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Natural extracellular matrix governs cells providing biomechanical and biofunctional outstanding properties,
despite being porous and mostly made of soft materials. Among organs, specific tissues present specialized
macro-architectures. For instance, hepatic lobules present radial organization, while vascular sinusoids are
branched from vertical veins, providing specific biofunctional features. Therefore, it is imperative to mimic such
structures while modeling tissues. So far, there is limited capability of coupling oriented macro-structures with
interconnected micro-channels in programmable long-range vertical and radial sequential orientations. Herein, a
three-directional ice crystal elongation (3DICE) system is presented to code geometries in cryogels. Using 3DICE,
guided ice crystals growth templates vertical and radial pores through bulky cryogels. Translucent isotropic and
anisotropic architectures of radial or vertical pores are fabricated with tunable mechanical response. Further-
more, 3D combinations of vertical and radial pore orientations are coded at the centimeter scale. Cell
morphological response to macro-architectures is demonstrated. The formation of endothelial segments, CYP450
activity, and osteopontin expression, as liver fibrosis biomarkers, present direct response and specific cellular
organization within radial, linear, and random architectures. These results unlock the potential of ice-templating
demonstrating the relevance of macro-architectures to model tissues, and broad possibilities for drug testing,
tissue engineering, and regenerative medicine.

1. Introduction

In vivo, within the 3D space of the cellular microenvironment, the
native extracellular matrix (ECM) is highly heterogeneous, and cellular
alignment occurs [1] [-] [3]. Once most of the tissues components have
multidimensional order and orientation, the multidirectional
macro-architecture requires mimicry to achieve and understand tissue
function [4] [-] [7]. For instance, the liver is a typical tissue of

multidirectional stratified architecture, composed of sets of hepatic
lobules, which presents vertical and radial cellular arrangements,
comprising vasculature and multiple cell types [8] [-] [10].

Thus, multidirectional macro-architecture is an important aspect to
model tissues and organs for pharmaceutical testing, clinical implanta-
tion, or fundamental research. So, these micro-organ structures should
match the dimensional properties of the in vivo tissue at the in vitro
setting [1,11,12]. So far, it is well known that cells can align along with
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micro- and nanosized parallel grooves/ridges [13] [-] [15] when the
periodicity and dimensions of the patterns are above 100 nm groove
depth [16]. Moreover, several studies reported that micro- and nano-
patterned structures can be a valuable tool for directed growth [17,18]
and differentiation of cells into specific tissue-lineages on 2D [19,20], or
in 3D architectures [6,21]. Yet, reported synthetic ECM fabrication
systems fail when recreating macro-scale multidirectional tissues
constituted by multiple vertical and radial orientations of pores in 3D,
and there is limited research on how macro-architecture (several hun-
dreds of micrometers range) influences biological constructs in vitro,
which is of major importance.

Last decade, 3D printing evolved as the most promising approach for
manufacturing and coding functional bioarchitectures at the millimeter/
centimeter scale. However, this method offers limited control over 3D
porous architecture, mainly when applied to nano- and micro-scale
polymeric structures, and often results in printed fiber fusion or
collapsing [22,23]. Therefore, there is an unmet need for an effective
fabrication method with precise control on the configurability of
porosity in 3D hydrogels.

A top-down templating method exploiting ice crystals nucleation and
growth into multiple orientations could enable a versatile and scalable
approach for the fabrication and coding of multidirectional cryogel ar-
chitectures. The ice-templating technique has been previously used for
the 3D fabrication of homogeneous aligned porous structures [24] [-]
[26]. While low thermal conductivity molds ensure directional freezing
[27], the use of high thermally conductive molds induces radial ice
growth towards the mold [28]. However, the desired multidirectional
architectures composed of continuous linear and radial porous zones
have not been successfully developed so far, making the state-of-the-art
about ice-templating technique quite limited. Therefore, innovative
systems to template multiple pore orientations in 3D need to be devel-
oped in order to address in an efficient manner the architectural re-
quirements for biomedical and clinical applications.

Herein, we report 3DICE, a versatile, efficient, and scalable device,
and strategy that uses the principles of ice-templating to rapidly
manufacture polymeric structures into multidirectional 3D architectures
with control over pore geometry and size. The fabrication of long-range
continuous pore orientation into multi-directions was tested through the
control over temperature gradients generated using the 3DICE device.
The generated temperature gradients were assessed according to the
programmable composition of the 3DICE (e.g. number of plates,
sequence of plates, and material composition/conductance of these
plates), which governed ice nucleation and growth inside the cryogel.
The developed 3D templating strategy presents multiple advantages
compared to other macro-scale fabrication methods, namely: (i) cost-
effective device and method; (ii) small dimensions fabrication system;
(iii) fast and miniaturized fabrication approach; (iv) applicable with
varied biomaterials; (v) continuous porous structure made of multiple
architectures; (vi) 3D coding capabilities; (vii) control from micro- to
macro-scale; (viii) fabrication of continuous structures; (ix) results in the
spatial control of cell morphology, distribution, and interaction; (x)
broad applicability to different cell types, such as stem and endothelial
cells.

2. Materials and methods
2.1. Materials

Gellan gum was purchased from Sigma-Aldrich (Missouri, USA)
under the trademark name Gelzan™ CM. Gelatin from porcine skin gel
strength 300, Type A, was purchased from Sigma-Aldrich. Unless
otherwise stated, all the reagents were purchased from Sigma-Aldrich.

2.2. Ice-templating fabrication device

An acrylic box was designed with 100 x 30 x 30 mm inner height,
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length, and width. Metal (aluminum) and plastic (PVC) plates with 2
mm thickness and 100 x 100 cm length and width were created, pre-
senting a central hole of 13.5 mm diameter for the injection of a water-
based gel. Figure S1 shows a representation of the dimensions and
configuration of the diverse parts of the device. The custom-made device
was then configured with the indicated plates. The installation of plates
is adjustable in composition and number. Specifically, for the fabrication
of structures with homogeneous linear/vertical porosity, the device was
set up with six PVC plates. For the fabrication of homogeneous radial
porosity, the device was configured with six aluminum plates. Finally,
for the specific case of the random porous structures’ fabrication, a
Styrofoam plate with 12 mm height and 100 mm length and width was
placed isolating the central 13.5 mm mold. In this case, it is important to
also isolate the top and bottom of the tube filled with the hydrogel, with
two extra layers of Styrofoam, of 2 mm thickness each.

