior.We (i) compared the architecturadnd
tively indicate that identi=ying and monitoring the local compositiomampositional di==erences between the two di==erent culture techniqt
parameters are crucial =or determining the quality o= tissue-enginéi@rétkntiied the global and local strain distribution, and (iii) =ound the
cartilage. correlation between the local compositionand micromechanical
Recent advances in a variety o= sca==old-=ree techswtbgass, behavior.
pellet and micromassculture systemshave demonstrated to be a
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Fig. 1. Experimental and analysis methods for tissue-engineered osteochondral implants. A. Engineered osteochondral samples are manu=actured using ¢
and per—usion & loading culture conditidhsConstructs were loaded in Tissue De=ormation Imaging Stage and axially com@oeegedssive mechanical
behavior o= the samples was recorded. C. From the compression video, local strain was analyzed. D. Sa =-O stain reveals heterogenous compositional dis
osteochondramplant.E. The compositionadiistribution was quantiied using Fourier Trans—~orm In=rared SpectrbsEd R/ distribution data was linearly
decomposed to aggrecan and collagen concentration and analyzed radially per spheroid basis. G. The relationship between radial composition and radial |
was =ound.
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2. Materials and methods multiplied by 100.
2.1. Tissue-engineered osteochondral construct preparation 3. Results

Constructswere obtained =rom EpiBondnc. using a modiied 3.1. CMB size and compositional distribution
version o= a previously described method (Bhumiratana @ba#).
Constructs were —=abricated with bone marrow derived mesenchymal Previous studies have suggested tl@4Bs mature and integrate
stem cell based CMBs, di==erentiated in chondrogenic media contaiithdime. We have utilized two culture conditionstatic and biore-
ascorbic acid and trans=orming growth =actenfiXultured in two  actor, to mimic temporal development o= the cartilage. Bioreactor CMBs
di==erent conditions: static-culture (static) and per=usion with dynaadian average radius (650n) that was more than two times larger
loading bioreactor culture (bioreactofhe bioreactor applied cyclic than that o— static CMBs (2, Fig. 2A, p < 0.001).Qualitatively,
compression =or 11 days (10% compression, 1 Hz, 3 h/day) during ghetic CMBs appeared to be lessintegrated with each otherwhile
28-day culture period with continuous media per—usion through thebioreactor CMBs were welhtegrated (Video 1 and 20verall,both
gra—ts. These culture methods were utilized to generate di==erentopralitiative and quantitative architectural data showed that bioreactor
tectures and locatompositionA total o= 7 construct®,static and 5 CMBs were better integrated than static CMBs.
bioreactor, were generated. Each construct was bisected. One hal= wabo measure how CMB maturity impacted locatomposition,we
used =or micromechani@lvironment analysisyhile the other hal= utilized FTIR to analyze the compositional distributions. The aggrecan
was used =—or Fourier Trans=orm In=rared Spectroscopy (FTIR) to anahcantration distributions o= both static and bioreactor constructs had

local composition o= the construct. no statistical di==erence (Fig. 2B and C, p > 0.34). However, the mean
aggrecan concentration wadmosttwo times higher =orbioreactor
2.2. Micromechanical environment analysis 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
The local mechanicaresponses oeach constructvere measured in distributions between the two culture conditions (FigD and E,
using a previously established protodaluckley etal., 2010,2008). p > 0.28).Static constructs had concentration peaks at 0.03and.
Briefy, each bisected construatas stained with 5-dichlorotriazinyl- 0.19 A.U., while bioreactor constructs had peaks at 0.02 A.U. and 0.1 A.
aminofuorescein (14 ug/mL o= dimetlyl—=oxideéYlolecular Probes, U. However,the mean collagen concentration =static constructs
Grand Island, NY) =or 30 min, washed in PBS =or 20 min, and mour{ted44 A.U.) was higher than the bioreactor constructs (0.124 A.U.,
between two parallelplateso=-a tissue de=~ormation imaging stage p < 0.0001).Overall,our data suggests that the main driver o= local
(TDIS). compositionadi==erence adrious stages omaturation is aggrecan
We observed that the three-dimensional (3D) mechanical behavioosicentrations.
(Video 3 and 4) dominate the micromechanicbehaviorwhen the
constructs were compressed pddi% o=the cartilage thicknesso 3.2. Micromechanical environment of osteochondral constructs under
remove the e=—ects -=rom the 3D behawierchose to analyze the = compression
micromechanical environment at 10% imposed compression.
We utilized TDIS and =ast-con—woaadroscopy to investigate how
2.3. Fourier transformation infrared spectroscopy architectural and compositional di==erencasani-~estin micro-
mechanical behavior. Con=ocal images captured at various compression
FTIR data analysis was conducted using a previously establishedlevels revealed that poorly integrated CMBs may become separated at
protocol (DiDomenico et al., 2019; Middendor= et al., 2020; Silverbéhe boundaries (Fig3A). Such separation led the CMBs to experience

