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Collagen scaffolds seeded with human chondrocytes havetigsvarengineered cartilage products to this date have been
great potential for cartilage repair and regendtati@mver, able to recapitulate all mechanical properties of native tisst
these porous scaffolds buckle under low compressive forcgg) ®eevious studies have highlighted the significant impact
death and deteriorate the integrity of the engineer@tissygs micromechanical behavior and failure modes in the form

perform three-dimensional (3D) tomography-based chara [6calstrain concentrations8{7 The latter have been

zation to track the evolution of collagen scaffolds’ microstruc- . e~ .
ture under large deformatibine results illustrate how insta-sl#]own to affechiiic viabEiof the cells seeded in the con-

bilities produce a spatially varying compaction across the $g&t§t (9, 1@ollectively, these results indicate the need to
mens, with more pronounced collapse near the free boun@Ritify the effect of key microstructural features of colla-
We discover that, independent of differences in pore-size 8Bfriscaffolds on the resulting mechanical behavior of tissue
butions, all collagen scaffolds examined displayed strong etdtieered cartilage constructs.

behavior i.etheir transverse area contracts under compregyhile previous findings have shedoligtite correlation

sion, as a result of the instability cascade. This feature, tyB|§ l%en the micromechagmiwionmeahd celhealth
characteristic of engineered metamaterials, is of critical impor- !

tance for the performance of collagen scaffolds in tissue e y primarily explored this behavior via two-dimensional

neering, especially regarding the persistent challenge of I¢ gﬁnal}'Siswhere 2D imaging and sample preparation
integration in cartilage constructs. imparartifacts on matebehavior (B). For example,

buckling thatccurs oudf plane with respéotthe field
Tissue Engineering | Collagen Scaffolds | 3D Characterization | Bucklin%f view cannot be captured by the experimental 2D imaginc
C d : . f . h
P%?Tﬁﬁ(%?a%se;ocuilas. Email: nb589@cornell.edu tEChqu§'urtherto enable 2D Imaglmples must be
Prof.Lawrence J. Bonassar. Email: Ib244@cornell.edu sectioned, which changes the boundary conditions compare
Prof.Stavros Galtanaros. Emall: stavrosg@jhu.eduy to the intact specinf@novercome these challenges
destructive 3D imaging techniques utilizing micro-computet
. tomography (UCT) have been used to measure 3D deforma-
Introduction tion fields of porous material in situ (11, 12). However, thes

Over the past three decades, tissue-engineered cartii %@%%2?5 have not been extensively applied to understan
structs have exhibited promising potential in restoringhatRNaANICs of soft collagen foams.

tissue functionality (1). Currently available, or at a lateest@yective dhis study is to investigate the interplay
clinical trial, cartilage products (such & NeuUaf, between the 3D porous microstructure and the correspond-
and CMI) employ sofiorous materiagsjch as collagen ing nonlinear mechanics of collagen scaffolds through uCT
foamsto serve as scaffolding microstructumneothdé imagingWe focus on commercially available porous colla-
initial attachment sites and mechanical support for adpemdraffolds made from bovine dermal type | collagen with
cytes (2-4)These scaffolds are designed to contain vedmeycomb and sponge architectures (13, 14) manufacture
calpores to promote the generation of a matriirthat from a freeze-drying process and examine their compressiv
ics the oriented microstructure of native cdittdage. behavioitn particular, we first perform microstructure char-
sulting mechanical properties of these collagen scaffatdsraz&tion and use image analysis to extract key morpho-
of significant importance in these biofabrication apptogdadfeatures for both honeycomb and sponge scaffolds.
given thathe tissue-engineered products undergo in krivgitu compressive experiments with sequential uCT scans
compression following implantAtditionally, the Food are used to highlight deformation patterns, identify the corr
and Drug Administration (FDA) guidance suggests thegtdihéing critical buckling modes, and quantify the evolutior
mechanical characterization of engineered cartilage girkdyatdcrostructural features at different levels of macro-
is important in understanding implant perfornibsce (&opic straiRurther, the uCT technique enables us to iden-
spite the known importance of the underlying mechdificsheamicroscopic mechanisms through which an emerg-
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ing macroscopic auxetic response mankfgsislishing eycomb structure at six levels of applied macroscopic strai
this auxetic response enables the identification of noMekapture the complex and multi-scale natheecinf
cromechanical mechanisms for implant failur@lve viveolved deformationg extradmages othe 3D recon-
reported data are vital for inverse-engineering cartilagaicted specimens (@pjyellas 2D sections across all
structs with tailored behavior at the post-buckling redinee ftirections (bottom) for all increments of the compres