2.3. Hydrogel’s fabrication

Gelatin was modified by methacrylation to become photo-sensitive
for crosslinking as described elsewhere [29]. Before dissolving both
polymers, a solution for visible light crosslinking was prepared adapting
the protocol described by Bahney et al., 2011 [30]. Specifically, a so-
lution of distilled water containing 0.75% (w/v) of triethanolamine
(TEA, Sigma Aldrich) and 37 nM of N-Vinyl-2-pyrrolidone (NVP, Sigma
Aldrich) was prepared. Eosin Y was then dissolved at a concentration of
0.1 mM in the previous solution. To prepare the hydrogel, 2% (w/v)
GelMA and GG were blended at 4:1 (w:w) in the TEA-VC-Eosin Y solu-
tion to produce the GelMA-rich region and the GG-rich region made of
GG. The hydrogel was formed inside the ice-templating device by
crosslinking triggered by a full spectrum of visible light for 120 s using a
Dentsply Trubyte Triad 2000 (Dentsply Sirona, USA).

2.4. Random, linear, and radial scaffolds architectures fabrication

Random scaffold architecture was fabricated using Styrofoam plates,
isolating the hydrogel mold all around. The linear architecture was
obtained using isolation of the hydrogel with PVC plates all around
except on the top surface, where a metal aluminum plain plate was
placed to dictate the nucleation of ice crystals. The radial architecture
was achieved using isolation on top and bottom surfaces with Styrofoam
plates and involving the cylindrical hydrogel mold with the aluminum
plates. The device configuration can be observed in Fig. 4. Three
different freezing temperatures were applied to test the homogeneous
porous scaffold architectures, namely —20, —80, and —196 °C. The
hydrogel was directly frozen either with liquid nitrogen (—196 °C), in-
side the IngClimas —80 °C freezer (IngClimas, Barcelona, Spain), or
TecnoLar —20 °C freezer (TecnoLar, Novo Hamburgo, Brazil). The
formed cryogel was then lyophilized using a TELSTAR CryoDos —80
(Azbil Corporation, Japan). The device was never directly placed on the
freezer shelf, but on top of a Styrofoam plate inside the freezer, to avoid
interference of the shelf temperature if in contact with the bottom part of
the device.

When fabricating structures composed by continuous but multi-
direction pore orientations, namely linear-radial, linear-radial-linear,
and radial-linear-radial, alternate plate composition was configured.
Specifically:

e Linear-radial: three aluminum plates on top of three PVC plates;

e Linear-radial-linear: two PVC plates on the bottom layer, two
aluminum plates in the intermediate layer, and two PVC plated on
the top layer;

¢ Radial-linear-radial: two aluminum plates on the bottom layer, two
PVC plated in the intermediate layer, and two aluminum plates on
the top layer.



R.F. Canadas et al.
2.5. Microtomographic X-rays-computed analysis

Ice crystals were measured on the obtained dried structure using X-
ray computed microtomography (micro-CT) analysis in a SKYSCAN
1072 (Bruker, Massachusetts, USA). The structure separation, equiva-
lent to crystal size, was assessed and averaged for the three freezing
groups (—196, —80, and —20 °C; N = 5).

Fabricated structures were analyzed by micro-CT after freeze-drying.
Images were acquired by X-ray diffraction and then used for a 3D
reconstruction. The porosity architecture profile was analyzed, and pore
morphometric characterization was performed. 3D projections of the
specimens were produced. The 3D structures were acquired with a
SkyScan 1272 scanner (v1.1.3, Bruker, Boston, USA), with a pixel size of
10-20 pm. Approximately 200-600 projections were acquired over a
rotation angle of 360°, with a rotation step of 0.4°. Data sets were
reconstructed using standardized cone-beam reconstruction software
(NRecon 1.6.10.2, Bruker). The output format for each sample was
bitmap images. The representative data set of the slices was segmented
into binary images with a dynamic threshold of approximately 20 to
30-255 for the analysis of the polymeric structures (greyscale values —
optimized per sample and analysis). Then, the binary images were used
for morphometric analysis (CT Analyzer, v1.15.4.0, Bruker) and to build
the 3D models (CTvox, v 3.0.0, Bruker). When needed, samples were
vertically oriented in DataViewer (v1.5.2.3, Bruker) before proceeding
to CT Analyzer and CTvox. Pore morphometric analysis was performed
in 3D reconstructed volumes and the following main parameters
quantified:

e Pore size distribution: the distribution of pore size frequency,
meaning the frequency of pore diameter range. This pore size is
calculated based on the pore larger axis (larger diameter).
Interconnectivity: the interconnectivity was considered as the con-
nectivity in between two or more pores connecting the core of the
fabricated structure to the external space. In this particular case,
interconnectivity was considered for open pores with more than 40
pm since these structures were tested for biologic assays using human
cells approximated to 40 pm in diameter.

Degree of anisotropy: anisotropy is defined as a material’s direc-
tional dependence of a physical property, being a real number
varying from O to 1, from isotropic to anisotropic, respectively. In
this case, the directionality of pore and polymeric orientation de-
termines the anisotropic degree. As the number of unidirectional
pores increases, the degree of anisotropy increases. Opposingly,
isotropy increases as the random distribution of pore orientation
increases.

Pore eccentricity: in mathematics, the eccentricity of a conic section
is a non-negative real number that uniquely characterizes its shape,
varying from O (circular) to 1 (eccentric). In this particular case,
eccentricity was quantified on top cross-sections, varying from cir-
cular pore shape (eccentricity = 0), to elongated/eccentric pore
shape (eccentricity = 1).

