N

N

_2+2Mi /p M+2b BM B+2 i2KTH iBM;, 7°QK ;
+QKTQbBi2b iQ +2HH +mHIim 2 b+ zQH/b
2M:BM22 BM;

E MF M ZBM-*H2Q S "BbB-6" M+Bb+Q J 62 M

hQ +Bi2 i?Bb p2 " bBQM,

E MF MZBM-*H2Q S BbB-6" M+Bb+QJ62 M M/2bX _2+2Mi /p M+2b B/
+QKTQDbBi2b iQ +2HH +mHim 2 b+ zQH/b M/ iBbbm2 2M:BM22 BM:X CC
U9V- TTX33N@NydX RyXRyjNf.yh"yk8ye" X ? H@yjkejjke

> G A/, ? H@Qyjkejjke
2iiTbh,ff? HXbQ #QMM2@mMMBp2 ' bBi2X7 f? H@Y|
am#KBii2/ QM Rd CmM kykR

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X


https://hal.sorbonne-universite.fr/hal-03263326
https://hal.archives-ouvertes.fr

Review manuscript submitted to the Journal of Materials Chemistry B

Recent advances in ice templatingrom biomimetic composites to cell culturescaffoldsand tissue

engineering

Kankan Qin, Cleo Parisi and Francisco M. Fernahdes

Laboratoire de Chimie de la Matiére Condensée de Paris, Sorbonne Université, 4 Place Jussieu, 75005

Paris, France

* Corresponding author francisco.fernandes@sorbonumiversite.fr

Abstract

Ice templatingtor freeze castinghas flourished in multiple domains as a straightforward process
to shape solutions aparticlesuspensions into macroporous materladsigtime used as a process to shape
colloidal suspensioniato lightweight ceramicghe use of ice templatirttas evolved tfabricate materials
thatmimic the architecture of biological tissues sucmasre and bone. Recently, the technique has been
used to shape biopolymers for cell culture systems and tissugeerigg applications and eventually to
allow the fabrication of biomaterials containing living cellslere we review how icéemplating has
progressedo cope withintrinsically labilebiological matter antiow these advances may shape the future

3D cell ailture, tissue engineering and ultimatedgyobiology.



1. From porous ceramics to biomaterials fabrication

Ice templating also calledfreeze castingor ice segregation induced sadsembly, is a
straightforward processing technique for the elaboration of macroporous mateBalgond porosity,
materials elaborated viae templatingdisplay a diversity of other properties such as high specific elastic
modulus, increased toughnéssor efficient insulating properti€shat can be easily tailored by adjusting
the process paraeters. Ice templatl materials have thus attracted significant attemtiohe last decades
as they are expected to find application in a wide variety of domains such as structural eeagnigy
storage devicé$®, sensors'? and, more recently, 3D cell cultdfetissue engineerint® or celt
encapsulation systedid® 7KH WHFKQLTXHYTV XiQ @rhdkanly Qnipl&SthttiQgrwith @ H
suspension or a solution, and upon application of a temperature gradient that reaches values below the
solvent freezing temperature, the sample freezegressively and suspended particles and/or solutes are
segregated into the interstitial zones defined by the solidified soD#farent setups can be used to attain
this thermal control over the sample and thus to promote the directional growth Bigioe 1 depicts
three of the most common experimental setups used in ice templRengoving the solvent without
GLVWXUELQJ WKH LQWHUVWLWLDO ]JRQHVY UHYHDOV WKH PDWHULD
materials obtained bige templaing. If the thermal gradient applied during freezing is well defined, then
the solvent solidification willtunder most circumstancelgyenerate a freezing front that followelocal
thermal field. While many solvents such as campHetezt-butyl alcohof® or liquid CG? may be used to
producematerials by ice templatingvater is by far the most commonly used, and the most relevant in the
context of biomaterials fabricatidAHere we will limit the discussion to the latter and we will refer, from

this point onwards, to the techniquei@s templaing.
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Figure 1. The thermal gradient necessary to promote unidirectional growth of ice crystals can be obtained

using different setups. A) Single thermal element freezing setup, B) Double thermal element freezing setup
DQG & 'LUHFWLRQDO IUHH]L Qcl theHeVoXi@ offtfie chafacRG@ensptratuie S

(cold element, hot element and an arbitrary point within the sample) over time for setups A, B and C,

respectively.

As mentioned above, ice templaj can shape materialsrfa vast array of applicatis. Such
diversity implies that wide variety of compounds can be shaped into macroporous foams. We will here
retrace thevolution of ice templatg, from an industroriented materials processing technigukevoted
mostly to the fabrication of macropmus ceramic green bodi€s® +to the fabrication of materials of
increasing relevance in biological context such as macroporous gels for cell'ééftoreryoprotection
matrices for cellular cryopreservatidd®2’. Figure2 retraces how the composition of suspensimd/or
solutions treated by ice templeg has evolved from ceramics to living cells. More than a simple

chronologic recital of the application or the chemical nature of the processed materials, we focus on how



the control over the processing technique has led to the fabrication of matersls edmposition is
increasingly labileTable 1 regroups some of the most relevant bibliographic references according the

composition of the ice templated scaffolds and their respective applidimrssed on this rewiew

Ceramic slurries Biopolymer solutions Cell suspensions
Alumina Hydroxyapatite  Polysaccharides Proteins Bacteria Yeast Animal
7/ o @O
e O =) @
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Figure 2. Ice templaing has evolved from a materials processing strategy designed to shape ceramic green
bodies to a technique that enables the encapsulation of increasingly labile matter. From the left to the right:
ceramic slurries such as alumina or hydroxyapatite, biopedysolutions such as polysaccharides and
proteins, and cell suspensions such as bacteria, yeast cells, and animal cells are trapped in the interstitial
space defined by ice crystals. The height of the ice crystiitates the respective maturity of thaterials
developed bigger crystals correspond to initial cerarmiemtered research and smaller crystals to more

recent materials where ice tempieg is used to shape materials containing biological entities.



Table 1 Non-exhaustive smmary of the maimeferences describing ice templated materials according todtexials used and their applications,

presented in this review.

Bioinspired composite materials

Bioengineering applications

Material bone-inspired

nacre-inspired

bonetissue
engineering

neural tissue
engineering

other tissues

cell encapsulation

Ceramic slurries

Wat et al. 201¥
Garnier et al. 2019
Guo et al. 2018
Bouville et al. 201
Deville et al., 200&

Jung et al. 2018
Song et al. 2018
Yang et al. 201%
Liu et al. 2018°
Bai et al. 201%
Cheng et al. 205
Zhang et al. 2014

Alumina Launey et al. 2008
Munch et al. 2008
Hydroxyapatite Mallick 2009,
Deville et al. 2008*
Biopolymers

Gelatinebased

Chitosan

Collagen

Silk Fibroin

Alginate

Arabi et al. 2018

Semyari et al. 2018
Clearfield et al. 2017
Xia et al. 2018*
Maleki et al. 201%*
Yang et al. 201%*
Mandal et al. 2009

Ghorbani et al. 2026,
Ghorbani et al. 2017
Yin et al. 2018%,
Francis et al. 20%3
Riblett et al. 201¥

Rieu et al. 2019
Campbell et al. 2057
Davidenko et al. 2070
Wang et al. 2019*
Lee et al. 201%*

Qin et al. 2028y
Christoph et al. 2016

* refers toin vivoimplants



Processing biomolecules using techniques that were not initially designéal so requires a
detailed analysis of the potential risks associated with denaturation and subsequent loss of functionality. In
many processing strategiessuch as those developed for the shaping of polymers in molten istate
temperature poses the hagt concernsince most biomolecules degrade below the typical temperature
range for thermoplastics extrusion. Such risks can, in many cases, be minimized by adjusting the processing
window to meet the conditions tolerated by biomolecules, as reported for the extoisigant
biopolymers®® An especially difficult scenario emerges when transposing techniques that rely on the
evaporatiorof a solvent such as spray drying. Recent results have shown that even in case where the solvent
is water (Tap = 100 °Q and the biopolymer being processed into microparticles is type | acid soluble
collagen (Tenat 37 °Q) the processing window can be adjusteéaimr solvent evaporation yet prevent
collagen denaturatiofi. Similarly, techniques that rely on high pressure, high shear or the use of some
organic solvents during the processimigk to denature the biological moieties and require thus an
important work to shift their operational window as to preserve the ideatity thus the functionality-of

biomolecules.