et al., 2014). heterogeneous local axial strain ranging =rom 0.5 compressive strain to
0.5 tensile strain (Fig.3B). Notably, tensile strain was concentrated
2.4. CMB size, radial strain, and composition analysis around the boundaries. This data indicates that the boundary is =ar mor

compliant than the centersulting in larger de=~ormational behavior.
Each CMBs are individually manu=actured =rom the same cell st\iecebserved thatthe CMB separation dominated the locamicro-
and —used together to =orm cartilage tissue. There—ore, we treatetheahhnical environment at 20% imposed strain. Based on these results,
CMB as an individual sample to quanti-y the architectural =eaturesyweéecided to conduct the micromechaniealvironment analysis at
measured the size o#e CMBs in Image) based on the unde-=ormed 10% imposed strain.
con=ocal image o= each construct. A total o= 47 CMB radii (n = 19 stdte local strain distributions o= the osteochondral constructs at 10%
n = 28 bioreactor) were measured by itting a circle on each CMB. imposed strain were plotted as histograms. Notably, 27% o= the static
Since we observed that the radial local composition corresponds ¢onstructs experienced tensile strain, while only 10% o- the bioreactor
the radiallocal strain,we calculated the radiaverage and standard constructs experienced tension (B€ and D),which indicates poor
deviation o= local strain and composition =rom the center o= eachiftéBration among CMBs —or static constructs. Furthermore, the coe— %-

(n = 8 static, n = 10 bioreactor). cient o= variation =or the static constructs (-1.98) was almost two times
higher than that o= the bioreactor constructs (-1.04). However, there wa
2.5. Statistical analysis no di==erence between the two local axial strain distributions (p > 0.22

In general, the bioreactor constructs had larger regions that experi-

A two-sample t-test was conducted to compare the average radienced lower shear strain compared to the static constructs (Fig. 3E and
and compositionsA two-sample Kolmogorov-Smirnov testas con- F). The average local shear —=or the static constructs (0.03) was higher
ducted to compare the overalbmpositionaénd strain distributions. than that o= the bioreactor constructs (0p02,0.0001),which also
We used a two-way analysis o= variance to compare the radial compalicates poor integration among the static CMBs. However, static and
sition and strainTo identi-=y the aggrecan and collagen concentratiobioreactor constructs had the same coe=%cient o= variation (0.82), and
thresholds =or local strain, we utilized a sigmoid regression analysisthéte was no statisticali==erence between the two Iskebr strain
conducted an analysiso=covariance(ANCOVA) in regressionsto distributions(p > 0.91). Overall, our local strain distribution data
compare the two linear regression models. p-values<0.05 were conshibwed that the static constructs experienced a higher lew&ical
ered statistically signit.can€oe= %cient o= variation was calculated d&®nsile strain and shear strain due to poor integration compared to the
the standard deviation divided by the average o= the local strain ddtimreactor constructs.

3
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Fig. 3. Local mechanical behavior of osteochondral implants. A. Compression-induced spheroid separation was observed through a series o = con-ocal mi
graphs. B. High tensile strain indicates spheroid separation. C. Axial strain distribution o = static samples. AImost 30% o- the static samples experienced"
D. Axial strain distribution o= per=usion samples. Only 10% o- the per—usion samples experienced tensile strain. E. Shear strain distribution o= static s¢
portions o= the static samples experienced higher shear strain. F. Shear strain distribution o= per=usion samples. Larger portion o= the per=usion samp
lower shear strain.
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3.3. Radial composition and strain distribution analysis 3.4. Local composition and strain correlation

Based on our observations, we developed an analytical =ramework @ur observation in the radial analysis qualitatively indicated a cor-
the contexto=the structure-=unction relationshipabeollection o= relation between the locabmpositionadistribution and mechanical
CMBs. We analyzed each CMB as an individual unit structure by  behaviorwhich led us to investigate the correlation between the two
calculating radialaverage localstrain and compositionabata. The —actorOur ANCOVA analysis showed that the CMB maturation level
radial aggrecan concentration distribution (F#A) showed that,on does not a==ect the correlation among radial compressive strain, strain
average, bioreactor CMBs had higher aggrecan concentration compapeth, and compositions (Fig. 5A and C, p > 0.15). There=ore, we pooled
to static CMBs (p < 0.0001). Both bioreactorand static CMBs had  the data =rom static and bioreactor CMBs. Local aggrecan concentration
aggrecan concentration 08.015 A.U. at the center o-~the CMBs had a signit.cant correlation with all local strain components (p < 0.05).
(r =0 ym) and decreased towards the boundafe aggrecan con- The local compressive strain displayed a clear non-linear behavior and
centration in bioreactor CMBs increased up to a radius opmi@dd appeared to have an aggrecan concentration thresholdhich was
decreased linearly, while the static CMBs’ concentration decreased hmedeled by using a sigmoidal curve (Fig. 5A, R2 = 0.93). Compressive
early throughout the radiushe radialcollagen concentration distri- strain sharply decreased in regions with aggrecan concentrations higher
bution (Fig. 4B) showed that static CMBs had higher collagen  than 0.015 A.U. Such non-linear behavior was also present in local shear
concentrations than bioreactor CMBs (p < 0.0001). At the center, ststigin —or static CMBs (Fig5 B, R? = 0.90). The local shear strain
CMBs had a collagen concentration o= 0.15 A.U. and increased lineaidy¢reased sharply in regions with aggrecan concentration higher than
towards the boundary, while bioreactor CMBs had 0.1 A.U. at the ce@t@t A.U. However, bioreactor CMBs showed a weak linear correlation
and increased linearly. However, there was no statistical di==erend®fn= 0.33). The strain norm was negatively correlated with aggrecan
concentration at any given radius between static and bioreactor CM&8sncentration (Fig. 5C).
(p > 0.73). Local collagen concentration had signii.cardorrelation with all