optimal tissue regeneration. sive loadslnitially the walls of the undeformed scaffold
remain nearly straighdugh at an inclined angle with re-
Results specto the compressive directinrstep 2with an ap-

plied strain close to 8.5%, the walls of certain cells near the
Microstructure characterization of collagen scaffg[gtﬁqdary start buckling into the saffotiderved from
We first focus on quantifying key morphological featysgsiof and 2-2 sections (see circled regions). Contrary, mc
collagen constructs with honeycomb and sponge mig@$sWdfis within the structure retain their initial orientation
tures.Figure 1(a) and Figure 1(b) show the reCOﬂStrUWﬁH increasing compression (22h&%pllapse of pores
solid models extracted from the puCT Althosigh both propagates towards the interior of the cellular microstructt
scaffolds share a simitarasi-2D tubulamicrostructure, These deformations at the cell level cause a notable reduc
the associated pores have distinct charat®ngtZd. i the cross-sectional area of the whole specimen, as clear
section images from approximately the midffegight eyident from the corresponding ta@ys trevcompaction
SpeCimeWVe extract the distributions of four StrUCtUr%fqﬂjreS grows Signiﬁcant]y (>30%), contact between neig\
scriptors that have been shown (15-17) to greatly infggAg&nalls provides additional support and prevents the 1
the resulting mechanical properties of porous ifiaterigigi propagation of collapse near the center of the scaffolc
wall thickness, (ii) pore area, (iii) pore compactness,.ﬂ? 5\/ ine the local deformation of scaffold walls and thei
neighbor distance. Figure 1(c) iIIustrat_es the mean w !a IF ependence, we extract two clusters of cells, one n
ness for each scaffold across the specimen height. TfherggH ar (marked with red) and one close to the boundar

reveathatthere are no significdensity gradients acros ] . Lo
each specimenith the walthickness for both Scaffolds%marked with yellow) and monitor their individual structura

) . ) evolution during compression (FigurelRib$een that
being nearly constant throughout their toenaomey- the centrglores mainly maintain their osbealeeven

comb construstshown to have a slightly higher aver . I .

: large macroscopic stralepjcting a uniform manner
\Iljvi?/lildtizldfcﬂisse(i6.r?tzgg)atchhag t:ceiriréan(gflssiqﬁrzl)dv\fﬁ:ggmg se through the wrinkling of the scaffoldnwalls.

9 9 P ’ Rfrggi the boundary cells show significant local and glot

responding mean wall thickness gives a slenderness : o : L
175 and 189 for the honeycomb and the sponge resgggj&? tions at similar levels of compression, which in turi

These values confirm that under com peksgiariuck- Increased pore 'con*!pactlorlm. o

ling will be the governing deformation metherdsn. We subsequently refiatin-situ testing and monitoring
tribution of pore areas for the two collagen constructd s for scaffolds with a sponge microstructure (Figure
played in Figure 1{fHe honeycomb scaffold exhibits tivés again observed that the thin walls of the scaffold are ir
notable peaksatproximately 39520pmd 167503m  tially straighbowever in this case they also appear to be
On the contrarhere is a significantly largembeof ngarly vertical udasplaymg a Ie'ss pronounced inclination
smaller pores within the sponge scaffolds, resulting iWiENsfgspect to the loading axis than the walls of the honey
gle peak of the distribution at58@suanea. Despite theomb scaffold. At imaging level 3, corresponding to a macr
differences in pore-size distributions, the shape of thgpBigstrain of approximately\@@#early observe the

in both structures is similar, as indicated by the comBeekH8gs0f boundary cells in the 1-1 and 2-2 sections. Inte
metric distribution shown in Figure Tie)honeycomb estinglyhe deformation of the cell walls varies in the ver-
demonstrates an average compactness of Gi6gis0.14icaldirection toayith the appearance of wallsttinaé