Shaping materials in presence of living cells is far more delicate and, as a consequence, less
common.n suchcase, findinghe processingindowbemmes less intuitive than the previous examples
since it extends to a cumulatiget of narrow conditions that are vitalgmeservehe integrity and activity
of living cells. Simultaneously antrolling parameters such as the pH of the suspammedium, electrical
field, O, partial pressure, presence of cytotoxic compounds, osmotic pressure, temperature, mechanical
stress or the ability to create a sterile environment inglusavy constraints to most materials processing
techniquesin this context, the number aivailable processing techniquéops dramatically. The most
relevant example is that of 3D printing, that has progressively evolved from additive fabrication of mostly
polymeric materials to a technique that shapes biopalyimephysiological conditions. Such success was

rapidly extended to print bioink&cells suspended in biopolymer solutiofito fabricate precellularized



constructs? Also electrospinning, a technique where high direct current voltage @ritieg force to

shape materials into fibers, has been adaptsHape materials containitiging cells &

Most of the previouy discussedechniques, are able to shape biopolymers (and some of them can
actually transform viable cell suspensions) into uskiomaterialsMost of theequipment required for
these processingchniqueds commercially available as are formulations such as bioinks, which enable
easy preparation of biomateridtem of the shelingredients Moreover, employing techniques such as
fiber extrusion, electrospinning or 3D bioprinting provides high degree of control over the samples
geometry and sizéf. a precise geometrical control over the samples is required for a given application then
these techniques, and in particular thoseimglpn additive fabrication should be favored. Conversely, if a
macroporous porous structure is required but the control over iWWH U LD OV | diriteDdibBsHAW HU LV W |
less strict, then ice templating provides an extremely versatileTtbelaverage persize can be easily
modulated by varying ice front velocity in ice templated scaffolds, however, the polydispersity of the
distribution is likely to stay relatively high.The equipment required for the successful shapingadérials
based on controlled ice growth is simple and inexpensive to build. In addition, it can be easily scaled to
dimensions that maprove difficult to achieve using techniques suclelastrospinning oaerosol based
techniques. Another important adwage of ice templating is the use of low temperatures and low shear
during the whole fabrication process. This aspects strongly limits the thermal denaturation that may occur

with other techniques.

In the following sections we describe how ice temptatias followed the previous examples. Its
processing window has beearroweddownto a range that seems now compatible with the fabrication of

biomaterials fromncreasingly sensitiveiomoleculesand, more recently, living cells.
2. Bioinspired compositematerials obtained by ice templaing

The morphological resemblance between materials obtainéckeigmplatingand some of the

most elusive structures in biological materials has triggered a major turn in the history of freezing as a path



to fabricate meerials. From the distance now, and apart from the inherent thrill in reproducing the
morphologies of natural material$,seems that the combination of high toughness, high strength and
controlled crack propagation obtained for ceramic materials obtajiaette templating were central
arguments in further developing the technique. In addition, the technique enabled the local assembly of
organic binders and inorganic particles into highly concentrated composite systems, reminiscent of natural
materials soh as nacre and bone, whose properties were similarly desirable in ceramics mBtanils.

and nacre are the paradigmatic examples of natural materials in which the precise hierarchical architecture
and composition result in structures that are partityudficient in terms of their mechanical behavior. In

some cases theseaatrrials are more efficient thalme sum of their parts, challenging the upper bound set

by the rule of mixture&
2.1 Nacre-inspired materials

Nacre is composed of an ordered assembbjirof 95% (v/v) aragonite platelets separated by an
organic phase composed of chitin and proteins such as fibroin and lustrin. Despite its brick and mortar
DUFKLWHFWXUDO VL P Sfoatthre Woughrig&s RodHiexural stiemgth LhRsUbeen essential to
unravel highly efficient mechanical reinforcement princigfeé8. A variety of materials processing
WHFKQLTXHV DLPHG DW UHSURGXFL Q JopQdd thhging fror ydyrlayer W U X F W X
technique¥®to electrophoretic deposition of clay tactoids intercalated with polyfhépposite from
the previous techniques, which are more appropriate for the fabrication of 2D maiegidésnplating
allows to fabricate materials in 3D. Upon the formation of ice crystals, particles aressedriegm the ice
front, resulting in a local increase in concentration of particles and solutes initially in suspension or solution.
In the case of highly anisotropic lamellar particles suspended in the initial slurry, the concentration increase
due to eklusion from the ice fraction may lead to an effective alignment between particles. Many of the
examples of nacrmimicking materials produced bige templating +such as AJO;*28308370 clay
platelet$! or graphene oxidé?* +take advargge of such phenomenon to define a structured lamellar

morphology. Subsequent infiltration with another phase contributes to the finalikadvack-andmortar



architecture. Another advantage inherent to the technique lies in the ability to obtaimedxingh particle
volume fractions even from relatively diluted initial slurries. Deville et dlave reported naciike
morphologies produced both from alumina or hydroxyapatite (Hap) that reached mihenad fractions
comparable to some hard biological tissues: up to 45% (vé@:Ak 60% (v/v) Hap. The obtained alumina
scaffolds were reminiscent of nacre, in particular due to their high inorganic volume fraction and periodical
layered structures obtained. Adjusting the ice front velocity resulted in controlled change in wadighickn
betweenyl andy100 m, evidencing the role of this simple parameter in tailoring the final architecture of
the obtained materials. Upon infiltration with an epoxy resin to reproduce the binding role of the organic

phase, both alumina and Hap compasitevealed interesting crack deflection propefies.

One of the lessons that have emerged from the mechanics of nacre is that the irnterfaeités
play a major role in improvingoughness. Features suas roughness, bridges and nasperities are
critical in maximizingthe mechanical response of fine¢ templatingnacrelike materials. Ice dendrites
formed duringice templatingwere found to promote surface roughening similar to the bridges found in
nacre®® Favoring the formation of surface roughness would dramatically increase the strength and fracture
toughness of final composites from 400 to 600 MPa and 5.5 to 10 MRsspectively. In other example
the bridges between alumina and PMMA [poly (methyl methacrylate)] phase were, along with the
interfacial roughness considered helpful for efficient energy dissipation and high friction sliding between
ceramic and polymer phase, contributing to the ftoaghening mechanism of nadike composites.
Garnier et af! fabricated alumindbased brickandmortar composites kige templatingNi-coated alumina
platelets andNiO nancparticles (FiguredA). Sintering process under reductive atmosphere transformed
NiO to metallic Ni particles that served asdggés and aspeiés (Figure3B), which were thought to be
responsible for the lower crack driving force and high crack face friction. This approach was furthered by
Bouville et al** who, using only brittle components, achieved ndikes materials fron alumina platelets
(500 nm thickness, 7 um diameter, equivalent to aragonite platelets in nacre) associated with alumina

nanoparticles (100 nm) and siligzalcia colloidal suspension (20 nm) between platelets. After pressing and



sintering, the resultantierelike alumina materials exhibited high flexural strength (470 MPa) and fracture
toughness (21 MPal¥, corresponding to a 600% increase compared to the reference alumina- The co
alignment of aluminglatelets obtained during ice templatinggethemwith the bridges, nanasperities

and pores located in the interfaces between platelets, resulted in crack deflection behavior characteristic of

nacreous materials.
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Figure 3 Structure and properties of naénspired scaffolds viece templating (A) Processing scheme for
brick-andmortar alumina composites. (B) SEM images of alumina composites (grey) with 10 vol.% Ni
particles (white) located between platelets. White arrows in inset, indicating Ni particles in high

magnification. Scale bar is 50 pnrfmain image and 5 pm for inset. (C) SEM picture of backtmortar
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like alumina/BMG (bulk metallic glass) alloy fabricated by four main step&eljemplatingof alumina
particles; 2) sintering and infiltration with paraffin wax; 3) higlessure pressy and sintering; 4)
infiltration of BMG phase into alumina scaffold. Scale bar is 180 Images A and B were reprinted from

ref’l, Copyright (2018), with permission from Elsevier. Image C was adapted fréfin ref