The radial analysis o= construct mechanics revealed that static GM4Bm components in both types o= CMBs (p < 0.0001), except the shea
had higher overall local compressive and shear strain than bioreactstrain o= bioreactor CMBs (p > 0.15, Fig. 5D, E, and F). We modeled the
CMBs (Fig. 4C and D, p < 0.0001). While there was no di==erence ilmthecompressive strain with a sigmoidakgression to identi=y the
compressive strain at any given radius (p > 0.74), static CMBs showaallagen concentration threshold (FigD, R2 = 0.91). Compressive
signit.cantly higher shear strain than bioreactor CMBs at the boundasirain sharply decreased in regions with collagen concentrations lower
(250 um to 300um, p < 0.01). The average strain norm o= static CMBsan 0.14 A.U. The local shear strain increased sharply in regions with
was generally higher than that o= bioreactor CMBs,there was no  collagen concentration highethan 0.15 A.U (Fig. 5E, R2 = 0.90).
statistical signit.cance between the two types o~ CMBs (Fig. 4E, p >Hbjever, bioreactor CMBs had a weak linear correlatidn<®.14).
Our radial analysis indicated that bioreactor CMBs had relatively highhe strain norm was positively correlated with the collagen concentra-
local aggrecan concentrations at the radgalge,which were accom-  tion (Fig. 5F, R2 = 0.83). Overall, our analysis showed that local com-
panied by lower levels o= local compressive strain and strain norm.g@sitions in tissue-engineered cartilage were highly correlated with the
the other handstatic CMBs experienced signiicantly higher levels o=4ocal strain.More interestinglylocal shear strain in bioreactor CMBs
local shear strainmost likely due to the poor integration and lower was not well correlated with composition, most likely due to the infu-
aggrecan concentration. ence o= construct architecture and maturation.
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Fig. 4. Radial compositional and local strain distribution of spheroids. A. Radial aggrecan concentration distribution. Per=usion spheroids had higher aggre
concentration throughout the radius compared to static spheroids. B. Radial collagen concentration distribution. Static spheroids had consistently higher c
concentration throughout the radius. C. Radial compressive strain distribution. Static spheroids experienced steeper slope compared to per =usion sphero
shear strain distribution. Static spheroids experienced signiicantly higher shear strain at the edge compared to per—=usion samples. Per=usion spheroids
relatively consistent shear strain throughout the spheBoiBadialstrain norm distributionin generalstatic spheroids experienced higher Istedin norm
throughout the radius compared to per=usion spheroids.
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4. Discussion Compositional gradient on the length scale o= 16+ Habninated
the micromechanics o= the constructs (Fig. 3 C, D, E, and F, Appendix C,
In this study, we identiied the relationship among the micro- D, E, and F).Under compressiorstatic constructs experienced higher
mechanical environment, local composition, and construct architectlo®al tensile and shear strain compared to bioreactor constHigts.
in tissue-engineered osteochondral implants. We utilized various culogad tensile and shear strains indicate that CMBs are being separated
methodsDIC, and FTIR to understand how compositioreid archi- (Fig. 3 A and B). We believe these phenomena arose =rom the interactio
tectural—eatures contrdie localmechanicsSpeciically,we investi-  between trabecular bone and cartilage, as well as the 3D architecture o-
gated how local strain was infuenced by local compositions, as well eartilage.Under compressiorthe sti==er trabecular bone compressed
CMB integration.Culture method had a signiicaninfuence on the and penetrated the so—-ter cartilage tisseefing a rotational e==ect.
construct maturity mani—ested by the CMB size and compositional &iseh rotational e=—=ect caused the CMBs to separate along the boundari
tributions. Under load, regions with high collagen concentration expehere aggrecan concentration is low and collagen concentration is high
rienced higher compressive and shear strainile regions with high  (Fig. 3A, Video 3 and 4). Notably, high tensile strain was observed only
aggrecan concentration experienced lower stfamrelationship be- in horizontal boundaries, and such strain was not observed in vertical
tween the local compositions and strains was highly non-linear. Oveballindaries. We believe this phenomenon is largely due to the material-
these results showed that (i) local composition is directly linked to the-material interaction between the so-t tissue-engineered cartilage anc
local micromechanical environment, (ii) a local compositional threshmdthtively sti==er and brittle trabecular bone sca==old. The displacemel
exists =or local strain, and (iii) architectural =eatures have a signiidirgction o=the trabecular bone sca==old was vert{iakar y axis
infuence on the micromechanicanvironmentor tissue-engineered movement)and the rotationalke—-eftotation aboutx axis) on the
cartilage. tissue-engineered cartilage caused by the displacement was the main
Tissue maturation had a pro=~ound e==ect on the construct architéeer o-the high tensile strainOverall, these data show thaboth
tural =eaturedVe observed thathe average bioreactor CMB radius architectural=eaturesand local composition infuence the micro-
(600um) was two times larger than that o= static CMBuf2,/big. 2 mechanical environment o= tissue-engineered osteochondral constructs
A), which is consistentwith previous indings in CMB maturation These architecturateaturegompositionaldistribution,and me-
(Bhumiratana and Vunjak-Novakovi2015). In addition, bioreactor  chanicalbehaviors appear to be periodic athe scale o-the CMBs.
constructshad a higher average aggrecan concentration and lower There-oraye decided to treat each CMB as a unit structure and con-
collagen concentration compared to static constructs (Fig. 2, Appendicted a radial analysis (Fig. 4 and Appendix G, H, |, and J). The local
B). Such an increase in aggrecan concentration through bioreactor @aggrecan concentrations o= bioreactor CMBs were consistently higher
ture was rigorously shown in previous investigations in both native aothpared to the static CMBsat any given radius(Fig. 4 A). Such
tissue-engineered cartilage (Kim and Bonassa023; Mauck et al., aggrecan distribution mosikely caused static CMBs to have higher
2000). However, to the best o= our knowledge, the level o= integrai@rage compressive strain (Fig.C). On the other hand,the local
among CMBs and the resulting architectural =eatures due to the tissakagen concentrations o= bioreactor CMBs were lower than those o=
maturation have never been observed be-ore. static CMBs (Fig. 4 B). Despite the higher collagen concentration, static
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CMBs experienced higher local shear, especially at the boundary (Ficodld impact local mechanical environment (Kim et al., 2021; Puetzer
D). We believe that this phenomenon arises =rom the interplay betwieeh, 2015;Statham et al.2022).However,we did not quanti=y the

