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Abstract

Purpose - To overcome the drawbacks of current clinical practices in breast reconstruction, tissue engineering is
currently the most promising field to create improved alternatives and new strategies. Biomaterials that mimic the
physico-chemical and biological properties of the native extracellular matrix (ECM), e.g. hydrogels, have been
characterized and seeded with cells, with the purpose of promoting the regeneration of tissues. In this study, a
new hydrogel blend was produced and characterized for adipose tissue regeneration purposes.
Design/Methodology/Approach - Blends of agarose and gelatin-methacryloyl (GelMA) were produced in different
weight percentage ratios (100:0, 75:25 and 50:50 of agarose:GelMA). Indirect 3D printed scaffolds and 2D discs
were fabricated and characterized in terms of physico-chemical and biological properties in the presence of adipose
tissue-derived stem cells (ADSCs).

Findings - Both scaffolds and discs presented a good gel fraction (>90% for most of the samples) and a swelling
degree >17% for all samples. In terms of stiffness, the results varied from 2.86kPa to 25.11kPa depending on the
testing conditions (i.e. testing temperature) and sample chemical composition. Rheology analysis showed that the
storage modulus was higher than the loss modulus, indicating a more elastic behavior. Moreover, the scaffolds
with GelMA could support cell adhesion and proliferation, with a viability higher than the control (i.e. tissue
culture plastic, TCP) by day 14 (118% and 128% for the ratios 75:25 and 50:50, respectively), showing that 50:50 is
the optimum ratio composition.

Originality/Value - The blend of agarose and GelMA presented in this study offers a new and promising approach
towards adipose tissue regeneration.

Keywords— Indirect 3D printing, Agarose, Gelatin-methacryloyl, Scaffolds, Adipose tissue-derived stem cells

I. Introduction ated with breast silicone implants or autologous

tissue, which are currently the clinical procedures

Tissue engineering is an appealing field to pro-  performed (Teixeira & Martins 2023, Biilow et al.
vide alternatives to current prostheses and im- 2023, Peirsman et al. 2023).

plants. To replace damaged tissues or organs, the Therefore, studies have been carried out in order

ideal solution would provide cell carriers with to develop biomaterials able to regenerate breast

similar mechanical properties as the targeted tis- tissue, mainly composed by adipose, glandular

sue. For instance, in breast reconstruction, tissue . .
and fibrous tissues

engineering can overcome the drawbacks associ-
To regenerate a specific tissue, the biomaterial

*Corresponding author: pmartins@unizar.es used has a fundamental role since its mechanical



and chemical properties will affect cell adhesion,
proliferation and differentiation (O’Halloran et al.
2018, Aliabouzar et al. 2018, Cleversey et al. 2019,
Donnely et al. 2020, Zhou et al. 2020). In the
case of adipose tissue regeneration, natural poly-
mers such as hydrogels (e.g. gelatine, alginate
(Biilow et al. 2023)) have been widely investigated
due to their biocompatibility, low inflammation
and suitable mechanical properties, mimicking ac-
curately the natural extracellular matrix (ECM)
(O’Halloran et al. 2018, Zigon-Branc et al. 2019,
Bramhe et al. 2024). In literature, hydrogels de-
rived from gelatin have been widely studied for
this purpose (Ovsianikov et al. 2010, Van Hoorick
et al. 2015, Markovic et al. 2015, Tytgat et al. 2019,
Van Damme et al. 2020). Their physical properties
mimic adipose tissue, being able to promote cell
adhesion, proliferation and differentiation.