Beyond the morphological features of platelets and their interfalsesthe chemical composition
at those interfaces plays an important role in the toughness of-likecreomposites. Grafting of
methacrylate group on the alumirarface before infiltration of PMMA was suggested as a strategy to
maximize the interaction between the inorganic and the organic ghEsissapproach resulted in covalent
bonding between ceramic and polymer phases and, as a consequence, in a more cohesidarnitikr
system. Norgrafted composites showed delaminatiwhile flatter and denser surfaces were observed for
grafted composites. The interfacial covalent bonding increased strength and crack initiation toughness,
especially for brickand PRUWDU FRPSRVLWHY GXH WR W RXRMW QE B &k® Hi iF ® DEQL \
and friction sliding.Wat et af° applied a pressureless, fast migftltration with Zr-based bulk metallic
glass (BMG) to alumina matrix fabricated by bidirectional freezing with a 20° wedge. The resultant
alumina/BMG composites exhibited naditee brick-andmortar structures with highlumina fraction of
y80 vol.% (Figure3C). In their repottinfiltration temperature was explored as a strategy to modulate the
interfacial reaction between alumina and BMG phases, which could further tune its mechanical properties.
Mao et al’®> applied a consecutive assemblydmineralization process to fabricate natrspired
aragonite/chitin/silk fibroincompoVLWHY GUDZLQJ WKH ILQDO PDWHULDOV RQH
composition. Laminated chitosan scaffold was transformed inthitin via unidirectional freezing
followed by acetylation. The mineralization process was subsequently achieved by aonfiow of
aqueous Ca(HC# solution in the presence of polyacrylic acid and®Mgping a circulating system. The
following infiltration of silk fibroin (SF)and hot pressing yielded a final composite containing

approximately 91 % (v/v) aragonite, comalle to mineral volume fraction found in natural nacre. The
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synthetic composite also shared other morphological features with the natural counterpart such as laminated
structure and surface roughness. Ndige tile aragonite platelet layers with 2 to #n thickness was
alternated by 100 to 150 nm thick organic layers, leading to similar crack extension resistance curves

compared to natural nacre.

Nacreinspired materials have been preparedsgaemplatingusing different types of molecular,
macromolealar and particle building blocks, resulting in materials with mechanical properties comparable
to those of the biological tissues. Beyond the composition of the different composite mateaalanges
from metal matrices to highly sensitive biopolymetthe remarkable mechanics, in particular fracture
toughness, rely on reproducing the architectural principles found in ihaetemplatingalone or coupled
to other processing routes has enabled to produce materials where an effective 2D arrangement of particles
was compatible with the fabrication of bulk, 3D objects. In this séoedemplatingrepresents a quite
unique combination of thp-downandbottomup fabrication strategies. It allows to precisely control the
macroscopic dimensions of the produced materials by-ddem approach while promoting a bottam
assembly of the particles in suspension. The resulting materials shoartlen at multiple scales, ranging
from the cealignment of anisotropic nanoparticles to the controlled macroporosity determined by ice

growth.
2.2Boneinspired materials

Similarly to nacre, the unique mechanical properties of bone have long puzzgisatientists.
Both natural materials share a common aspect. They are hybrid materials composed of high volume fraction
of high aspect ratio inorganic particles assembled together by a biopeaigmgrhase. In bone, these
components, nestoichiometrt apatite and collagen, makeeipca 95% (w/w) of its dry weight® As with
PDWHULDOV PLPLFNLQJ QDFUH WKH SXUVXLW WR UHSURGXFH ER
IRFXVHG LQ UHSURGXFLQJ W Kier tRdd \tsH-tnhpD<divh] TBekFakel dohieFgahxrelH U DV
similarities between both natural materials but the hierarchical complexity of bone remains unique. Recent
reports define nine hierarchical levels between whole bone as an organ and its individual complbnents
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innacreLQVSLUHG PDWHULDOV WKH EULFN D Q Giceteruplatingdllowad/ U X FW X U |
by compression, the same cannot be said for bone. However, materials prepaedeyplatingdo

present a macroporousorphology that seems to recapitulatentecroscopi@rchitecture of cancellous

or trabeculartbone Figure 4A depicts the crossection of a human proximal femur obtained by Computed
Tomogragy (CT) scanning anBligure 8 shows the macroporous structure of a pectin foam obtained by

ice templating % H\RQG WKH SRUHVY FKDUDFWHULVWLF GLPHQVLRQV ZKL]|
between these 2D representations seems to indicate some degree of similaritychitbetuire of both

materials. However, a deeper look into the macroscopic morphology of cancellous bone reveals that the
roughly analogous structures are, indeed, less similar than expected. Trabecular bone morphology has been
shown to evolve with age, gder and site in the bolyindicating a degree of specificity of the tissue that

is not intuitive for the nomspecialist. As an indication to its complexity we can take the diversity of
histomorphometric indicators for trabecular bone. Indeed, a standard description of this tissue takes into
account, among others, parameters such as the trabecular bone volume fraction, trabecular number,
trabecular separation and trabecular thickdg3hese descriptors are often accompanied by empirical
observation parameters that describe the prevalence of-liptater rodlike structure<® While some

GHJUHH RI FRQWURO RYHU WKH %R témrplafindxbyrusibgMifférentaddidivésv SRV V L
during freezing, different ice front velocities, different suspended solid fraction or by #iebds

knowledge in ice physi€$ +the differences in pore morphology that ¢&@nobtained ince templatingare

VWLOO GUDPDWLFDOO\ IDU IURP UHSURGXFLQJ ERQHTV VRSKLVWLF

13



Figure 4 Morphology of bondnspired materials obtained e templating(A) High-resolution CT cross
section image of human (2 toy8ars old) proximal femur. (B) SEM cresection image of porous pectin
foam (20 g.L%). (C) Hierarchical structures adfe templatedHap scaffold along ice growth direction. (A)
Reprinted from réf, Copyright (2006), with permission from Elsevier. (B) Reprinted fro) @dpyright
(2018), with permission from Elsevier. (C) Reprinted from*r&opyright (2006), with permission from

Elsevier.

In the literature, multiple attempts at reproducing blikee materials byice templatingor by
associatingice templating with 3D printing are reporte¥:3374882The structures obtained viae
templatingare often presented as parallel pores formed by ice growth. These parallel structures are, however,

a partial view of the morphology of the materials obtained ducegemplating The initial freezing zone,

14



in contact with the cold interface, is nornyatharacterized by a dense phase that freezes suddenly due to

water supercooling. Above this dense zone a cellular pore zone is formed and further away from the cold
interface the lamellar ealignedpore zone is foundrigure 4 illustrates the differemhorphologies arising

from the different freezing regimes that occur duigggtemplatingSome of the most interesting materials

obtained byice templatingdevoted to mimicking bone or bonelated tissues have explored such gradient
structure rather tha HSUR G XFLQ O IWNKIH BDIRBKWL W HF W X Utithdsé Feric@ie ldddl® R XV ER
EH PRVW OLNHO\ REWDLQHG ZLW K Bapha3¢d eiterias ekhibhitidd lg@dientv HF K Q L
porosity that werdabricated byice templatingfeatured a sequence of different pore structures along the

thermal gradient axidqigure 42). From the bottom to the top the materials displayed a dense zone close to

the cold finger, a middle zone with interconnected cellstauctures and an upper zone with lamellar
channels#82 These structures could provide interesting experimental models to describe -tmrtical

cancellous transition zones in bamewell as theroperty gradients found in cartilagelated material&84

Despite its name, compact bone tissue is a porous material. Similarly to trabecular bone, also the
porosity plays a major role in thisgue functionality. Compact bone is characterized by two families of
pores within the osteon or haversian system. One corresponds to the-tzmioalar system, that features
lacunae that hosisteocyte bodiesyith diameter of around 10 um, connectgdabnetwork of canaliculi
with diameters of around 500 nresponsible for the connection between adjacent ladiide second
IDPLO\ RI SRUHV FRUUHVSRQGV WR WKH LQWHUFRQQHFWHG KDYH
around 50 pntha host the vascular system of comphohe®® Both families of pores are critical for the
cortical bone function and any attempt at reproducing this tissue should take into account the reproduction
of these structures. In order achieve the specific pore structure of cortical bareetemplatinghas been
coupled with additive manufacturing processes to produce scaffolds with dual p&r&sitizor instance,

a negative mold composed of acrylonitrile butadiene styrene (ABS) was designed with orthogonally
distributed rods via 3D printintf.Subsequently, the 3D printed mold filled with chitosdginate solution

was directionallyce templated freezedried, crosdinked with CaCi and immersed in chloroform enabling
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mold removal to obtain the final dual pore structures. While the pore dimensions obtained were significantly
larger that the characteristic porosity in compact babg.(= 300 pmand Jage = 3 mm) the obtained
materials did show dramatically higher wicking rate in both 0.1% Safranin O aqueous solution and mice
blood. The excellent fluid uptake propertiddtus hierarchically porous scaffold was thought to be more

likely to promote the cell penetration and cell seeding in both 3D cell culturie &b implant.