Polymeric number: the polymeric number represents the number of
polymeric structures (pore walls) per unit of space (millimeter).
Usually, as pore size decreases, the polymeric number per millimeter
increases.

2.6. Structures pore orientation analysis using FIJI

Images collected with micro-CT, namely cross-sections of random,
linear, radial structures, and combinations thereof, were used in FIJI
[31]. First, greyscale images were converted into binary format. Then,
the Process tool “Subtracting background” was applied to all images. To
quantify pore orientation frequency, the Analyze tool “Directionality”
was applied, from —90 to 90° and the Local Gradient Orientation
method used (N = 6, deviation demonstrated as a confidence interval of
95%). When combinations of Linear-Radial, Linear-Radial-Linear, and
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Radial-Linear-Radial architectures were analyzed, three sections per
structure were independently created and quantified (N = 3, deviation
demonstrated as a confidence interval of 95%).

2.7. Dynamic mechanic analysis

The viscoelastic measurements were performed using a TRI-
TEC8000B dynamic mechanical analyzer (Triton Technology, UK) in the
compressive mode. Samples were cut into cylindrical shapes of
approximately 3 mm diameter and 3 mm thickness and immersed in
phosphate buffer solution (PBS) until equilibrium was reached (37 °C,
overnight). After equilibration at 37 °C, the DMA spectra were obtained
during a frequency scan between 0.1 and 10 Hz. The experiments were
performed under a constant displacement amplitude (50 pm), always at
37 °C. A small preload (0.005 N) was applied to each sample to ensure
that the entire structure surface was in contact with the compression
plates before testing, and the distance between plates was equal for all
structures being tested (n = 4).

2.8. Scanning electron microscopy (SEM)

The structures were analyzed by SEM (NanoSEM-FEI Nova 200, USA)
to assess their micro/nanoarchitecture. Prior to the microstructure im-
aging by SEM, specimens were coated with gold using a Fisons In-
struments Coater (Quorum/Polaron E6700, UK) with a current set at 18
mA, for a coating time of 120 s. SEM was performed to evaluate archi-
tecture morphology.

2.9. Cell isolation and culture

Fat pad-ASCs were isolated from human tissues obtained from Hof-
fa’s body removed during arthroscopic surgeries on male and female
donors with ages between 19 and 32 years, after informed consent,
under cooperation protocols established with Centro Hospitalar P6voa
do Varzim, and Clinica Satide-Atlantica. The study has been approved by
the Ethical Committees of Centro Hospitalar Pévoa do Varzim, Grupo
Satide-Atlantica and the University of Minho.

All the samples were processed within 24 h after the arthroscopic
procedure to the knee. hASCs were isolated following an enzymatic
digestion-based method with type II collagenase (Sigma) and were
characterized by flow cytometry (figure S3). The extracted tissue was
placed in PBS solution and washed several times with PBS containing 1%
(v/v) antibiotic/antimycotic (AB) mixture, until total removal of blood
and cut into small pieces. Tissue digestion was performed by incubation
at 37 °C in a humidified atmosphere of 5% CO5 for 10 h in a 10-20 mL
1:1 mixture of Minimum Essential Media alpha (MEM alpha, Invitrogen)
supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% AB
mixture, with type II collagenase 0.15% (w/v) in PBS. The digested
tissue was filtered, and the obtained cell suspension was centrifuged at
300 g for 5 min. The hASCs were selected by plastic adherence and
expanded in a-MEM medium supplemented with 10% FBS and 1% of AB
mixture.

Human Hoffa’s body isolated ASCs were seeded in a concentration of
5 x 108 cells per scaffold, half on its top and half on its bottom surfaces,
and cultured for 21 days in the different architectures using a 24-well
suspension culture plate (VWR). When co-cultured with GFP-
expressing hUVECs (Lonza, Switzerland), the total amount of 5 million
cells were kept using a ratio of 1:4 ASCs:hUVECs. Cells were cultured
with a combination of 1:4 hepatic medium and EGM-2 (Lonza),
respectively. The fraction of hepatic induction medium was DMEM low-
glucose (Sigma) supplemented with 20 ng/mL HGF (Sigma) and 10 ng/
mL bFGF (PeproTech, UK), nicotinamide 0.61 g/L (Sigma), for 7 days
(induction period), followed by the maturation medium, consisting of
DMEM low-glucose supplemented with 20 ng/mL oncostatin M (Sigma),
1 mol/L dexamethasone (Sigma), and 50 mg/mL Insulin-Transferrin-
Selenium (ITS, Alfagene, Portugal), 1% AB, for more 14 days
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(maturation period). Medium changes were performed twice a week. On
day 21, cell culture was ended to perform immunocytochemical anal-
ysis. Each architecture formulation was compared against each other.

2.10. Immunostaining and quantification

ASCs (red) were live stained using CellTracker™ CM-Dil Dye
(Thermo-Fisher). Samples from the in vitro assays were fixed with 10%
formalin for 20 min at room temperature and washed with PBS. The blue
fluorescent 4’,6-diamidino-2-phenylindole (DAPI) was used at 0.02 mg/
mL final concentration, 1:1000 (v/v) dilution, as a nuclear counter-
staining. After washing, 3D constructs were visualized with a trans-
mitted and reflected light microscope (Axio Imager Z1m, ZEISS). Anti-
Osteopontin antibody (ab8448) was used for OPN detection. The sec-
ondary antibody Alexa Fluor 594 Donkey Anti-Rabbit IgG (H + L)
(Thermo Fisher, USA) was used to label the biomarker fluorescently.
hUVECs were expressing GFP (Lonza) to track endothelial segments
formation over 21 days.

2.11. Confocal microscopy

Images were acquired using an inverted confocal laser scanning
microscope TCS SP8 (Leica Microsystems, Wetzlar, Germany). Fluo-
rescently stained cells cultured in the random, linear, and radial scaf-
folds architecture were assessed by confocal microscopy and 3D
reconstructed (LAS X software, Leica). The samples were observed by
using fluorescence Aex = 358 nm Aep, 461 nm for nuclei stained by DAPI,
and Aex = 540 nm Aem = 565 nm for rhodamine phalloidin stained F-
actin.