slightly higher than the corresponding values for thel@palieRd near the botamwell as ones that collapsed at
(0.66+0.147hese values indicate that most of the poP8iifi€ightAs compression progredseshottom region

the collagen scaffolds are not quite circular, since thef¢8Hes to collapse due to bucklisgg a shift of the
pactness is closer to the one of a squatdli.&inally, Scaffoldas evidenced in the 1-1 sedti@ging in the 2-

in Figure 1(f) we report the pore neighbor distance d%s&6E9ons reveals an inward-type of foldiagdimate- .
tion for both types of scaffolflse honeycomb displaysSU|t5 in an overall decrease of the specimen cross-sectiona
a smoother distribution than the sponge scaffold du@tgafhégure 3(b) illustrates the corresponding evolution of
larger and more uniform size of its gamhermor pore morphology for clusters clolse_to the cented)top,

both honeycomb and sponge scaffolds the neighbor @fgddipendary (bottgetiow).In a similar manner to the
seems to be independent of location within the sectiBREE¥FOEND constrifet, pores located closer to the center

indicating homogeneous pore distributions within th&@&Rf@in their shape to a greater extent than those near tf
tures. boundary that experience significant compaction and appe

nearly densified at 47% strain.

In-situ Testing and Deformati@ure 2(ajllustrates We further exploit the tomography imaging from the in-sitt
the evolution of collapse for a collagen scaffold with tests to extraitte evolution of structure characteristics at
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Fig.1. Tomography-based structure characterizatioollefgen constructs(a) Reconstructed 3D solid modgéft) and cross-sectionalice atmid-heightright) for a
scaffold with honeycomb structui®.Reconstructed 3D solid modkdft) and cross-sectionglice at mid-height (right) for a collagen scaffold with sponge str{mture.
Mean wall thickness across the specimens’ heights. (d) Pore area distributions. (e) Pore compactness distributions. (f) Neighbor distance as a function of radial distance.
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Fig. 2.In-situ buckling and localization in honeycomb constalittnaging of large deformation evolution through (top to bagtonstructed 3D solid models, cross-
sectionaklices at mid-height, and transverse slices at six levels of applied macroscopil)sBraikling of celalls and deformation of pores near the center (red) and
the boundary (yellow).

different levels of deformation for both the honeyconmbFiggHe 2(a)-Figure 3(a), as a function of height, for six in.
ure 4(a-d) and sponge (Figure 4(e-h)) scaftotdmam- crements of the applied strain. A key observation that is cc
ine the spatially varying collapse of wernesasure the mon for both microstructures involve the decrease of macr
pore area (Figure 4(a/e)) and pore neighbor distances¢igic area with increasing deforntidioeverthere is

ure 4(b/f)) as a function of rati&gibnce from the centem notable difference between fitevhoneycomb struc-

In both casedhe corresponding distributions for the ute displays a non-uniform cross-seatieaacross its
formed and highly deformed scaffold are comlpéred. height, characterized by a clear dip in th&hisddie-

evident that the collapse of pores results in a signifiamdnmerises from buckling occurring at the structure’s mid-
duction in both morphological descrggardless of the height, leading to a significant area reduction in these regi
particular scaffold morpholbgsthermortghis decrease Conversely, the sponge structure maintains a more consist
is more pronounced at distances larger than 1mm frarodheectional area distribution throughout its height but |
center of the specimBmsse findings provide quantitatitie lowest area near the bottom boundary. The sponge’s e
evidence of the observations made based on the 3Ddistnbution is attributed to its buckling location near the b:
structed images shown in Figure 2(a) and Figkige 3(aand slanted shape in post-buaktind) concentrates the

ure 4(c) and Figure 4(c) depict the specimens’ crosstseckiomakt its lower boundary. This results in a uniform are
areas, corresponding to the domain enclosed by the mediuctiove in the other regions. As a result, the distribution
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Fig. 3. In-situ buckling and localization in sponge construct. (a) Imaging of large deformation evolution through (top to bottom): reconstructed 3D solid models, cross-se
slices at mid-height, and transverse slices at six levels of applied macroscopic strain. (b) Buckling of cell walls and deformation of pores near the center (red) and the bol
(yellow).