To the ability of icetemplating to shape complex porous systems that may be relevant as bone
substitutes, adds the fact that the technique is particularly suitable to shape the individual components found
in bone since type | collagen is water solubdgprovided the pH is low enoughand stable Hap siries
can be easily prepared. ReproducM@R PH RI ERQHYYVY PRUSKRORJLFDO DVSHFWYV XVL
answerto an increasing demand of materials that may act as efficient scaffolds in bone tissue engineering.
It could also cope with the everlasting bottleneck of reaching concentrétiotismineral fraction and
absolute collagen concentration) tthere physiologically relevant but difficult to attain under most

processing technigues.

3. Ice templatedscaffolds for bioengineering applications

As seen abovdce templatinghas opened a nepathway to assemble in an effective manner
inorganic particles and organic binders in order to mimic natural materials, based on previous experience
in shaping ceramic green bodies. The materials discussed previously, nacre and bone, are heavily
mineralizel. Regardless of the mineralization degree, achieving a cohesive material from fully formed
inorganic particles usinige templaihg usually requires an organic binding phase (there are exceptions to
this rule based on allhorganic materials but they apeyond the scope of this work). This phase should be
soluble in the chosen solvettivater in the cases discussed in this chagd provide a cohesive interface
to hold the inorganic particles together. Among the molecules used as bindersohgierbiopolymers
such alginate,pectin chitosan, collagen, gelatin arellulose derivativesamong others, have been
extensively useé@ These watesoluble macromolecules are particularly interesting candidates for the
development of freezeasted biomaterials since they are abundant and present low immunogenicity.
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As discussed above, there is a growing body of evidence simgtsat, beyond the specific cell
interactions with a given biomaterial, the response of adherent cells to materials depends strongly on local
environment cues such as pore geoniéthyor local substrate elastic modifi® In this sense, shaping
techniques such ase templaing that enable to control the porosity and the local rigidity of biomaterials
may pravide excellent candidates as platformsifovitro 3D cell culturé! as well as futurén vivotissue
engineering applications. In addition, the inherent porositgeofemplagéd materials simplifies one of the
key bdtlenecks in designing biomaterials, the diffusion limit for oxygen and nutrients that hinders the full
colonization of bulk hydrogel%:° The following subsections address the different levers available to

designice templagd materials that are suited for 3D cell culture and tissue engineering.
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Figure 5 (A) lllustration of different microstructures ade templagéd Hap scaffolds witk tortuous,b

parallel, andc graded channels. (B) rMSCs (rat mesenchymal stem cells) penetration behavior in different
SFDIIROGV DIWHU aséhBmaticMUstriatto@al/célld penetration;f IOXRUHVFHQFH LPDJHV
6-diamidino- fphenylindole (DAPI) stainrMSCs via confocal microscopycell penetration in tortuous
scaffolds;c-e. cell penetration in parallel scaffolds made&t0, -100, and-50 °C, respectivelyf cell

penetration in graded scaffoldg;statisticalsummary of cell penetration distance for different scaffolds

shown inb-f. h-l arehigh-magnification images from the parts indicated by the squaief mespectively,.

(A-B) Adapted from réf.

3.13D cell culture

The promise of physiological relevance inherent to 3D cell culture systems is strongly linked to the
control over the architecture of biomateri&#n this contextjce templaing presents an advantage among
other biofabrication techniques, since it enables to erea¢nted pores of controllable dimensions from
biopolymer solutions. Moreoveige templaing achieves this at low temperatures which limits thermal
denaturation as compared to most processing techniques. This aspect is particularly relevant totshape hea
labile proteins prone to denaturation such as collagen whose importance in cell culture is pafffdunt.
Another interesting aspect that is inherentéaemplaing is the ability to reveal the porosity of the material
without the use of leaching agents such as a second solvent. Different levers can be usethéo tune
suitability of a macroporous material to 3D cell culture, as discussed elséWhkese levers can be split
into those that relate to the composition of the materials and those that relate to the processifiloé grow
ice causes the solutes to progressively segregate into the interstitial space defined by the newly formed
crystals, because the solubility of most molecatationic species in ice is negligibt8*°As a consequers
the composition of the initial solution before freezing defines the composition of the obtained macroporous
material. Moreover, the composition of the solutions also modifies the viscosity of the liquid medium which
modulates ice growth.
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Here we will dscuss mainly two groups of levers readily available for theicetemplaing user:
i) thethermal gradientsuch as the target temperature, the freezing rate or ice front velocity), soidte
effects including the nature and concentration of theuts®. Such factors are essential to fine tune the
microstructure of final matrices and thus to approach as much as possible the architecture of the target

tissue.

Target temperature It is now well established that the shape and size of porieg tfmplaed
scaffolds can be modulated by the freezing gradient. Various authors have explored the impact of materials
for 3D cell culture obtained bige templaing using different thermal gradients. For the majority of such
examples the thermal gradientdefined by the gap between the sample initial temperature (often room
temperature) and the target temperature of the system (freezer, cogtbath, 7KH WKHUPDO JUDGLH
be defined by the sample volume and geometry coupled with the absolutendiéfdretween the sample
temperature and the target temperature. While this approach is particularly easy to implement it provides
little control over the actual gradient endured by the samples since a simple variation in sample volume or
sample geometry Widramatically affect the local thermal gradients. In spite of the poor control, many
works have proceeded this way to template 3D cell culture scaffolds. Aripdeit scaffolds obtained by
ice templaing suspensions of amyloid fibrils (crelisked with butanetetracarboxylic acid) 20 and-
196 °C (noted amyloi@0 and amyloiel96, respectively) exhibited different microstructure. The celular
like morphology of amyloie?0 provided higher elastic moduli than the sHiéetmorphology of amyloid
196. Havever, the two scaffolds provided comparable viability of Gadbuman epithelial colorectal
adenocarcinoma) celt& If little effect was observed on the cell culture in the case of Qavells on
amyloid basedcaffolds, the topography has proven critical to determine the cell culture suitabilityrof othe
ice templagd 3D cell culture systems. In a study aiming to design cardiac patches basedeomplagd
SF/gelatin scaffolds, the freezing temperature was indeed a key*fadthe scaffolds obtained &0°C
exhibited isotropienorphologywhereas alignepores were observed for scaffolds made&atand-80°C.

These temperatures also resulted in smaller pores. After 2 weeks of porcine MSCs culture, the cells in the
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XQLGLUHFWLRQDO VFDIIROGYV ZHUH DOLJQHG JX4clHiredin\the KH VFDI
isotropic scaffolds presented random adhesion without covering the whole sample volume. Also, in bone
mimicking materials temperature played an important role in cell colonization. Using Hap slurry suspended

in a mixture of different watr-soluble polymers (sodium polyacrylate, polyethylene glycol, and
polyethyloxazoline), Yang et & fabricatedce templagd scaffolds at different freezing temperaturg8 (
-100,and-170 °Q (Figure 5Ab), followed by lyophilization and sintering. When decreasing the freezing
temperature fromb0 to-170 °C, the characteristic pore sizes also decreasedyf@oim y2 m. Scaffolds

fabricated at50 °C Figure Be,k) led to a fastamigration of rat mesenchymal stem cells (rMSCs) than

in those made at100 °C Figure Bd,j) and-170 °C Figure Bc,i). Apart from pore size, also the pore
YROXPH IUDFWLRQ DQG WKH SRUHVY LOQWHUFRQQHFWLMEW\ GHILC
Mandal et aP* obtained scaffolds with different pore sizes and porosity by freezing SF solutions (ranging

from 2 to 6 wt.%) at20,-80, and-196 °C. The decreased freezing temperature resulted in increased pore
volume fraction and decreased@aize, irrespective of the SF concentration. Upon seeding normal human

dermal fibroblasts (NHDFs) at the center of the scaffolds extensive migration occurred in the scaffold
fabricated at196 °C (pore size of 8@100 m and porosity of 96 + 4.1%) compd to theonefabricated

at-20 °C (pore size of 20@250 m and porosity of 86 + 5.8%). These results highlight the role of the

thermal boundaries in controlling cell migration and colonization of macroporous scaffolds.