the local compositional distribution and the architectural =eatures aeeltdngen alignment in this study.

osteochondratonstructsUnder compressiorthe CMBs underwent a Previous studiesin tissue-engineeredartilage mechanicsand
combination o= rigid body rearrangement and de-=ormation due to ¢bmposition have primarily =ocused on identi=ying macro leeel

high aggrecan concentration at the center o= the CMBs. Due to thelaigitships (Cigan et al., 2016; Vunjak-Novakovic et al., 1999; Waldman
body rearrangement, the shear strain at the radial edge increased. Suel, 2004). This approach provided tremendoussight into the

behavior was more pronounced in static constructs due to the poor macroscale mechanical behavior o= tissue-engineered cartilage and bull
integration among CMBs despite the relatively high collagen concercompositional targets =or bio—=abrication. However, recent studies have

tration.These results highlight the signii.cant infuence e archi- indicated that the architectural =eatures and micromechanical environ-
tectural =eatures on the micromechanical behavior o= tissue-engine&mdare more important =or ceihbility in both native and tissue-
implants. engineered cartilage (Kim et al., 2023, 2022; Middendor= et al., 2020,

We registered local radial strain and composition to understand t2@17). Despite the importance o= the micromechanical environment, th
relationship on a CMB-by-CMB basis (Fig. 5, Appendix K, L, M, O, P, @elationship between local composition and local mechanical behavior
R, S, and T). Our observation in periodic compositional distribution amds not previously well characterized. This study provides insight into
micromechanicabehavior was refected as a strong relationship be- the infuence o= localomposition and architecturaleatures on local
tween the two =actors (Fig. 5). Local aggrecan and collagen concemtrachanical —ailure. Overall, our data suggest that achieving satis—=actor
tion thresholds existed =or local compressive strain (Fig. 5 A and D)o&al compositionaktoncentration is cruciator preventing locahe-
local aggrecan and collagen concentrations o= 0.01 A.U. and 0.15 AcHanical=ailure in tissue-engineered cartilage constrpatwjding a
respectively,compressivestrain started to decreasesharply. Such potential compositionaltarget =ormanu=acturing tissue-engineered
threshold behavior was also present in local shear strain —or static ChMBdage constructs.

Interestingly, this compositional threshold was previously observed =or

buckling in tissue-engineered cartilage manu=actured using collagarRediT authorship contribution statement

sca==olds (Middendor= et al., 2020, 2017). This indicates that composi-
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Our indings have implications beyond this speciic bio=abrication
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—ree tissue-engineered cartilage is o=~ten manu=actured =rom micromass
culture or pellet culture techniques (Ahrens et al., 1977; Denker et al., The authors declare the ~ollowing Lnanciaterests/personate-
1995;Kronemberger et al2020;Markway et al.2010;Yeung et al., lationships which may be considered as potential competing interests:
2019;Zhang et al.2004). Furthermoredrug delivery techniques —~or TAN Kelly, Hyung Jin Jung, Olivia S. Beane, and Sarindr Bhumiratana
osteoarthritistreatmentuse microsphereqConaghan etal., 2018;  are =ull-time employees o~ EpiBone.