Even though agarose is not commonly reported
as a solution for adipose tissue regeneration, a
previous study showed that an agarose phantom
also mimics the mechanical properties of adipose
breast tissue (Teixeira & Martins 2020). Agarose
is a natural linear polysaccharide that presents
tunable mechanical properties, self-gelling prop-
erties, controllable permeation to oxygen and nu-
trients, mimics the physical properties of ECM, is
biocompatible, is electrically neutral and exhibits
swelling behavior (Dravid et al. 2022, Zarrintaj
et al. 2018, Jiang et al. 2023). However, it is a bio-
material that exhibits poor cell interaction since
it does not have native ligands for cells to attach
(Awad et al. 2004, Imani et al. 2012). Therefore,
it is an inert material, which is a major draw-
back when using it for the regeneration of a tis-
sue. To overcome this disadvantage, some authors
have added gelatin, since it is a natural hydro-
gel with cell-interactive properties (i.e. it contains
tripeptide Arginine-Glycine-Aspartic acid (RGD)
sequences in its structure, which interacts with
cell surface integrins (Van Hoorick et al. 2015))
(Dravid et al. 2022, Imani et al. 2012). Dravid et al.
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(2022) focused on extrusion-based printing and
developed an agarose-gelatin bioink, testing and
characterizing different polymer concentrations.
All the bioinks showed rheological, mechanical
and swelling properties suitable for 3D printing
and cell encapsulation, exhibiting shear-thinning
and pseudo-plastic behavior. Using SH-SY5Y cells,
which differentiated into neuronal-like cells, the
cell viability was higher than 90% for all bioinks.
In addition, by combining agarose with gelatin
at different weight percentage ratios, Imani et al.
(2012) proposed a cell encapsulation approach for
cryopreserved hamster ovary cells. The ratios of
75:25 and 50:50 of agarose to gelatin showed the
best gel point, near body temperature, and formed
microcapsules with high encapsulation resistance
(more than 90% of the microcapsules remained
intact). Cell viability was for most of the ratios
higher than 90%, being the maximum result for the
ratio 50:50, followed by the ratio 75:25. In terms
of cell adhesion and growth, it was observed that
these decreased upon increasing the agarose con-
centration since cells tended to aggregate more on
the hydrogel surface.

Using adipose tissue-derived stem cells (AD-
SCs), commonly used for adipose tissue regen-
eration (Peirsman et al. 2023), Awad et al. (2004)
compared their chondrogenic differentiation us-
ing agarose, alginate and gelatin scaffolds. In
the agarose and alginate scaffolds, the cells exhib-
ited a spherical morphology, while for the gelatin
scaffold, the cells had a fibroblast-like morphol-
ogy. In chondrogenic conditions, agarose scaffolds
presented significantly lower biosynthesis rates
of proteins and proteoglycans, as quantified by
[3H]-proline and [35S]-sulfate incorporation, re-
spectively. Also, in chondrogenic conditions, the
DNA and hydroxyproline contents were higher for
the gelatin scaffolds on days 14 and 28, while there
was no significant difference between scaffolds for
sulfated glycosaminoglycans. In terms of mechan-
ical properties, all scaffolds showed a viscoelastic



behavior, with the equilibrium shear modulus and
complex shear modulus increasing over time for
all scaffolds, being significantly associated to the
increase in sulfated glycosaminoglycans content.
The equilibrium compressive modulus decreased
between days 0 and 14 for the agarose and alginate
scaffolds, and increased over time for the gelatin
scaffolds, being related to the hydroxyproline con-
tent.

Gelatin is an interesting hydrogel since it is
bioresorbable (Bulcke et al. 2000), biocompatible
and has low cost (Dravid et al. 2022, Xu et al.
2022). However, when used alone, due to the
low melting point (Bulcke et al. 2000), gelatin
forms weak structures (Imani et al. 2012) which
lack mechanical robustness (Dravid et al. 2022,
Li et al. 2023), being unstable and dissolved at
physiological conditions (i.e. 37°C) which is a lim-
itation for final applications (Van Hoorick et al.
2015, Xu et al. 2022, Bramhe et al. 2024). To pro-
duce chemically stable structures, methacrylation
(i.e. gelatin-methacryloyl, GelMA) is a strategy to
overcome the main drawback of gelatin, since the
melting point of GelMA is higher (Bulcke et al.
2000), allowing the development of stable struc-
tures at body temperature while maintaining the
biomimetic properties of gelatin.

Moreover, the design of hybrid biomaterials is
also a strategy, by combining hydrogels to high-
light the positive features and overcome the nega-
tive ones, achieving an improved solution. There-
fore, in this study, we combined GelMA with
agarose and studied its potential for tissue en-
gineering.