Freezing rate and ice front vadity +The growthrateRlI LFH FU\VWDOV GHWHUPLQHV P
attributes inice templaing. The two most direct ways to control the porosity are thus to agjhstthe
cold element cooling rate or the ice front velocity. From an experimental standpoint these are very different
parameters to control. They demand radically different sétupBigure 1)but their final purpose is similar,
to provide some degree ofildtic control over the structuration induced by ice formatimreased freezing
rate generally results in lower pore section area which could impede cell migration. The threshold between
facilitated and hindered cell migration in the macroporous scafolt HSHQGV KRZHYHU RQ W

characteristic size and on cell type sizkleurice et al®?obtained -TCP (tricalcium phosphate) scaffolds
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with tubular interconnected elliptical pores, whose average large and small axis decreased from 209 to 13
m and from 41 to 6 m when the freezim rate increased from 1 to 20 °C.mjmespectively. M&3

osteoblastic cells were only able to migrate into the scaffoddéng pores larger than 100n. Cells

penetratedy250 m into the tubular structure obtained at 1 °C:finhereas no invasidook place up to
GD\V{ FXOWXUH LQ VFDIIR QG Gasidsddéithind) tHeGpokeWeometfykamiLtius the

conditions for cell migration, freezing rate also plays a role in swelling and degradation properties of the

constructs that are centtal cell colonization and survival. Recently, olibanaollagengelatin scaffolds

(OCG) crosdinked with glutaraldehyde were reported as suitable macroporous materials for neural tissue

regeneratiort? A small increase in freezing rate from 1 to 3 °C.fimposed a decrease in pore size from

y126 to y93 m while compressive strength increased frgd5 to y9.0 kPa, probably asbed to the

increased wall thickness and density. Moreover, results showed a higher water uptake ratio (1131 + 35%

vs 1057 + 31%) after incubating for 24 h and a higher degradationyatéqo vs y45%) for OCG1 vs

OCG3. Regarding their biocompatibilitytfleough both scaffolds supported rat bone marrow stromal cells

(rBMSCs) proliferation, OCG1 performed better than OCG3 in terms of cells migration and proliferation

rate, due to its larger pores.

Scaffold compositiorHow to define the composition e templaed scaffolds for 3D cell culture?
Two criteria seem inevitable. The first relies on a formulation that is suitable for the prodess of
templaing, i.e. that segregates into a part of solidified solvent and a part ofiethi$olutehat retainsts
morphologyupon solvent removal. The second criteria relates to the suitability of the-solufhase as
D VFDIIROG WR KRVW FHOOV +HUH FULWHULD VXFK DV WKH VROX
are central. 3D decultures developed usirige templaing have explored the intersection between these
two criteria to develop macroporous scaffolds. As mentioned earlier, achieving biomaterials whose
PRUSKRORJ\ LV LQVSLUHG E\ ERQHTV Xicenethplahy/ HapFE W% bheFDQ EH D
of the main components of bone, is consequently holding a dominant placdabribation of scaffolds

for bone tissue engineering applications. Hap scaffolds were obtained through the use of electric field
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assistedce templaing.l® Using HO; as poreforming agent resultkein both lamellar and spherical pores

in the scaffold. When the electric field intensity increased from 0 to 90 k\tle average diameters of

the lamellar and spherical pores increased from 460 to ®lé&nd from 320 to 420m, respectively, due

to thelimited growth rate of ice crystalsduced bythe electric field. Osteosarcoma cells cultured in these
scaffolds, presented at first a filamentous and then an elongated morphology, which suggested, according
WR WKH DXWKRUV WK Ha 3Fddltuie paofifh. Cell adtesian ek Wbseva&d in a greater
extent for the scaffold prepared with high electric field intensity, pointing out the crucial role of pore size
for efficient cell colonization. Apart from the microstructure, the mecharaoal biological properties of

bone biomimetic scaffok] the liquid transport properties are aisportant factos to promotenutrients
exchangeThis effect was studied by Bai et*&lin ice templa¢d Hap scaffold with graded lamellar pores,
obtained by radial freezing using a copper rod inctirgter of a plastic mold. The width between lamellae
changed gradually frony DW WKH 3SWBSDWVR/KH 3EDVH’  aZtheLcenterwfikhed WLS LV
scaffold (where the copper rod was placed) and the base is the edge (where the border Gt thmlplast

is found), respectively. Interestingly, a piece of a dry Hap scaffold, when its base was in contact with a
rMSCs suspension, presented the most efficient celseelfing effect. Because of the capillary effect, this
orientation allowed for the s fpenetration all along the sample, with the cells aligned within the graded
lamellar channels. The same group further confirmed these results by comipariggnpla¢d Hap
scaffolds with a) tortuous, b) parallel, and c) graded channels in term$ wigmitior?* (Figure 3). The
previously reported graded scaffolds promoted a better migration of rMSCs in their channels, when cells
were seeded on topigure B). Therefore, the gqallary effect in the graded scaffolds plays an important

role to the faster exchange of metabolic products of cells and their surrounding nutrients but also as a tool
to promote faster colonization of the cells in the initial seeding moments. Thess reguitbrce the
significance of the scaffolds structural characteristics for their efficient use in 3D tissue engineering

applications.
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Collagens, are the most abundant component of the ECM (extracellular matrix) in connective
tissues of mammals rangingp bone (as previously mentioned) to softer tissues such as tendon, skin or
cornea. Such widespread distribution makes of collagen the protein of choice for the development of 3D
biomaterials af vitro models. The main difficulty in handling collagen based materials structurieeé by
templatng relies on their stability. In fact collagen (and in particular type | collagen) require stabilization
to retain the shape and structural integrity imposed leziing. Two main strategies have been proposed to
ensure the stability of freexmsted collagen materials: chemical crosslinking and fibrillogenesis. Most
examples available in the literature rely on crosslinking, which produces collagef®fodoestemplagd,
freezedried, cosslinked collagerhyaluronic acid (HA) composite constructs were reported as scaffolds
for adipose tissue engineering towards a iBDvitro model of the mammary glartd.Two different
concentrations of HA were used, 7.5 and 15%utWith the addition of 15wt +$ <RXQJTV PRGXO X\
and collapse plateau modulus of the final composite in the hydrated state were increased.f61o y
6.73 kPa and frony 495 to y 625 Pa, compared with pure collagen matrix, respectively. This scaffold was
also found to bettesupport 3T3L1 murine preadipocytes proliferation and differentiation after culturing
for 8 days. The other strategy available to stabilize collagen matrices requires fibrillogenesis, an important
factor for the successful establishment of collagasedbiomimetic models that ensure their unique
mechanical properties, essential for cell adhesion and proliferation. Although collagen is widely used as the
starting material in biofabrication approaches, the induction of collagen fibrillogenesis, withothidigst
the given structure of a scaffold, remains an important challenge that has only recently beeftelckled.
ability to stabilize collagen matrices without imposing a chemical crosslinkem \sas achieved by
topotactic fibrillogenesis that allows for ice thawing and simultaneous pH variation to induce fibrillogenesis.
The topotactic process ice templagd collagen scaffolds took place with the help of ammonia vapors. In
contact with iceammonia vapors gradually lowered the melting point of ice crystals and simultaneously
induced collagen prébrillogenesis, without damaging the anisotropic structure obtainézklgmplaing
(Figure &\). The obtained sektanding fibrillar collagen medtes exhibited two levels of structural

organization, an increasing macroporosity along the freezing direction, and the presence of regular parallel
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micro-ridges on the walls of the lamellar pores. The obtained scaffolds in wet state showed unprecedented
<RXQJIV PRGXOXV “ N3D IRU SXUH FROODJiH@trd30culbrd/ HG PDF L
of NHDFs revealed celimigration into the scaffolds alongdir lamellar poresHigure @) and better cell

adherence when compared with the colonizatiborosslinked scaffolds. Similar results were obtained

when C2C12 cells (murine myoblasts) were cultured, while a limited differentiatioydtubes was also

observed.

Figure 6 (A) Collagen topotactic fibrillogenesis approachit@ templagdscaffolds using ammonia vapors.
(B) SHG (Second Harmonic Generation) of 3D reconstruction of NHDFs on fibrillar collagen scaffold after
culturing for 3 weeks. (Red, collagen SHG signal; green, actirB)(Adapted with permission from réf

Copyright (2019) American Chemical Society.

Theuseof in vitro 3D tumour model$o understand thmteractions between cancer cells and their
surrainding microenvironment, & biomedical issue that could taekled by a precise structurationtioé
ECM throughice templaihg. Biomimetic materialare currently useth an effort to engineer the 3D cell
microenvironment®® Collagen is a proteithat strongly influencesancer cell behaviour through a variety
of signalling pathways!® To further describe these interactioBampbell et at’ fabricated radially
anisotropic crosinked collagenscaffolds for invasion studies of breast cancer cell liAesenhanced

migration was observed for the invasive cancdl lage MDA-MB-231 into anisotropic constructs
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compared with isotropic collagen scaffolds. Moreoeet/10% serum gradient could further improve cells
migration into anisotropic collagen constructs. When invasive MIB\468 cells were treated with
epidernal growth factor, thus acquiring a mesenchymal phenotype, they migrated for a longer distance into

anisotropic scaffolds, confirming the scaffolds ability to distinguish invasive phenotypes.