2.12. CYP450 activity quantification and cell morphological analysis

P450-Glo™ Assay (Promega, Wisconsin, USA) method was applied
to measure cytochrome P450 (CYP) activity. A CYP enzyme and a P450-
Glo™ substrate were combined in potassium phosphate (KPO4) buffer
with or without a test compound of interest, and the reaction was
initiated by adding an NADPH regenerating system, following the in-
structions provided by the supplier. 25 pl of the mixture was combined
with an equal volume of test compound solution to give one-half of the
final reaction volume in a 96-well plate. The reaction was initiated by
adding two volumes of 2X concentrated NADPH Regeneration System.
Then, an equal volume of Luciferin Detection Reagent was added to
simultaneously stop the CYP reaction and initiate a luminescent signal
that is proportional to the amount of CYP activity. Signal was allowed to
stabilize for about 20 min at room temperature before reading lumi-
nescence on a luminometer microplate reader (Synergy HT, BioTek In-
struments, USA). The blank control was performed on scaffolds without
cells incubated with the same reaction mix. The concentration of d-
luciferin generated by CYP in P450-Glo™ Assays was determined by
comparing luminescence from CYP reactions to luminescence from a d-
luciferin standard curve. By comparing signals from CYP reactions to
those from d-luciferin standards, the P450 activity was quantified (N =
6).

While cell orientation was assessed using the FIJI tool “Direction-
ality”, cell morphology was analyzed using the tool “Analyze Particles”.
Microscopic images were converted into binary images, despeckled,
bright and dark outliers up to 5 pixels were removed. The cell body was
quantified between 300 and 3000 pm? to avoid artifacts and aggregated
cells, while nuclei were identified between 30 and 300 pm?. Objects
touching the image borders were excluded. The endothelial network,
more specifically the major segments, branches, and meshes, were
identified and quantified with the FLJI plugin Angiogenesis Analyzer.
The previously described image treatment was applied to greyscale
images for endothelial network identification. Confocal images were
obtained, and 3D reconstructed. Different thin slices along the con-
structs were used for imaging and quantification.
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2.13. Statistical analysis

The investigated parameters were expressed as mean + standard
deviation, confidence interval, or standard error of the mean. Not-paired
two-tailed Student’s t-tests, One-way, and Two-way analysis of variance
(ANOVA) with Tukey test, were performed to determine the significance
of the results, and a p-level < 0.05 was considered statistically signifi-
cant. Statistical analyses were carried out with Microsoft Excel 2016 and
GraphPad Prism 9 for Windows.

3. Results
3.1. Device development for controlled ice nucleation and growth

To precisely control the ice crystal growth orientation in freezing
gels, we developed the 3DICE, a system to thermally fabricate 3D porous
architectures in cryogels. The 3DICE (Fig. 1A-i) consists of an acrylic
box where series of metal or plastic layers, or both, sit in (Fig. 1A-ii). The
aluminum metal plates, 237 W/(m-K) thermal conductivity, and the
polyvinyl chloride (PVC) plastic ones, of thermal conductivity ranging
from 0.14 to 0.28 W/m.k, of custom positioning in the device, were
idealized to test the hypothesis of controlling the ice crystals growth in
specific orientations based on the different thermal conductivity existing
in contact with a water-based gel (Fig. 1A-iii). The thermal conductivity
of each plate controls the ice crystal growth orientation radially or
vertically/linearly during the gel freezing. When a region is isolated by a
low thermal conductivity plate, the ice crystals grow vertically. When a
region of the gel is surrounded by a highly thermal conductive metal
plate, the ice crystals grow radially towards the plate.

To assess the ice-crystal formation process in hydrogels crosslinked
by visible light and calcium ions, using the developed system, blended
methacrylated gelatin (GelMA) and low acyl gellan gum (GG) were
injected in the central hole of the 3DICE when fully surrounded by
Styrofoam before freezing. Pure GG was also tested, proving the versa-
tility of the system for different gel polymeric compositions (figure S2).
Temperatures of —20 °C, —80 °C, and —196 °C were applied and the
geometry of ice nucleation was qualitatively assessed (Fig. 1B-i). The
resulting porous structures were characterized by a decreasing total
porosity and interconnectivity with the decrease of freezing temperature
(Fig. 1B-ii). While the bi-dimensional pore shape eccentricity was not
influenced by the processing temperature (Fig. 1B-iii), the pore size
significantly decreased as the freezing temperature was lowered (p <
0.05; Fig. 1B-iv). Still, regarding the structure shape, the structure
model index indicated that when applying a —20 °C freezing step, the
surface of polymeric structures was significantly characterized by planar
and rod/cylindrical geometries, while at —80 °C it was mainly composed
by planar plates, and when using —196 °C freezing temperature, the
obtained inner polymeric surfaces were concave (Fig. 1B-v). The fractal
dimension also corroborates that the shape of the inner structure was
mainly composed of planar plates, which tended to become more com-
plex when frozen at lower temperatures. The number of polymeric
structures composing the whole fabricated structure, and its connec-
tivity, increased as the applied freezing temperature decreased
(Fig. 1B-vi). All these geometrical parameters were directly influenced
by the formed ice-crystals during the freezing step of the hydrogel
conversion into cryogel, which directly varied with the temperature
(Fig. 1B-vii). Additionally, a linear regression was performed to fit the
ice crystal size varying with the controlled freezing temperatures. The
obtained regression equation is: y = 0.0015x + 0.3575. The units of the
variables are millimeter for y, and Celsius degree for x. The fit had a
resulting R value of 0.997. A positive R value indicates that as the
freezing temperature increases the ice crystal size also increases, and an
R close to 1 shows that knowing the value of the first variable allows
perfect prediction of the second one.
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Fig. 1. Developed device for controlled ice-templating and 3D pore geometry. (A) The 3DICE composed of sequences of metal and plastic-based plates of
different thermal conductivities was fabricated to test the hypothesis of controlling ice crystals morphology and guide its growth in cryogels. Photography of the
device demonstrates (i) how different plates are inserted inside a mold with a central hole for gel injection (scale bar = 1 c¢m). (ii) A lateral view of the 3DICE
demonstrates the thickness (2.5 mm) and a series of plates, which can be easily adapted and customized (scale bar = 1 cm). (iii) The lateral representation of a cross-
section of the 3DICE demonstrates the specific dimensions and customizable set of plates. According to our hypothesis, the schematic shows the hypothesis of the ice
crystal formation guidance (i.e. radially by the metal plates and vertically by the plastic plates). (B) A first test performed with a gel fully covered by Styrofoam to
induce random ice crystal formation at the three different temperatures was performed. The 3D reconstruction and assessment of the formed porosity induced by
random ice crystal formation at —20, —80, and —196 °C (i) showed the crystal distribution and shape in the 3D hydrogel space (scale bar = 500 pm). The applied
temperatures of —20 °C, —80 °C, and —196 °C controlled the (ii) amount of total porosity and interconnective pores (for cell biology applications we have considered
>40 pm interconnective space diameter in between pores), (iii) ice crystal mean 2D eccentricity, (iv) pore size and polymeric wall thickness, (v) 3D pore shape
indexes - structure model index and fractal dimension, (vi) the number of polymeric walls and connective pores per unit of space, and (vii) the average ice crystal
size formed at the three different temperatures during the freezing step. A linear regression was used to fit the ice crystal size dependence on freezing temperature.
The regression equation and its R value are indicated. Data shown as Mean + SD, N = 6, *p-value < 0.05.