the cross-sectioaeta highly correlates with the bucklii2R%For sponges, the central regions only exhibit an aver-
location and post-buckling behavior and can be usedage@d#egrowth in volume fraathde,the volume frac-

the deformation of the scaffold. tion shows a 133% increase in the outer TagEdirsd-

To furtheexamine the compactiothef scaffold under ing quantitatively confirms the scaffold’s non-uniform com-
compression, we analyzed the volume fraction in vai@gsipe-and concentrated deformation caused by the instak
gions based on the radial distance for both honeycorth @hthe boundary and the post-buckling behavior observe:
sponge, as shown in Figure 4(d) and Figure 4(h). Boti §tdie 2 and Figure 3.

tures share one key observatidreifrogeneous volumeéNonetheless, the significant reduction of specimen area witl
compaction in the radial dirednidiallyboth structures increasing compaction seems to be a feature that is indepel
exhibit nearly uniform volume fractions radially. Howdeu@rpéshe specific scaffold morphdlegyghlight this
compression contintles,volume fraction increases mdeature, we plot for all collagen scaffolds tested, their cross-
significantly farther from the center. Specifically, regientidm@al area at mid-height A, normalized by its undeforme
yond a radial distance of 700um display a pronounceajuenfy as a function of the applied strain (see Figure 5(a)).
in volume fractions when highly comprésdde. hon- It is obvious that all specimens see a decrease that for a 40
eycomb structurgions up to 700um from the centers®ain varies between 5-2%96,resulindicates a strong

an average volume fraction increase of 74% from itsaan@itialbehavior of collagen consthadissyery differ-

state to a 40% compressed btatentrasgreas beyond ent than typical monolithic solids that expand in the directic
700um experience a much higher volume fraction innorasatofthe compressive loasillustrate the striking

Chen et al. | 3D Characterization Reveals Auxetic Behavior in Collagen Scaffolds bioRyiv | 5



bioRxiv preprint doi: https://doi.org/10.1101/2024.06.18.599620 ; this version posted June 22, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

(a) 13 x 107 ' (b) 5 >‘<105 ‘ ‘

—Honeycomb-stepl — Honeycomb-step4 mmHoneycomb-stepl

—~1.9] — Honeycomb-step2 — Honeycomb-stepb | P Honeycomb-step5
NE ’ — Honeycomb-step3 — Honeycomb-step6 4t 1
3 —
= 11 £
E =
2 1t g
= 2
20.9 5
= ~
S
= 0.8
07 1 I L L L L
0 200 400 600 800 1000 1200 1400 0 500 1000 1500 2000
Height (pm) Distance from Scaffold Center (um)
(C) ; . (d) 0.18 :
i mHoneycomb-step! e
[ Honeycomb-stepd 0.16 - — Honeycomb-step-3 Il
. | — Houeycoub-step-4
3 e Y
g 2 0.12) Kl /
3 e wy
= N4 4
S oo VIR AN g
=¥ A
006 = ATl AL \/\/\M
0.04 : :
0 500 1000 1500 0 0. 1 1.5 2
Distance from Scaffold Center (pm) K “istance(mm)
x107
(6 ] () VR —
—Sponge-stepl — Sponge-stepd I Sponge-stepl
~L14r — Sponge-step2 — Sponge-steph Sponge-stepb
—Sponge-step3 — Sponge-stepf
K13l
P
512
=
§ 1.1 W
2
g 1 M
<
=
2 0.9 WWM
0.8 ‘ ‘ ‘ s —
200 400 600 S8 o] 1400 0 500 1000 1500 2000
Height (pm) Distance from Scaffold Center (um)
250 T T T T T r T v
(&) m, ngosiopt | (1) [l
[ Sponge-steph 25— Sponge-step-6
— 200 ] Conm e
S - & %
3 2
® 150¢ g
= &
3 =
2 100} E
£ =
A 50+
0.1t
0 500 1000 1500 2000 0 025 05 0.75 1 125 15 1.75
Distance from Scaffold Center (pm) Radial Distance(mm)