Apart from Hap and collagen, other natural materials such asrgét2SF3101and chitosat-?*
have been turned into scaffolds suitableifovitro tissue engiaering purposes hge templaing. Gelatin,
derived from the partial hydrolysis of native collagen is a low cost product. It has been widely used in tissue
engineering due to its hydrophilicity, low antigenicity, and potential collagkted functions,ike the
RGD sequence, enabling better cell adhesion, differentiation, and proliferattdrt®Ice templagd,
freezedried, crosdinked gelatinbased scaffolds were analyzed by microCT, in order to investigate the
structural features of this type of scaffoléfsAlso here, the dependence of struaturoperties wittice
templaing parameters has been evidenced; highly directional structure was achie8@d@twhile the
addition of hydrochloric acid in the initial gelatin solution doubled the pore diameter compared to pure
gelatin matrices. In tens of cell culture, the larger pores resulted in significantly higher cell seeding
efficiency of porcine chondrocytes. Gelatin was also used as an additive to improve the hydrophilicity of
unidirectional PLGAice templa¢d constructs, for artificial pefiygral nerve regeneratidt.Compared to
pure PLGA scaffolds, composite PLGgelatin ones, showed increased pore size, slightly decreased
compressive strength, and enhanced swelling ratio, biodegradation rate, and drug release levels. Although
both PLGA and PLGAgelatin constructs could supporiogith of L929 fibroblast cells, cells showed a
better spreading into PLG#elatin matrices. Improved differentiation of P19 embryonic carcinoma cells
with the addition of retinoic acid as a neural growth factor in Pigekatin scaffolds further proved its
potential for peripheral nerve regeneration. The same dusther investigatedelatinbased freezeasted

scaffolds for bone tissue engineerifg).

Silk fibroin, a natural polymer extracted froBombyx morcocoons, has aldmeen selected as a

starting material foice templa¢d scaffolds because of its versatility, biocompatibility, tunable mechanical
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properties and biodegradabilty?21’ As we described earlier, SF combined with gelatin was used for the
elaboration of anisotropic construétThe addition of gelatin resulted in smaller pore size, higher water
retention, and lower scaffold shrinkage after raathl treatment. In addition, gelatin promoted better
porcine MSCs proliferation and viability. Silk fibroin hydrated flat films were converted tdikeD
scaffolds thanks to the topography induced iby templaing followed by freezalrying>® Evenly
distributed nanoridges were observed on the films with mean length and mean spacing lhetwesin t

y932 nm andy640 nm, respectively. hMS@gresuccessfully cultured on both flat and nanoridged films,

but on the latter, they adopted an elongated morphology. Gene expression analysis for osteogenic specific
markers showed significantly higher léven nanoridged films, indicating that the sole nanotopography of

SF films could induce the differentiation of hMSCs into osteoblasts witdaiegdsupplements.

Chitosan, a linear polysaccharide, has also been used as a base materakRbdratiorof
biomaterials fortissue engineering applicatiorfstancis et at* fabricated macroporous, highly aligned
chitosanralginate scaffolds byce templaing at 1°C.min?, for neural tissue engineeringreezedried,
crosslinked samples were then submitted to surface modification with a polycationL(jmulyithine or
poly-L-lysine) and/or laminin. Modified scaffolds promoted a significantly longer neurite growth of
embnryonic chick dorsal root ganglia (DRGs) compared to-coated scaffolds. In addition, the coated
scaffolds could direct the alignment of neurite growth alongctéemplaing direction. Further studies of
the same group resulted in chitosan constructdoong aligned lamellae with a distance of 71 + 221
between them and uniform ridges located on the lamEfl@@onfocal microscopy showed an excellent
neurite alignment after seeding of DRGs onildmcoated chitosan scaffolds. Further 2D culture of DRGs
on single laminircoated lamellae extracted from the 3D constructs, revealed that ridges linearly aligned
62.4% of growing neurites presentiag angulaprientation variations smal than + 10° empared to that

of theridges (defined as 0°).

Solute concentration The solute concentration for the fabricatiohice templa¢d scaffold

suitable for 3D cell culture hadso a key role in their structural properties and mechanical behavior. More
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specifically, an increased solute concentration (both for ceréifit®nd macromolecul&s®12y results

in the reduction of pore size and porosity, the increase of density and the improvement of mechanical
properties. An indicative example can be found at a previously mentioned study, concernicegy SF
templaed scaffolds, where solutions &, 4, and 6 wt% concentratios were used? The comparison
between pore size at the same freezing temperatu@edhndeed that increasing SF concentration from

2 to 4, and 6 wt%, led to decreased pore size, from 26260 to 100+150, and to 75+100 m, and
porosity, from 86 = 5.8 to 79 + 4.6, and 74 + 2.3% respectivelgsd hesults limitedhe cell culture
experiments to the 2 wdo products. The amyloid0 4 wt % discussedbove favored a better HT29
(human colorectal adenocarcinoma monolayer) cell growth than the % vemyloid20 and-196
scaffolds!® Moreover,increasing the concentratioan increasing cell survival was observed only in
amyloid-20, indcating that appropriate scaffold pore sizes for HT29 cells were maintained at every
concentration in these samples. The impact of solute concentration was also studied by Rowfahd et al.
who fabricatedce templatd scaffolds in shapes of disks and hemispheres, with uniform or aligned pores,
starting from porcine deellularized cartilagelerived matrix (CDM). As CDM concentration was
increasing fron¥ to 11 wt % pore size and porosity decreased, while compressive modulus dramatically
increased. The pores of the uniform constructs were visibly smaller, in contrast to the largeyes®rds

in those with aligned pores, thus promoting MS@ftration. In addition, after chondrogenic culture,
higher cell infiltration was found in the 11 Wb CDM scaffolds compared to that of 7. . Furthermore,
although the compressive modulus of the uniform scaffold was higher than that of the atigniectio 11

wt. % CDM scaffolds, resisted ceafthediated contraction and their compressive moduli were decreased
after chondrogenic culturing for 28 days. On the contrary,. PaM€DM scaffolds suffered from highest
contraction and their compressive modudire increased. Further analysis revealed that the.2» @DM
hemisphere scaffold could not only prevent-cedidiated contraction, but also facilitated cells infiltration,

which in turn promoted cartilaginous matrix deposition.
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Other approaches to thiaboration of ice templated 3D cell culture scaffolds have been proposed.
In particular the fabrication of electricallyconductive3D scaffolds such as PEDOPSS (Poly(3,4
ethylenedioxythiophene):poly(styrenesulfonateg¥y shown the potential to modul#tte conformation of
fibronectin adsorbedbnto the surface of the ice templated foalmsthe application of an oxidizing or
reducing electric pential}?> This electrochemical stimulation of fibronectinated PEDOT:PSS scaffolds
determined the adhesion of 3L cells as well as the secretion of vascular endothelial growth factor

(VEGF).

All the aforementioned studies clearly demonstrate the flexibility provided bigg¢hiemplaing
technique, leading to a large spectrum of biomaterials suitable for 3D cell culture applications; on one hand,
by tuning freezing parameters and, on the moth@nd, by choosing the appropriate solute (and solute
concentration), structural features and mechanical propertiese demplag¢d scaffolds can be further
improved and optimized. The cell colonization of optimized scaffolds offers multiple posshitittae
field of biomedical applications, so thite templagd scaffolds could serve as biomimetic models to
elucidate cell behavior and their interactions with the surrounding environment in both physiological and
pathologic conditions. Moreover, intetin of cells with the biomaterials themselves, should be evaluated

prior toin vivoimplantation studies.
3.2In vivo implantation of ice templated materials

Regardless of the merits of any cell culture system, the transposition bétweétem culture toin
vivointegration is not trivial. The inherent difficulties are linked to the performance of each system but also
depend on the ability to accessrtovivo WHVWLQJ IDFLOLWLHY RQ HWKLFDO FRPPLW
collaborative lifks with surgeons. The history of ibtemplating, as a materials processing technique solidly
anchored in the ceramics community, has seldom produced the conditions for those interactions to be
widespread. As a consequence, the research output drops dadlgnathen looking for the results afe
templaed 3D scaffolds testad vivoas compared to 3D cell cultuirevitro. Tissue enimeering materials
devoted tobong?® 3103120123124 naryd® skin'?> and vascular m@fts'?®2” have been attempted viee
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templatng with composition ranging from ceramics, to natural and syntheljeners, as well as hybrids.
Appropriate microstructures, mechanical properties, and bioactivity are necessanifoimplantations

but are not sufficient. Practical criteria such as ease of handling in the surgical block, ability to sterilize
using sandard medical equipment or the sHidk of the 3D scaffolds prior to implantation pose major

hurdles for the effective transpositionroaterials useful i8D cell cultures ton vivo setting.