3.2. Tuning pore geometry and size in 3D random, linear, and radial
orientations

Three specific architectures of 3D porous structures were tuned by
the 3DICE composition in metal or plastic molding plates (Fig. 2). After
freeze-drying, random, linear, and radial scaffolds (classification ac-
cording to the longitudinal section) were produced when Styrofoam,
plastic plates, and metal plates were applied, respectively. Although
radial orientation was observed from the top view, the formed porosity
in the “linear” configuration resulted in pores vertically interconnected
through the scaffold (longitudinal section), while the formed porosity in
the “radial” configuration resulted in parallel radial plates through the
structure (longitudinal section). In more detail, while Styrofoam was
used to produce random isotropic porous structures (Fig. 2A—i), multiple
PVC or aluminum plates were applied to linearly/vertically (Fig. 2A-ii)
or radially (Fig. 2A-iii) guide the pore formation through the longitu-
dinal section of the resulting structures, respectively.

To control the pore size distribution of the fabricated 3D structures,
the strategies described above were processed under —20 °C, —80 °C,
and —196 °C. The mean pore size tended to decrease as the freezing
temperature decreased, by tuning the ice crystal nucleation. At —20 °C,
the mean pore sizes of random, linear, and radial architectures were

407, 329, and 335 pm, while freezing at —80 °C resulted in 273, 263, and
224 pm, respectively. When the lowest temperature was reached,
—196 °C of liquid nitrogen, the observed mean pore sizes were 75, 80,
and 64 pm, respectively.

3.3. Anisotropy, translucency, and mechanical response of random,
linear, and radial architectures

To compare the obtained architectures, using X-ray computed
microtomography (micro-CT), the degree of anisotropy was quantified
for the applied freezing temperatures. Generally, linear (—20 °C = 0.5;
—80 °C = 0.6; —196 °C = 0.5) and radial architectures (—20 °C = 0.4;
—80 °C = 0.6; —196 °C = 0.4) presented higher degree of anisotropy
compared to the random one obtained through isotropic freezing
(—=20 °C = 0.4; —80 °C = 0.4; —196 °C = 0.3; Fig. 3A-i). The specific
architectures maintained similar porous arrangements, but reduced pore
size as the freezing temperature decreased (Fig. 3A-ii). The 2D geometry
of the pores was calculated as more elongated at —20 and —80 °C
(Fig. 3A-iii), once the number of polymeric walls was lower per unit of
space when compared to —196 °C (Fig. 3A-vi).

To test the dependence between translucency and dynamic me-
chanical response with structure architecture, visible light spectroscopy,
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by means of using: a) complete isolation of the gel by Styrofoam, or by configuring the 3DICE system with b) plastic and c) metal plates, respectively (scale bar = 500
pum). (B) Pore size was controlled by means of varying freezing temperatures, i.e. —20, —80, and —196 °C, applied during the freezing step to proportionally decrease

the pore size. Data are shown as Mean + SD (N = 6).

and DMA were performed, keeping the polymeric composition and
concentration constant (Fig. 3B-i). Radial porous architecture resulted
in increased light transmittance. Similarly, larger pores led to increased
light transmittance, enhancing structure translucency. When a dynamic
force was applied on the top of the structures at increasing frequencies,
the storage modulus of the linear architectures was higher than of the

random and radial ones (Fig. 3B-iii). On the other hand, the tan & re-
action to dynamic compression at higher frequencies in random and
radial architectures was higher than in the linear one (Fig. 3B-iv). Pore
arrangement was additionally demonstrated by magnified imaging ob-
tained through SEM, showing the random, linear, and radial microscopic
architectures (Fig. 3B-v).
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(v) Scanning electron microscopy (SEM) micrographs showing the pore arrangement. Data shown as Mean + SEM (*p-value < 0.05; **p-value < 0.005;

< 0.001).