Fig. 4.Evolution of microstructufedtures of a honeycomb construct with increasing defornfalibtacroscopic area as a function of specimen heightPore area
distribution as a function of radistance in the undeforméa=(0) and deformed & 30.5%) configurationgc) Neighbor distance as a function of raaiatdinate in
the undeformed & 0) and deformed (= 30.5%) configurationqd) SpatiaHistribution of volume fraction in different strain Ewalistion of microstructufeadtures
of a sponge construct with increasing deformaf@driMacroscopic area as a function of specimen heighPore area distribution as a function of ratiséénce in the
undeformed (= 60%) and deformed & 0) configurationdg) Neighbor distance as a function of radiafdinate in the undeforméa:=(0) and deformed & 60%)
configurations. (h) Spatial distribution of volume fraction in different strain levels.
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difference between a typictiimateriadnd these colla- stabilities can potentially lead to bempetipirities (20-
gen constructs we include in Figure 5(a) the corresp@@dlimgthe case of collagen scaffolds in cartilage constructs
area evolution of a Neo-Hookean matmdtierl compres- the auxetic behavior may well impede implant integration.
sion.The associated deformations for a 40% nominalTirdétethe lateral integration of engineered cartilage con-
are shown in Figure 5(B¥en though many soflular  structs with hd$ésue has proven to be a consisimnt
material$ncluding elastomeric foams (18) and 3D-prilrege (29)Surprisinglypastin vivo studies have demon-
porous media (19how negligible expansion in the trast-ated that the lateral integration of tissue-engineered cart
verse direction when comprébgestrong area reductiolage constructs using porous collagen scaffolds is not signif:
that the collagen scaffolds display, corresponding toiaambasuperior to that achieved through microfracture surc
tive tangent Poisson’s ratio, is a characteristic seen ierees€B0-32n microfracture surgeries, insufficient lateral
tain class of mechanical metamaterials (20-22) and intefjeation often results from the disparity in cartilage type
associated with improved energy absorption characteeistieen the newly formed fibrocartilage and the native hos
hyaline cartilaga;, incomplete deféitk (33-37).Con-
Discussion verselytissue-engineered cartilage co_nstructs created from
porous scaffolds do entounter these issagthey are
In summaryhere we preseatcomplete 3D microstruc-composed of hyaline cartilage and fully occupy the defect.
tural analysis of soft collagen scaffolds with honeycompa @t8reche fundamentebson for the persisteml-
sponge microstructures under compressivV&/e8#ds.  |enge in laterahtegration dfmplanted tissue-engineered
that the resulting deformation is highly heterogeneogér@ic;é@gsconstructs remains poorly und&hstdaicral
the specimen area with the emergence of regions wiggriBraction of the collagen scaffolds reported here due to a
creased pore compaction driven by elastic in3tabiliti@sic behavior, could result in the formation of a physical gar
compaction is attributed to the microstructural desigieefye@h the engineered cartilage constructs and the native
lagen scaffolds and the vertically oriented pores witthgdefigsan additiorthe increased compaction near the
scale of~100um. While native cartilage shares a simihoundary pores can induce cell death (10), resulting in sign
lar vertical alignment, the associated length scales aggyAtHCIdbwer cell viability at the vicinity of the free boundar
smallenwith collagen fiber sizes of ~1Qfeature that compared to the interior of the engineered €oestruct.
could alter the resulting mechanical balygidatlyin  oys studies have indicatedttadow ceNiability athe
low-density lattices and porous materials under COMpRS$EI® between the graft and the host tissue can hinder t
localization leads to bands of collapsed pores foaminghgggration process (29, 38036nall, the auxetic behav-
certain slope with respect to the loading surféae-(18jer observed in collagen scaffolds provides valuable insights
trary, in this work the collapsing pores form peripherglify 80 underlying reasons for the persistent challenge of I
divide the scaffold in highly deformed pore clusters regr tht@gration in tissue-engineered cartilage constructs. It
free boundamgnd much less distorted regions in the iffgyortant to note that the experiments reported here do nc
rior of the specimefihis behavior is reminisaeinthe  aim to replicate the behavior of the complete cartilage con-
presence of floppy modes on the free boundaries of kaiges in vivo. Doing so would require a different testing se
structures (23Jhe increased compaction of the collapggds well as filling partially the pores of the scaffolds with
pores nedhe specimen latepalindangnd the associ- chondrocytes and matvhich are lefor future studies.
ated contact between neighboring walls could be respersthl@essnderstanding the efféchicrostructure on
for obstructing the propagation of buckling towards th@ iRssulting elastic instability cascade and evolution of col-
terior of the scaffoMiore importanttize cross-sectional|gpsejn an uncoupled manner from the complex microme-
area of the collagen scaffolds decreases gradually agr@Rlcal environment during implantation is deemed imper
pression increases and the collapse of pores progresggigelflisthermorkigh-fidelity numerical models that are
area reduction is attributed to the inward buckling agd|toté-reproduce experimental data and facilitate the explc
ing of the pore wald.large deformations, correspondiagion of the vast parameter space are also essential for de-
to effective macroscopic strains ofhE086affolds’ area signing novel microstructdmsards this goativances
at their mid-section is reduced by 5tR¥/auxetic be- iy 3D bio-printing are expected to provide increased control
havior, i.¢he displayed contraction/elongation of the gpaf&he structure of synthesized scafiidlgmtentially
rial in the transverse direction when compressed/stretchygid the tailoring of morphological features that yield pre