Eswaramoorthy et al2012;Han et al.,2021;Li et al.,2022,2021).

Upon implantation or injection to —oaadrtilage de—ectdiese engi- Acknowledgments

neered constructs and microspheres will likely experience relative me-

chanical motion and local —ailures similar to what we observed in this This work made use othe CornellCenter —or Materials Research
study. Such local =ailure can reduce the survivability o~ the cells wittaied Facilities which are supported through the NSF MRSEC program
the construct (Barte#it al., 2015;Kim et al.,2023) and hinder inte- (DMR-1719875).This study was partially =unded byNSF CMMI

gration with the native cartilage tissue. Our indings provide insight 2139776, NSF CMMI 1927197, NSF DMR 1807602, and ARMI T0080.

in vivo mechanical =ailure modes and parameters that may be used to

prevent =ailures in tissue engineering and drug delivery techniqueApEgndix A. Supplementary material

utilize spheroid geometry.

The limitations o= this study arise =rom conductinga two- Supplementary data to this article can be =ound online at https://doi.
dimensionalanalysis to explain 3D behavior. Under compression, org/10.1016/j.jbiomech.2023.111882.
tissue-engineered osteochondmanstructsdisplay complicated 3D
behavior beyond 10% imposed strain (Video 3 and 4). Such 3D de=Rgferences
mation can hinder the accurate measurement o= two-dimensional local
strain measurements through DIC. In this study, we did not analyzeAfrens, P.B., Solursh, M., Reiter, R.S., 1977. Stage-related capacity —or limb
local strain beyond 10% imposed strain to avoid any potential infuencegg‘{gf‘{ce’%‘z'(f;'fgbnl;g{'scu't“re' Develop. Biol. 60, 69+83s://doi.org/10.1016/
~rom the 3D de~ormation.In addition, we utilized unconined  partel, LR, Fortier, L.A., Bonassar, LJ., Cohen, I., 2015. Measuring microscale strain
compression =or this stud@nce implantedthe osteochondraton- ields in articular cartilage during rapid impact reveals thresholds —or chondrocyte
structs can experience various boundary conditions ranging =rom un- death and a protective role ~or the supericial layer. ] Biomethp48/doi.org/

N . - . 10.1016/j.jbiomech.2015.05.035.
conined compressionto conined compressmn.Such boundary Bhumiratana, S., Eton, R.E., Oungoulian, S.R., Wan, L.Q., Ateshian, G.A., Vunjak-
conditions can impacthe micromechanicanvironmenib-the con- Novakovic, G., 2014. Large, stratited, and mechanically —=unctional human cartilage
structs. Nonetheless, the overall relationships among local compositiorfirown in vitro by mest_anchymal condensation. Proc. Natl. Acad. Sci. U.S.A. 111,

. . . . 6940-6945. https://doi.org/10.1073/pnas.1324050111.
architecturakeaturesnd micromechanicalehavior are expected to |

; . . ; . miratana, S., Vunjak-Novakovic, G., 2015. Engineering physiologically sti== and
remain consistent. Previous studies have suggested collagen alignmengtratized human cartilage by =using condensed mesenchymal stem cells. Methods,



B. Kim et al. Journal of Biomechanics 162 (2024) 111882

Adv. Methods Tissue Eng. Regenerative Med. 84, 109kiiP4://doi.org/ Kim, B., Middendor=, J.M., Diamantides, N., Dugopolski, C., Kennedy, S., Blahut, E.,
10.1016/j.ymeth.2015.03.016. Cohen, I., Bouklas, N., Bonassar, L.J., 2022. The Role o= Buckling Instabilities in the

Buckley, M.R., Gleghorn, J.P., Bonassar, L.J., Cohen, I., 2008. Mapping the depth Global and Local Mechanical Response in Porous Collagen Sca==olds. Exp Mech.
dependence o= shear properties in articular cartilage. J. Biomech. 41, 2430-2437. https://doi.org/10.1007/s11340-022-00853-7.
https://doi.org/10.1016/j.jbiomech.2008.05.021. Kock, L., van Donkelaar, C.C., Ito, K., 2012. Tissue engineering o= —unctional articular

Buckley, M.R., Bergou, A.J., Fouchard, J., Bonassar, L.J., Cohen, I., 2010. High-resolution cartilage: the current status. Cell Tissue Res 347, 613-627. https://doi.org/10.1007/
spatial mapping o= shear properties in cartilage. J. Biomech. 43, 796&300. s00441-011-1243-1.
doi.org/10.1016/j.jbiomech.2009.10.012. Kon, E., Filardo, G., Martino, A.D., Marcacci, M., 2012. ACI and MACI. | Knee Surg 25,