3.4. Coding pore orientation into multidirectional 3D architectures

In Fig. 4, different schemes for controlling the formation of random,
linear, and radial porosities are shown (Fig. 4A-i). So, to code specific

“p-value

architectures in cryo-gels, GelMA-GG gels were injected into the mold
and crosslinked using visible-light. While Styrofoam was used to pro-
duce (ii) random porosity, compiled PVC or aluminum plates were used
to generate (iii) linear, or (iv) radial porosities, respectively.
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To generate complex multidirectional 3D pore architectures, specific Radial were verified.
configurations of intercalated metal and plastic plates were inserted into Overall, when pore orientation was predominantly vertical, the
the 3DICE before gel injection and crosslinking to produce specific se- directionality frequency graphs showed two peaks at —90 and 90°, as
quences of pore orientation (Fig. 4B-i). These results demonstrated the observed in Fig. 4-A and -B, ii), iii), and iv). Opposingly, when the pore
control over the orientation of porosity along the Z-axis. Sequences of orientation was predominantly radial, directionality graphs were rep-
(ii) Linear-Radial, (iii) Linear-Radial-Linear, and (iv) Radial-Linear- resented by one peak at 0°, or two peaks between 0 and 45°. Vertical
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Fig. 5. Cell and nucleus orientation and shape dependence on matrix random, linear, and radial 3D orientation. (A) Macroscopic images of the cultured
constructs were obtained and represented. (B) Human ASCs were cultured into the (i) Random, (ii) Linear, and (iii) Radial scaffolds architectures and imaged. ASCs
(red) were stained using CellTracker™ CM-Dil Dye and DNA (blue) immunostained with DAPI for nuclei observation. Cell orientation was assessed with FIJI
‘Directionality’ tool and plotted (N = 5, scale bar = 100 pm). (C i) Cell distribution and shape were 3D reconstructed with confocal microscopy. Isolated (C ii) nuclei
and (C iii) cell body were identified (C iv) for morphological characterization using FIJI ‘Analyze Particles’ tool (scale bar = 100 pm). (D) Nucleus and cell body
morphological characterization was represented with (D i) area, (D ii) major axis, (D iii) circularity, and (D iv) aspect ratio. Data are shown as Mean + SEM.
Statistical significance is represented as *p < 0.05, ***p < 0.0002, ****p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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orientation was predominantly stained with red and pink colors, while
radial orientations was demonstrated with blue or green ones, according
to the colour wheel on the right side of Fig. 4.

To assess the pore geometry, cross-sections along the Z-axis were
performed at three different heights in the different formulations
(Fig. 4C), showing the control over directionality obtained when
applying the developed ice-templating strategy in cryogels. Importantly,
the authors observed a better experimental outcome/control when
fabricating linear-radial and linear-radial-linear architecture than the
radial-linear-radial one.

3.5. Cell and nucleus orientation and shape in response to matrix
architecture

To understand how the fabricated architectures would influence
human cell behavior, human adipose-derived stem cells (hASCs) from
Hoffa’s body were cultured into the random, linear, and radial porous
arrangements. Macroscopic images of the cultured constructs were ob-
tained and represented in Fig. 5A. Cell morphology and arrangement at
the microscale were assessed, showing different shapes depending on
the scaffolds architecture (Fig. 5B, ii, and iii, respectively). Fig. 5B also
demonstrated that cell orientation was directed by 3D porosity. Cell
proliferation in the different architectures was represented in figure S4,
showing higher cell proliferation in the condition of radial architecture.
This result was also experimentally observed since the conditions of
radial and random architectures demonstrated larger medium and cell
retention during seeding than the linear one. Additionally, cell nuclei
and cytoskeleton morphologies were assessed (Fig. 5C), demonstrating
that nucleus (124 pmz) and cytoskeleton (837 pmz) areas were slightly
increased in linear architecture (Fig. 5D-i), also reflected in the
respective major axis (nucleus: 16 pm in linear porosity, 18 pm in radial
porosity; cytoskeleton: 56 pm in linear porosity), as represented in
Fig. 5D-ii. Regarding shape descriptors, nuclei were more elongated in
the radial than other evaluated architectures. Cell bodies were more
circular in random and elongated in linear architectures, as demon-
strated by circularity (Fig. 5D-iii) and aspect ratio assessments
(Fig. 5D-iv).

3.6. Hepatic biomarkers expression from cell co-cultures in random,
linear, and radial 3D architectures

As a final goal, hASCs and human umbilical vein endothelial cells
(hUVECs) were co-cultured under hepatogenic conditions into the
different porous architectures. The influence of porous architectures in
cell orientation was also shown in co-cultures, as represented in
Fig. 6A-i. Cell orientation was also quantified (Fig. 6A~ii), showing the
distribution frequency of cellular angle in the three porous arrange-
ments. hASCs co-cultured with hUVECs in the random scaffolds showed
no peak of orientation, meaning an isotropic cellular orientation, while
the linear and radial scaffolds directed cells to organize anisotropically,
as demonstrated by the peak at ~0° and ~60°, respectively.

Furthermore, the endothelial segments formed by hUVECs were
assessed, as represented in Fig. 6A-iii. The formation of segments,
meshes, and branches was plotted, showing the formed networks in
random, linear, and radial architectures.

To study the correlation between cellular arrangement and pheno-
typic variations hepatic biomarkers were assessed [3]. Specifically, cy-
tochrome P450 (CYP450) activity (health biomarker [33,34]),
osteopontin (OPN, cirrhosis biomarker [35]), and endothelial network,
which is affected by liver health and fibrotic conditions [36] were
assessed (Fig. 6B-i). The area occupied by cells at day 21 was also
assessed in the three different architectures, showing significantly
increased confluency in random and radial scaffolds (p < 0.05;
Fig. 6B-ii). The endothelial network was analyzed through the quanti-
fication of master segments, meshes, and branches (Fig. 6B-iii). While
master segments of endothelial cells were predominantly present in the
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linear organization, meshes and branches were significantly increased in
the radial architecture (p < 0.005).

OPN was immunostained in the co-cultured cells per conditions
(Fig. 6B-iv), and its presence was assessed in the different architectures.
Although a slight increase was observed in the linear condition, no
significant differences were noted (Fig. 6B-v). The hepatic CYP450 in-
dicator showed a significantly increased activity of the cytochrome by
cells cultured in radial compared to the linear (p < 0.001) and random
(p < 0.005) arrangements (Fig. 6B-vi).