the longitudinal one, has been reported extensively ie€gHtined targeformation modegtaé post-buckling
lar solids and in particular those with re-entrant memggiin&24)

or chiral mesostructures (25). Since in these materials the re-
sulting negative Poisson’s ratio is driven by geometry,there.
have been efforts (26-28) to exploit these microstrul‘ﬁﬁ Ffé?—ls and Methods

tures in additively manufactured scaffolds for tissue Enlagen- scaffold preparatimmeycomb (Histogenics

ing.In contrast to these material systems, the auxeti€bghaWaltham, MA) and sponge (Koken CO., LTD, Tokyo,
ior in the collagen scaffolds examined here is defornjatian} collagen scaffolds were obtéagdhoneycomb
dependent and generated by the elastic instabilities &hdtspange scaffolds were made from type | bovine dermis
ern the associated large defornigdarthough these incollagen and had pore sizes ranging from 100 - 200um in
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Fig. 5. (a) Evolution of normalized macroscopic area with increasing macroscopic strain for collagen scaffolds with honeycomb and sponge microstructures. For compa
the corresponding area evolution of a monolithic soft solid is indud@kd.gradualeduction in the cross-sectioasta shows the strong auxetic metamatestevior
of collagen constructs i.e., the presence of lateral contraction when vertically compressed, instead of the expansion observed in typical soft solids.

diameter and 1.5mm in heigbdrding to manufacturinbmage analysis and extraction of microstructural char-
specificationA.total of 6 samples (3 honeycomb scaffaliteristic&D slices obtained from the reconstructed im-
and 3 sponge scaffolds) were cut using 4mm and 6nagdsi@peyimported into MATLAB for further imaging analysi
punches (Integra York PA, Inc., York, PA) with pores a@ighestraction of key morphological charadferésties.
in the axial direction. ploy the hysteresis thresholding method to differentiate be
tween collagen and void regkatkwing this approach,
pixels with intensity values above a usg@pesetthresh-
old are classified as solid, while pixels with intensity values

Micro-computed tomographycellular microstructurgelow a corresponding low threshold are classified as void:s
of collagen constructs is characterized through uCT &élmixgls with intermediate intensity values are then evalu
Skyscan 1172 system (by Bruker). The scanning and3tagdiaged on their connectivity to the pixels correspondin
settings adopted, based on maximizing accuracy and§pfor0lid phase. Here, a pixel connectivity parameter eq
mance, include 67kV and 174pA power for the X—ray@of?r‘é'é!s chosefiVe extract next the distributions of four
projection images over a 180° rotation without any fltifiRggructuretaracteristicemely the wathickness,

2.3um image pisige. The projection images underweRPre arexompactnesmnd pore neighbor distance along
flat-field and dark-field corrections for betterAftartrasine height of the scaffold, at four equidistant increments. 1
scanning, projection images are reconstructed by th&fiREigkness t around each pore is determined by the bw

software with default post-alignment, smoothing, anf/RARECS-IN MATLABLhe size and shape of each pore are
tifact correction settings. characterized by calculating the corresponding area A and
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compactness. The latter is estimated using a ratio ofpthietpwes calculatddhis approach enabled a quantitative
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