7KH VFDIIROGVY PLFURVWUXFW XdlitdpddtghGparParmet&rorptdrlpfor SURSHU
vitro applicationsbut forin vivoimplantation as well, as shown in the literature through various examples.
Anice templatd chitosan conduit was successfully tested for peripheral nerve“epaér application of
two opposite thermal gradients during the freezing process resulted in scaffolds consisting of-a double
layered highlyaligned porous structure, with suita mechanical properties fior vivotesting. The conduit
was able to bridge 10 mm sciatic nerve defects in rat models at 12 weekagdastation, while it favored
the vascularization of its lumen. The structure of recently reported SF/collagen dengwasiolds for
osteochondral tissue remodeling, had an important role on cell belmaviwon.?* Three different scaffolds
were elaborated with random, axially aligned, and radially aligned poiies lgmplaing and temperature
gradientguided thermallyinduced phase sepdion. Morphology analysis of crosections revealed
significantly smaller pore sizes for radially (68.0 £ 2008 and axially aligned (69.9 + 24.1n) scaffolds
compared to those of the random scaffold. At 18 weeksipgsantation in rabbits with osbehondral
defects, axially and radially aligned scaffolds, especially the latter, favored cell migration and infiltration,

resulting in faster cartilage regeneration rate.

The combination aice templaing with other biofabrication techniques, like elespinning, could
further tune pore characteristics of the final products, providing benefits foimbeitino andin vivo cell
behavior. Lee et al. performed cgithte electrospinning with PCL and SF nanoparticles (SP) aiming at the
fabrication of macroprous matrices for artificialermis applicationsHigure A-B).1?> The presence of SP
in PCL nanofibers endowed the composites with enhanced interconnected pore size, porosity, and

hydrophilicity. The scaffolds were implanted into fthickness skin defects in rat wound models. Their
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structural and physicochemical projes resulted in more efficient cell infiltration and collagen deposition,
leading in turn to faster wound healing rate compared to that of pure PCL matrices 20 days post
implantation. PCL/SP composites showed comparable wound healing rate to the caivierderm®
collagen artificial dermis, while their sufficient structural support resulted in reduced contiaudusear

formation Figure TC).

Figure 7 In vivoimplantation ofice templag¢d scaffolds. (AB) SEM images of fibrous PCL/SP30 (PCL

with 30% SF nanoparticles) scaffold. EDS analysis is shown in the inset. (C) Macroscopic images of wound
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healing process in rat wound model with commercialized artificial dermis (Matfflemad PCL/$30
scaffold. (D) Vascular scaffold consisting of an inner layeiceftemplaéd SF/gelatin surrounded by an
electrospun poly @caprolactone) (PCL) outer sheath. (E) Lamellar inner surfaice eémplagd graft. (F)
Crosssections of lamellar  and nodamellar grafts with histological staining for collagen (blue) and
elastin (black), and immunofluorescent staining for CD 31 (red), vVWF (re8)MA (green), and collagen

I (red), respectively. (G) Macroscopic and microscopic imagdseofempéated silica/SF scaffold with
honeycomb structure. (H) Macroscopic images of the implant site of rat femur 25 daysplastation.
(A-C) Reprinted from réf5, Copyright (2016), with permission from Elsevier.-F) Adapted with
permission from réf®. Copyright (2019) American Chemical Society.-{p Adapted with permission

from ref%. Copyright (2019) American Chemical Society.

Ice templagd scaffolds topography is also an important factotHeir evaluation as suitable
vivoimplants. As discussed earlier, Yang etéhund that the sole existence of well distributed nanoridges
on a SF film induced hMSCs differentiation to osteoblagtier RQH PRQWKfV LPSODQWD!
subcutaneous dorsum sites of rats, a higher amount of calcified tissue was formed on nanoridged films than
on flat ones, while this difference was more easily observed when hMSCs waeedesl on the films.
Besides, more oemized fibrous tissues containing more collagen deposition were observed around
nanoridged films than around flat films, both for ygeeded or not films. Expression of osteopontin and
osteocalcin was found at the outer surface of nanoridged films, etleoutvseeded hMSCs. The same
result confirming the formation of botliée tissue was also observed on flat films, but only when seeded
with hMSCs. Therefore, nanoridgpsr seon SF films could promote bone formation bwtlvitro andin
vivo. Wang et al?*® elaborated small diameter vascular grafts composed of an electrospun PCL outer sheath
and anice templagd and feezedried SHgelatin inner layerRigure D). The inner surface exhibited a
lamellar structure with height of 10m, thickness of 200 nm, and average gap between two lamellae of 20

m (Figure E). Mechanical properties (including elastic response, brtesspre and elongation at break)
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and stability in PBS buffer of PGtoated scaffolds were enhanced, compared to those of scaffolds without
the PCL sheath. The presence of lamellae on the inner surface not only inhibited significantly the adhesion
and actiation of platelets, but promoted the growth and alignment of endothelial cells as well, compared
to nonlamellar grafts. Furthermore, scaffolds with lamellar topography could maintain good
DOQOWLWKURPERVLY SURSHUWLHV DQ G atatiol ifcrabBiRc& oliDaR ety defeetK L Q
models. The welbrganized elastin, collagen, and muscle fibers, as well as the expression of relative
proteins on the lamellar grafts confirmed the ability of the scaffolds to conmdaitti endothelialization

(Figure F).

The integration of bioactive additives during the preparation of starting solutions or suspensions
prior to theice templaing process, cafavourtissue engineering applications. As previously mentioned,
boneoriented materials hold a domingmbsition amongn vivo implantations. This application could
benefit from the introduction of bioactive compounds in the base material to promote more efficient
integration and/or posiperative controlled drug release. A hybrid aerogel fabricatett&i@mplaing,
followed by supercritical drying, was recently reported, using-galdhssembly of organaosilane (tetraethyl
orthosilicate) and SH{gure G).122The silicaSF scaffold immersed in a cold bathH6 °C at a constant
rate of 33 cm.f exhibited micrehoneycomb hierarchical pore structures with macropore and mesopore
sizes ofy18 m andy17 nm respectively and showed the lowasgk density (I, = 0.075 g cn¥®) and the
KLIJKHVW <R XQ J%V.3PNP@)Xadng\the freezing direction. Regardingitheitro biological
properties, this scaffold was considered as clinically implantable as it showed augmented protein adsorption,
minimal effect on humared blood cells lysis, boAée Hap crystals formation on its surface, and 18&
osteoblasts attachment and proliferation. Macroscopic images of implants dissected 25 eayg@ost
demonstrated significant bone tissue regeneration around andtivesidgplants in the defect siteslirced
in rat modelsKigure H). Another scaffold used for bone tissue engineering involves mineralized collagen
fibers, derived from collagen and apatite (@@ suspensions in a modified simulated body fluid

promotingcollagen sekassembly an¢h situ apatite precipitatio® These suspensions were submitted to
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either random, either unidirectional controlled freezing, leading to equiaxed and lamellar structure,
respectively. By varying the initial collagen concentration (1.0, 2.0, and 33, gtecipitated apatite

content wasyb4, y35 and y18% respectively (hence the scaffolds Bpl54, -35, and-18). Analyzing

the equiaxed scaffolds, with the increase of apatite content, decreased average pore size and porosity were
observed under the same freegconditions. The composition of GAp-35 equiaxed scaffolds with pore

sizes ofy82 m had greater similarity with natural bone, therefmeng selected fdan vivoimplantation

Scaffolds loaded with murine calvarial cells (MCOBs) were implanted mati@defects of mouse models.

$IWHU ZHHNVY LPSODQWDWLRQ WKH GHIHFW ZDV UHSDLUHG ZL\

formed bone.

The examples listed above are not exhaustive. They provide however, a quick survey of the
relevance ofce tenplated materials inn vivo settings and thus their potential to address different tissue
engneering challenges. Ice temptal endows scaffolds with controlled microstructures, mechanical
properties and bioactivity, contributing to effective tissue regaions upon implantation. One aspect that
is worth mentioning is, for a given scaffold, the coherence between cell beinaxitoo andin vivo. Such
results seem to confirm the increased physiological relevarice tdfmplagd 3D cell culture scaffds as

suitable model to predict the cellular respoimsevo.