Importantly, the authors consider that an accurate analysis of the
biological results observed in Fig. 6 indicates that the different archi-
tectures induce varied cellular confluence and organization, which seem
to influence CYP450 activity (normalized data), rather than a direct
correlation between the macro-architecture and the presence or activity
of these biomarkers (osteopontin expression and CYP450 activity).

4. Discussion

In the present work, the main aim was to develop and study a new
system and methodology to enable the coding of multidirectional pore
orientation into cryogels. Beyond the potential for broader applications,
the disclosed results reveal the fabricated multidirectional structures
composed of architectures with directed linear and radial pore orien-
tations and combinations thereof. The effect of the 3D porous archi-
tectures on cell morphology, hepatic biomarkers, and the endothelial
network is herein demonstrated.

First, the 3DICE, an ice-templating system, was developed. Ice-
templating has been reported in the state-of-the-art as a top-down
fabrication method. So far, diverse ice-templating strategies and de-
vices were reported for varied applications, which are limited in con-
trolling multidirectional pore orientation and 3D-coded porosity. While
Pawelec et al. (2015) and Moreira et al. [37] developed devices to
control pore size and geometry by applying ranges of freezing temper-
atures [26], Stolze et al. (2016) produced porous electrodes for organic
batteries by an ice-templating approach, revealing that the pores were
well structured and aligned in parallel [38]. Following the same ratio-
nale, Naviroj et al. (2017) recently disclosed a metal mold to produce
scaffolds composed of long linear pores [24], which slightly revealed the
potential use of ice-templating to organize porosity in more than one
axis. In this trend, Tang et al. (2016) demonstrated that multiple pore
orientation could be achieved in the horizontal plane of the cryogel
[39], and Zhang et al. (2020) showed that wettability can be used to
better control aligned and circular lamellar plate growth [40]. However,
there are no reports of directional coding of pores in multiple orientation
at specific regions of a single structure. So, the urge for multidirectional
living tissue engineering led to the development of multiple alternative
strategies to control hydrogels 3D arrangement, such as 3D printing [41]
or bioprinting [42,43], and magnetic assembling [44] as the most
promising fabrication mechanisms. Although the control over 3D
hydrogel arrangement is the main advantage of these techniques over
the state-of-the-art of ice-templating, fiber fusion, poor control at the
nano- and micro-scale, as well as structure collapsing are the main
drawbacks still to be solved. In the present work, the controlled for-
mation of specific architectures was demonstrated with two and three
pore geometry/orientations towards multiple axis. This way, a multi-
directional control over porosity architecture was obtained using 3DICE
to improve ice-templating, fabricating porosity with controlled orien-
tation into horizontal and vertical axis at the sub-millimeter scale for the
first time, with pores ranging from 64 nm to 454 nm.

Strikingly, storage modulus and tan 6 were proven to directly depend
on 3D pore architecture, while keeping the same polymeric content.
More specifically, the storage modulus increases from random and radial
pore orientation to the vertical one, meaning that when the applied force
vector has the same orientation of the porosity, the required energy to
destroy the structure is the highest. On the other hand, the tan § de-
creases inversely proportional to the storage modulus, demonstrating
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Fig. 6. Co-cultured cell orientation, endothelial networks formation, and hepatic biomarkers expression in random, linear, and radial 3D architectures.
(A i) Co-cultures of hASCs and hUVECs were performed and the cellular orientation of stem (red) and endothelial (green) cells were plotted. ASCs (red) were stained
using CellTracker™ CM-Dil Dye, while hUVECs (green) were positively expressing Green Fluorescent Protein (GFP). (A ii) hASCs and hUVECs orientations in the
three different architectures were plotted (Data are shown as Mean + SD; N = 6; scale bar = 50 pm). (A iii) The formed endothelial network in the different ar-
chitectures was analyzed per condition. The tubular segments were identified in the microscopic images using the Angiogenesis Analyzer tool [32] for FIJI [31].
Yellow lines represent the master segments, tubes that connect together to different junctions; green lines represent branches; light blue surrounding the master
segment is the mesh; dark blue represents isolated tubes; red circles represent the master junction points. (B i) Hepatic biomarkers were assessed, namely the CYP450
(health biomarker) and osteopontin (OPN, cirrhosis biomarker), as well as the quantification of the endothelial network. (B ii) The area occupied by the population of
cells was also quantified, represented as cell confluence per condition. (B iii) The endothelial major segments, meshes, and branches were quantified per architecture
and plotted. (B iv) OPN protein (hASCs are red, hUVECs green, OPN yellow) was assessed in the co-cultures applying anti-OPN immunostaining (scale bar = 50) and
(B v) quantified with FIJI (N = 6). (B vi) The CYP450 activity was quantified using the Cytochrome P450 Reductase Activity Assay Kit on day 21 (N = 7). Data shown
as Mean + SEM (*p < 0.05, **p < 0.005, ***p < 0.001). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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that the recovery of the shape is enhanced by a 90° pore orientation
relative to the applied force vector. This observation was previously
described in the literature. Torres-Sanchez et al. (2018) reported that
high aspect ratio pores loaded perpendicularly to the alignment direc-
tion, weakened the structure when compared to spheroidal voids for
equivalent volumetric porosities [45]. Additionally, Hyun et al. (2004)
compared the parallel and vertical tensile stress of linear porosity,
concluding that both yield and ultimate tensile strength of specimens
with cylindrical pore orientation parallel to the tensile direction are
much higher than that perpendicular one [46], while Seuba et al. (2016)
and Canadas et al. (2018) showed that isotropic structures have lower
strength than the anisotropic ones [6,47]. The parallel alignment of the
walls with the load allowed an optimal distribution of the stresses and
prevented the bending of the struts at lower loads. Here, we confirmed
these observations using a structure produced in the 3DICE from a
cryogel crosslinked using visible light as the trigger. Beyond the re-
ported results, we additionally correlated the radial pore orientation
with the mechanical response to compressive stress (low storage
modulus, high tan ).