Center =or Biologics Evaluation, 2019. Preclinical Assessment o= Investigational Cellulak7-22. https://doi.org/10.1055/s-0031-1299651.
and Gene Therapy Products (No. FDA-2012-D-1038). FDA. Kronemberger, G.S., Matsui, R.A.M., Miranda, G. de A.S. de C. e, Granjeiro, J.M.,

Chang, S.C.N., Tobias, G., Roy, A.K., Vacanti, C.A., Bonassar, L.J., 2003. Tissue Baptista, L.S., 2020. Cartilage and bone tissue engineering using adipose stromal/
Engineering o— Autologous Cartilage —or Cranio—acial Reconstruction by Injection stem cells spheroids as building blocks. World ] Stem Cells 12, 110-122. Doi:
Molding. Plast. Reconstr. Surg. 112, 783ps://doi.org/10.1097/01. 10.4252/wjsc.v12.i2.110.

PRS.0000069711.31021.94. Li, J., Liu, N., Huang, Z., Wang, W., Hou, D., Wang, W., 2021. Intra-articular injection o=

Chu, C.R., Coutts, R.D., Yoshioka, M., Harwood, F.L., Monosov, A.Z., Amiel, D., 1995. loaded sPL sustained-release microspheres inhibits osteoarthritis and promotes

Articular cartilage repair using allogeneic perichondrocyteseeded biodegradable cartilaginous repairs. ] Orthop Surg Res 16, 64&ys://doi.org/10.1186/s13018-
porous polylactic acid (PLA): A tissue-engineering study. J. Biomed. Mater. Res. 29, 021-02777-9.
1147-1154. https://doi.org/10.1002/jbm.820290915. Li, B., Wang, F., Hu, F., Ding, T., Huang, P., Xu, X., Liang, J., Li, C., Zhou, Q., Lu, M.,

Cigan, A.D., Roach, B.L., Nims, R.J., Tan, A.R., Albro, M.B., Stoker, A.M., Cook, J.L., Deng, L., Guo, L., Cui, W., 2022. Injectable “nano-micron” combined gene-hydrogel
Vunjak-Novakovic, G., Hung, C.T., Ateshian, G.A., 2016. High seeding density o=  microspheres =or local treatment o— osteoarthritis. NPG Asia Mater 14, 1-15. https://
human chondrocytes in agarose produces tissue-engineered cartilage approaching doi.org/10.1038/s41427-021-00351-7.
native mechanical and biochemical properties. J. Biomech. 49, 1909-1917. httpdijttle, C.J., Bawolin, N.K., Chen, X., 2011. Mechanical Properties o= Natural Cartilage and
doi.org/10.1016/j.jbiomech.2016.04.039. Tissue-Engineered Constructs. Tissue Eng. B Rev. 17, 21Bt2%7//doi.org/

Conaghan, P.G., Cohen, S.B., Berenbaum, F., Lu=kin, J., Johnson, J.R., Bodick, N., 2018. 10.1089/ten.teb.2010.0572.

Brie— Report: A Phase Ilb Trial o= a Novel Extended-Release Microsphere FormuMsditmway, B.D., Tan, G.-K., Brooke, G., Hudson, J.E., Cooper-White, J.J., Doran, M.R.,

o- Triamcinolone Acetonide —or Intraarticular Injection in Knee Osteoarthritis. 2010. Enhanced Chondrogenic Di=~=erentiation o=~ Human Bone Marrow-Derived
Arthritis Rheumatol. 70, 204-211. https://doi.org/10.1002/art.40364. Mesenchymal Stem Cells in Low Oxygen Environment Micropellet Cultures. Cell
Craw=ord, D.C., DeBerardino, T.M., Williams, R.J.l., 2012. NeoCart, an Autologous Transplant 19, 29-42. https://doi.org/10.3727/096368909X478560.

Cartilage Tissue Implant, Compared with Micro=racture —or Treatment o— DistaMauck, R.L., Soltz, M.A., Wang, C.C.B., Wong, D.D., Chao, P.-H.-G., Valhmu, W.B.,
Femoral Cartilage Lesions: An FDA Phase-Il Prospective, Randomized Clinical Trial Hung, C.T., Ateshian, G.A., 2000. Functional Tissue Engineering o= Articular
A-ter Two Years. JBJS 94, 979. https://doi.org/10.2106/)B)S.K.00533. Cartilage Through Dynamic Loading o= Chondrocyte-Seeded Agarose Gels.

Craw=ord, D.C., Heveran, C.M., Cannon, W.D., Foo, L.F., Potter, H.G., Md, 1, Heveran, C.J. Biomech. Eng. 122, 252-260. https://doi.org/10.1115/1.429656.