4. Encapsulation duringice templating in biomaterials design

One of the key phenomena occurring duigegtemplaing is the segregation of the solutes towards
the interstitial space defined lge crystals due to the insolubility of most molecular and ionic species in
ice %899The case of suspended particles is more complex and has been extensively discussed in the literature
from different perspectives dueits relevance in a wide range of domains, from geophysics to biology and
engineering?®%32 The fate of stable suspended particles in a given solvent whetinmm@n advancing

freezing front can be either engulfment (into ice), rejection from the ice front or encapsulation in between
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the growing ice crystals. Many factors play a role in these different scenarios such as the ice front velocity,
the particle sie or the particles density among others. The relevance of such phenomena in cryobiology
has been anticipated in the early 1980s with a series of groundbreaking works devoted to understand the

interaction between suspended cells and moving ice frorifs.

The first observations of the interaction between suspended cells and moving ice fronts followed,
in particular wih an interest in the fate of erythrocytes during directional freéziig*®Under directional
freezing, red blood cells were mostly entrapped in the interdendritic regions, especially at high ice front
velocities. This results led the authors to hypothesize that, uperirig in saline medium, high osmotic
pressure due to solute concentration or the mechanical stress from the ice crystals caused %éff death.
Interestingly, they observed that cells were uniformly distributed and showed higher viability when glycerol
was added’! They suggestethat the reason behind is that glycerol could inhibit the formation of ice
crystals and reduce the mechanical stresses that cells expefegnita:. effects were later observed with
high concentration of trehald$éand dimethyl sulfoxide (DMSG¥. Also sperm cells derived from
different species such as donk&€ybull**®, and killer whal&"! have been cryoprotected with directional
freezing and resulted in successful fertilization after artificiatimgation. For instance, bull semen was
collected from ten Holsteiiriesian bulls and protected in commercialized Berliner Cryomedium
supplemented with 7% v/v glycerol via directional freeZfi@ompaed with fresh sperm, thawed samples
showed more than 75% viability and comparable acrosome integrity and similar sperm morphology. It was
also shown that controlled ice nucleation during slow freezing is not necessary for directional freezing in
view of viability and other functional analysis, which indicates that directional freezing could reduce costs

and save energy during cell cryoprotection.
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Figure 8 (A) Schematic illustration of translational cryostage. This stage is integrated with a microscope
which canin situ observe freezing behavior when sample is moved by a motorized actuator from hot to
cold side. (B) Representative images of ice front prapag in IEG18 epithelial cell suspension (in 10%
DMSO). The red arrows indicate one cell gradually being frozen when sample is moved. Survival rate
based on flow cytometry for Ca@(C) and HelLa cell (D) after combination of directional freezing and
gradual cooling, nordirectional gradual cooling (1 °C.mthand direct freezing aB0 °C freezer. (E) SEM

images of lamellar alginate foams with encapsulated yeast @@lIBirectional freezing induced phase
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segregation of alginate aqueous solution.cdege of ice growth and rejection of alginatel yeast cells
between ice crystals. b) Phase diagram of alginate solution based on experimental crystallization
temperature (magenta points) and theoretical glass transition temperature from Gordon Taglloc)mod
Non-freezing water and alginate volume fraction within alginate segregated phakgnate solutioni,

ice phasey, vitreous phaseScale bar, 100m (B). (A-D) Adapted from ref. (E) Adapted from réf. (F)

Adapted from ref.

This technique could also be applied for the cryopreservation of adherent cells, such akseuron
cells*2and intestinal epithelium IECTS cellg®. More specifically, Bahari et &.applied twestage freezing
to IEC-18 cells in the presence of DMSO: a) translational cryostagérémtional freezingRigure &) to
approximately8 °C at various speeds, followed by gradual freezirg@dC at 1.2 °C.mity, and b) liquid
nitrogencooledstage for cooling te80 °C at 0.5/1 °C.mif During directional freezing thedrease of
velocity (Figure 8) and DMSO concentration resulted in more branches and narrower width of the ice
crystals.The protocol with velocity of 30m.s? in directional freezing, liquid nitrogen gradual freezing at
0.5 °C.mint,and DMSO concentration more than 7.5% was able to maintain the round morphology of IEC
18 cells. The same conditions were applied foctiiepreservation of HeLa and Caco2 cells. Their viability
was higher when protected via directional freezing than that of samples processed either with nondirectional

but controlled freezing rate, directly in-80 °C Figure &-D).

Directional freezingcould also promote the formation of uniform ice crystals reducing the effect
of supercooling and osmotic stress on cells. Apart from cells, directional freezing has already been used for
the cryopreservation of small tissues, like oV&&#° and livet*® in the presence of cryoprotectant agents
like DMSOand ethylene glycol. However, these agents could induce harmful effects to cells like decreased

DNA stability, especially at high concentratiofs.
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Another alternative to reduce mechanical stress is the use of biopolymers instead of toxic
cryoprotectants such as DMSO to protesit entities viaice templaihg. Our groughas recently proposed
that alginate could be successfully applied to prdBeaticharomyces cerevisiagthout using any toxic
chemicals'’” Mixtures of afjinate and yeast cells were dinéctionallyice templagd and rehydrated; cell
viability was evaluated through cefi:etabolic activity. The obtained results showed that yeast cells were
mostly trapped into welhligned alginate lamellaeFHjgure &) and retained their metabolic activity, thus
indicating the existence of viable yeast cells in dried alginate foams. Tiag@ment of cells during ice
growth and possible viscosity drag caused by alginate pave a way to novel cryopreservation approach via
ice templaing. The use of biocompatible polymers could not only alleviate the potential mechanical stress
generated duringreezing, but also improve entrapment efficiency within the viscous polymer phase.
Recently, our team has combined the confocal microscopy setup developed by DedovEfswéthal.
alginate solution phase diagrams to describe the evolution of the polymer concentration during freezing
(Figure &). This led to thelescription of alginate concentration profile during freezing. Moreover, these
results demonstrate the ability to encapsulate cells in a vitreous domain, regardless of the freelng rate.
novel approach presents the advantage of regulating the grbigehcrystals and simultaneously trapping

cells inside the polymer phase to achieve efficient cell protection in the absence of toxic agents.

Merging of directional freezing technologithat was known in the cryobiology domadwith the
developments it rose from a different community, thatiogé templaihg, has widened the possibility to
understand the fundamental physicochemical processes endured by cells during freezing. The anisotropy
of ice templaihg/directional freezing provides an opporturibtyprobe the interaction between the medium
being frozen and its interaction with growing ice crystals, a feat inaccessible to a standard freezing setup.
In particular, the controlled freezing environment and the possibility to integrate it into other
chalcterization instruments has enabled to determine, for the first time, the pressure generated in between

ice crystals and how it depends with the freezing ¥dt&@hese results that directly depend on the
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intersection between directional freezing @saltemplaing will provide much neededsight to tackle the

cryopreservation of ever more sensitive biological entities.

5. Conclusion

This review paper highlights some of the more recent developmentstempéating, notably its
path tomanipulate entities of biological origin. We describe how the dquestproduce thenechanical
performance of biomaterials such as nacre or bone has triggered the elaboration of materials suitable for
cell culture that overcome many of the limitationsrfd in other 3D cell culture systems (liquid transport,
ease of fabrication and readily available parameters to modulate the porosity and mechanical properties).
The parallelism observed betwearvitro models elaborated using ice templating amdivo experiments
seems to indicate that ice templated materials seem particularly adapted both as cell culture models and
tissue engineering applicatiafhe ability to produce 3D cell culture models that are physiologically more
relevant opens a pathway to ttuk cells that are currently impossible to maintainlassical cell culture
systems. One of such examples is thatiafulating tumor cells (CTCs). These cells are shed by solid
WXPRUYV LQ WKH SDWLHQWVY EORRGVWU Haaten.DrgeGesatlisghmerii S RQV LE
long-term CTCs cultures remains a challenge of great difficulty, mainly because of their scarcity, and the
specific biological interactions between them and the suitable microenvironment for their expansion, which

need to be faher elucidated®

Finally, theintersectionbetween ice templating and directioneddzing ta particular freezing
technology in cryobiology that shares the same basic princ#hlas enabled to deepen the understanding
of how biological entities endure freezing before, duramyd after the interaction with the freezing front.
These reults hold promise to minimize and/or eliminate the need for toxic cryoprotectants and widen the

range of cells and tissues that can be cryopreserved.
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