Then, the ability to code pore orientation within multidirectional 3D
architectures was tested by intercalating thermally conductive and
insulating plates around the hydrogel mold in the 3DICE. Interestingly,
we found that double- and triple-multidirectional pore orientations were
obtained with the following configurations: Linear-Radial, Linear-
Radial-Linear, and Radial-Linear-Radial pore orientation along with the
structure Z-axis. In previous studies [15], the conductivity of the sur-
rounding material was tested to obtain specific pore orientation and
shape. However, the fabrication of multidirectional structures composed
of specific pore orientations along the Z-axis was described for the first
time in the present study, using the 3DICE to obtain a continuous
structure composed of pores coded into multiple orientations, and
unlocking further potential for the ice-templating top-down fabrication
methodology. This way, not only specific porous architectures are
possible to obtain in 3D cryogels, but also specific mechanical properties
are tuned along the Z-axis by correlation with the results observed using
the dynamic mechanical analysis described above.

Finally, the produced structures were tested with different cell types
in single- and co-cultures. hASCs single cultures were used to study cell
distribution and morphology, while the co-culture of hASCs and hUVECs
was assessed under hepatic differentiation process. The influence of
random, linear, and radial 3D architectures was demonstrated, having a
direct effect on cellular distribution and shape, guided by the different
artificial ECM 3D arrangements, as previously observed in 2D [48].
Importantly, previous works reported that macro-architectural cues
impact tissue infiltration, but also liver lobules enlargement during
ontogeny [10], SOX-9 presence in osteo-chondrogenesis [6], PSD-95
post-synaptic biomarker in cortex neural models [15], and lobular adi-
pose tissue influences progenitor cells fate [49]. Bone marrow mesen-
chymal stem cell surface marker CD105 expression was also shown
transient depending on the matrix architecture [50]. Still, there is a wide
gap about the influence of macro-architecture over biological function.
Strikingly, the hepatic lobules, focused in the present work as a
proof-of-concept, present a specific ECM architecture, as a radially
organized tissue [8,10], and the cell shape and size is controlled by pore
orientation, as herein demonstrated. Moreover, while endothelial seg-
ments were in larger number in the linear architecture, branches and
meshes were more present in the random and radial conditions
compared to linear porosity.

Additionally, CYP450 activity was significantly increased in the he-
patic differentiating hASCs when cultured in the radial pore architec-
ture, compared to the linear one, which activity is an indicator of liver-
specific function to assess the utility for drug metabolism, as previously
observed in 2D [8]. Interestingly, in a previous study, the liver function
was demonstrated to be more dependent on lobule architecture than
number [10]. However, in the present study the authors consider that
the macro-architecture is not the only factor directly inducing different
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CYP450 activity, but also the cell confluence and organization are
impacted by these architectures, influencing the cytochrome activity.
Finally, human OPN, a cirrhotic biomarker [35] and important hyper-
trophic indicator, was more expressed by cells cultured into the linear
pore orientation compared to the radial and random ones, which can be
indirectly correlated with the observed cellular macro-organization of
the natural tissue [8], as previously referred. Overall, a very different
biologic performance, namely cell adhesion, morphology, and
co-culture cellular distribution, was observed in the different
macro-architectures. For instance, higher cell confluence per surface
area was observed in the random and radial porous structures than in the
linear ones, which is of high importance for in vitro and in vivo scaffold
performance. Similarly, a higher number of endothelial meshes and
branches were present in these same conditions, revealing a relevant
indication for future vascularization studies. Although these results are
not related to specific biomarkers of the hepatic model, they seriously
impact engineered tissues, in general. Moreover, the hepatic lobule
functionality is significantly dependent on its vascularization, as
demonstrated by Debbaut et al. [51]. These lobuli vary in diameter from
1 to 2.5 mm, and the vascular septa and the anisotropic permeability of
the tissue are determinant factors to mimic unphysiological and path-
ological conditions. Thus, the future development of liver disease in vitro
models is supported by the outcomes of the present study, which dem-
onstrates the impact of 3D architectures in the hepatic biomarker, but
triggers the attention for further studies on tissue macro-architecture
and biomarker correlation.

As the main limitations, the obtained porosity of the fabricated
structures is randomly formed at the nanoscale level, requiring future
studies to improve the control over pore interconnectivity. Moreover,
the obtained layers of coded pore orientation are limited in thickness,
reaching a minimum of around 1.5-2 mm (still, in the range of the native
hepatic lobuli). In the future, solutions to overcome the described lim-
itations will be tested, namely by adapting the thermal reactivity/con-
ductivity of the gel.

5. Conclusions

The main aim of the present work was to develop a simple, cost-
efficient device to control 3D ice-templating in cryogels. More specif-
ically, the long-range control over pore multidirectional orientation in
water-based systems. In summary, the fabrication of continuous multi-
directional porosity sequentially coded by the 3DICE through 3D cry-
ogels was demonstrated. Beyond the simplicity of the device and
fabrication strategy, the disclosed method enables the control over pore
size, shape, and formation of multiple 3D porous architectures into three
main orientations, random/isotropic, linear, and radial, adaptable to
large-scale applications. Importantly, the method has broad utility in
diverse fields of the materials engineering area and unlocks the potential
of ice-templating to a different level than the technique’s current state-
of-the-art. In the present study, we focused on the biological use for
tissue engineering and in vitro hepatic models, demonstrating that ma-
trix macro-architecture controls cell distribution and morphology,
which impacts its phenotype by direct correlation of cell and nuclei
shape, hASCs orientation, and endothelial network, as well as CYP ac-
tivity and osteopontin presence. Overall, linear orientation was less
efficient to reproduce a biomimetic hepatic tissue in vitro, while radial
cellular organization not only improved endothelization branches, but
also the expression of CYP450, in co-cultures. Overall, from matrix
shape to cellular phenotype, the present work reports a step forward in
the control of ice-templating, at the millimeter to centimeter range, to
fabricate scaffolds for tissue engineering, raising the methodology to a
sophisticated level of multiple possibilities, increasing the potential of
the technique, and proving its importance to engineer hierarchical
tissues.
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