M., Dilworth Cannon, W., Foong Foo, L., Potter, H.G., 2009. An Autologous Cartiladé&dendor=, .M., Shortkro==, S., Dugopolski, C., Kennedy, S., Siemiatkoski, J., Bartell, L.
Tissue Implant NeoCart =or Treatment o= Grade Ill Chondral Injury to the Distal R., Cohen, I., Bonassar, L.J., 2017. In vitro culture increases mechanical stability o-
Femur. The American Journal o= Sports Medicine 37, 1334-1343. Doi: 10.1177/ human tissue engineered cartilage constructs by prevention o= microscale sca-=-old
0363546509333011. buckling. ). Biomech. 64, 77-84ttps://doi.org/10.1016/j.jbiomech.2017.09.007.

Denker, A.E., Nicoll, S.B., Tuan, R.S., 1995. Formation o= cartilage-like spheroids byMiddendor=, .M., Dugopolski, C., Kennedy, S., Blahut, E., Cohen, I., Bonassar, L.J., 2020.
micromass cultures o= murine C3H10T1/2 cells upon treatment with trans—=orming Heterogeneous matrix deposition in human tissue engineered cartilage changes the
growth —actor-B1. Di==erentiation 59, BB#34//doi.org/10.1046/j.1432- local shear modulus and resistance to local construct buckling. J. Biomech. 105,
0436.1995.5910025.x. 109760 https://doi.org/10.1016/j.jbiomech.2020.109760.

DiDomenico, C.D., Kaghazchi, A., Bonassar, L.J., 2019. Measurement o= local di==udioimanraj, B., Farran, A.J., Mauck, R.L., Dodge, G.R., 2014. Time-dependent -unctional
and composition in degraded articular cartilage reveals the unique role o= sur=~acematuration o= sca==old-—=ree cartilage tissue analogs. J. Biomech., Functional Tissue
structure in controlling macromolecular transport. J. Biomech. 82, 38545// Eng. 47, 2137-2142. https://doi.org/10.1016/j.jbiomech.2013.10.022.
doi.org/10.1016/j.jbiomech.2018.10.019. Nurmukhametov, M.R., Makarov, M.A., Makarov, S.A., Bialik, E.I., Biaik, V.E.,

Eswaramoorthy, R., Chang, C.-C., Wu, S.-C., Wang, G.-J., Chang, J.-K., Ho, M.-L., 2012. Nesterenko, V.A., 2021. The Use o= Autologous Matrix-Induced Chondrogenesis as a
Sustained release o= PTH(1-34) =rom PLGA microspheres suppresses osteoarthritisSurgical Treatment —or Patients with the First Metatarsophalangeal Joint

progression in rats. Acta Biomater. 8, 2254-2262s://doi.org/10.1016/j. Osteoarthritis: Immediate and Medium-Term Results. CARTILAGE 13, 13545-S1365.
actbio.2012.03.015. https://doi.org/10.1177/1947603520958127.

Gri=%n, D.J., Bonnevie, E.D., Lachowsky, D.J., Hart, J.C.A., Sparks, H.D., Moran, N., Patel, J.M., Wise, B.C., Bonnevie, E.D., Mauck, R.L., 2019. A Systematic Review and
Matthews, G., Nixon, A.J., Cohen, |., Bonassar, L.J., 2015. Mechanical Guide to Mechanical Testing —or Articular Cartilage Tissue Engineering. Tissue Eng.

characterization o= matrix-induced autologous chondrocyte implantation (MACI®) Part C Methods 25, 593-608. https://doi.org/10.1089/ten.tec.2019.0116.
gra—ts in an equine model at 53 weeks. ]. Biomech. 48, 1944-1949. https://doi.(Rgétzer, J.L., Koo, E., Bonassar, L.J., 2015. Induction o= sber alignment and mechanical

10.1016/j.jbiomech.2015.04.010. anisotropy in tissue engineered menisci with mechanical anchoring. ) Biomech 48.
Guo, T., Lembong, J., Zhang, L.G., Fisher, J.P., 2017. Three-Dimensional Printing https://doi.org/10.1016/j.jbiomech.2015.02.033.

Articular Cartilage: Recapitulating the Complexity o= Native Tissue <sup/>. TisReetter, N., Tobias, G., Lebl, M., Roy, A.K., Hansen, M.C., Vacanti, C.A., Bonassar, L.J.,

Eng. B Rev. 23, 225-236. https://doi.org/10.1089/ten.teb.2016.0316. 2002. Age-related changes in the composition and mechanical properties o= human
Han, Y., Yang, J., Zhao, W., Wang, H., Sun, Y., Chen, Y., Luo, J., Deng, L., Xu, X., Cui, W., nasal cartilage. Arch. Biochem. Biophys. 403, 132+k4®s://doi.org/10.1016/

Zhang, H., 2021. Biomimetic injectable hydrogel microspheres with enhanced S0003-9861(02)00263-1.

lubrication and controllable drug release —or the treatment o= osteoarthritis. Bi6deerberg, J.L., Barrett, A.R., Das, M., Petersen, P.B., Bonassar, L.J., Cohen, |., 2014,

Mater. 6, 3596-3607. https://doi.org/10.1016/j.bioactmat.2021.03.022. Structure-—=unction relations and rigidity percolation in the shear properties o—
Johnstone, B., Alini, M., Cucchiarini, M., Dodge, G., Eglin, D., Guilak, F., Madry, H., articular cartilage. Biophys. J . 107, 1721-1730ps://doi.org/10.1016/j.

Mata, A., Mauck, R., Semino, C., Stoddart, M., 2013. Tissue engineering =or articulabpj.2014.08.011.

cartilage repair - the state o= the art. eCM 25, 248-267. Doi: 10.22203/eCM.  Statham, P., Jones, E., Jennings, L.M., Fermor, H.L., 2022. Reproducing the

v025al8. Biomechanical Environment o—~ the Chondrocyte —or Cartilage Tissue Engineering.
Jutila, A.A., Zignego, D.L., Schell, W.J., June, R.K., 2015. Encapsulation o= ChondrocytesTissue Eng. B Rev. 28, 405-420. https://doi.org/10.1089/ten.teb.2020.0373.

in High-Sti==ness Agarose Microenvironments =or In Vitro Modeling o= OsteoaBte#&ni, R.M., Barbosa, S., Tan, A.R., Setti, S., Stoker, A.M., Ateshian, G.A., Cadossi, R.,

Mechanotransduction. Ann Biomed Eng 43, 1132-1i4ds://doi.org/10.1007/ Vunjak-Novakovic, G., Aaron, R.K., Cook, J.L., Bulinski, J.C., Hung, C.T., 2020.
s10439-014-1183-5. Pulsed electromagnetic i.elds promote repair o= —ocal articular cartilage de—ects witt

Kim, B., Bonassar, L.J., 2023. Understanding the Infuence o= Local Physical Stimuli on engineered osteochondral constructs. Biotechnol. Bioeng. 117, 1584&b596.
Chondrocyte Behavior. In: Connizzo, B.K., Han, L., Sah, R.L. (Eds.), doi.org/10.1002/bit.27287.
ElectromechAnoBiology o= CArtilAge and OsteoArthritis: A Tribute to AlAn Vunjak-Novakovic, G., Martin, I., Obradovic, B., Treppo, S., Grodzinsky, A.J., Langer, R.,
Grodzinsky on His 75th BirthdAy, AdvAnces in ExperimentAl Medicine and Biology. Freed, L.E., 1999. Bioreactor cultivation conditions modulate the composition and
Springer International Publishing, Cham, pp. 31k%4s://doi.org/10.1007/978- mechanical properties o= tissue-engineered cartilage. J. Orthop. Res. 17, 130-138.
3-031-25588-5_2. https://doi.org/10.1002/jor.1100170119.

Kim, B., Bouklas, N., Cohen, I., Bonassar, L.J., 2023. Instabilities Induced by Mechani¢&ldman, S.D., Spiteri, C.G., Grynpas, M.D., Pilliar, R.M., Kandel, R.A., 2004. Long-Term
Loading Determine the Viability o= Chondrocytes Grown on Porous Sca==olds. Intermittent Compressive Stimulation Improves the Composition and Mechanical
J. Biomech. 111591 https://doi.org/10.1016/j.jbiomech.2023.111591. Properties o~ Tissue-Engineered Cartilage. Tissue Eng. 10, 132B8&p331doi.

Kim, J., Boys, A.., Estro==, L.A., Bonassar, L.J., 2021. Combining TGF-B1 and Mechanicabrg/10.1089/ten.2004.10.1323.
Anchoring to Enhance Collagen Fiber Formation and Alignment in Tissue- Yan, C., Chen, }., Jia, Z., Li, Z., 2023. Organization structure and tribological study o=
Engineered Menisci. ACS Biomater. Sci. Eng. 7, 1608-h620.//doi.org/ hydrogel prepared by Uv light molding and casting molding methods =or bionic
10.1021/acsbiomaterials.0c01791. articular cartilage. Mater. Res. Express. Doi: 10.1088/2053-1591/acc998.

Kim, M., Kra=t, J.J., Volk, A.C., Pugarelli, J., Pleshko, N., Dodge, G.R., 2011. Yeung, P., Cheng, K.H., Yan, C.H., Chan, B.P., 2019. Collagen microsphere based 3D

Characterization o= a cartilage-like engineered biomass using a sel=-aggregating culture system =or human osteoarthritis chondrocytes (hOACs). Sci Rep 9, 12453.

suspension culture model: Molecular composition using FT-IRIS. J. Orthop. Res. 29, https://doi.org/10.1038/s41598-019-47946-3.

1881-1887. https://doi.org/10.1002/jor.21467. Zhang, Z., McCa==ery, .M., Spencer, R.G.S., Francomano, C.A., 2004. Hyaline cartilage
engineered by chondrocytes in pellet culture: histological, immunohistochemical



B. Kim et al. Journal of Biomechanics 162 (2024) 111882

and ultrastructural analysis in comparison with cartilage explants. J. Anat. 205,
229-237. https://doi.org/10.1111/j.0021-8782.2004.00327.x.



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9