To the best of our knowledge, to date, there is
no information available in literature regarding
agarose-GelMA scaffolds seeded with ADSCs to
serve adipose tissue regeneration. Therefore, the
aim of this work was to develop and character-
ize structures constituting agarose-GelMA blends,
using different weight percentage ratios, to serve
adipose tissue regeneration.

II. Materials and Methods

i.  Materials

For this study, gelatin type B (isolated
from bovine skin) was supplied by Rousselot
(Ghent, Belgium). Agarose was purchased from
MP Biomedicals (QA- Agarose Multipurpose,
AGAP0100). Chloroform was acquired from
Chem-Lab NV (Zedelgem, Belgium). Dulbecco’s
Phosphate Buffered Saline (PBS), Dulbecco’s mod-
ified Eagle’s medium (DMEM), fetal bovine serum
(FBS), penicillin/streptomycin, Trypsin and Try-
pan blue were purchased from Gibco (Life Tech-
nologies, California). ADSCs (SCC038), calcein-
acetoxymethyl (Ca-AM), propidium iodide (PI),
methacrylic anhydride, D,O and Spectrapor dial-
ysis membranes (MWCO 12,000-14,000 Da) were
obtained from Merck Life Science BV (Hoeilaart,
Belgium). For the cell counting, a Burker’s cham-
ber (Marienfeld Superior, Thermo Fisher Scientific
Inc.) was used.

ii. Sample Preparation
ii.1. Development of Gelatin-Methacryloyl

GelMA was developed via reaction of gelatin
with methacrylic anhydride, following the pro-
tocol of Bulcke et al. (2000). Briefly, following
dissolution of 100 g (38.5 mmol amines) of gelatin
in 1 L of phosphate buffer (pH 7.8) at 40°C,
14.34 mL methacrylic anhydride (96.25 mmol) was
added under vigorous stirring. After 1 hour of
reaction, dialysis against distilled water was per-
formed for 24h at 40°C, in order to remove the
unreacted methacrylic anhydride and the formed
methacrylic acid (a side product of the reaction).
The GelMA obtained was then frozen at -20°C and
freeze-dried. The degree of substitution, defined
as the percentage of amino groups that were mod-
ified, was measured using 'H-NMR spectroscopy
at 40°C in D,0O in a Bruker WH 500 MHz NMR
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spectrometer.

ii.2.  Blend Solution Preparation

A solution of 3% w/v agarose (quantity empir-
ically chosen to guarantee scaffolds printability)
with 10% w/v GelMA (being the best compro-
mise between scaffold integrity and cell viability
(Van Hoorick et al. 2015)) was prepared in differ-
ent ratios (100:0, 75:25 and 50:50 (v/v) of agarose
to GelMA) at a final volume of 50 mL. Firstly,
the agarose was dissolved in double-distilled wa-
ter (ddH,O) at 90°C and GelMA was dissolved
in ddH,O at 40°C in a separate flask. The pho-
toinitiator Li-TPO-L at 4% mol (with respect to
the methacrylamide moieties) was added to the
GelMA solution and the mixture was mixed until
homogeneous. The GelMA with the photoinitiator
blend was finally added to the agarose at 50°C.
The photoinitiator LAP was synthesized following
the protocol of Tromayer et al. (2018).

i1.3. 2D Discs Fabrication

For the discs, the solution was poured between
two glass plates with a mold of 1 mm height in the
middle composed by circles of 14 mm diameter.
The discs were first placed in the fridge for physi-
cal gelation and then, they were photocrosslinked
for 30 minutes under UV-A irradiation (365 nm,
9.5 mW /cm?). These samples were characterized
in terms of mass swelling ratio, gel fraction and
rheology.

ii.4. 3D Scaffolds Fabrication

Polylactic acid (PLA) molds, with dimensions
of 10x10x10 mm?, pore size of 1x1 mm? and
linewidth of 1 mm, were produced using a Ul-
timaker 3 printer (Ultimaker, Gerldermalsen, the
Netherlands), via fused filament fabrication (FFF).
The CAD design corresponded to the negative
mold of the scaffold and was printed via the Cura
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13.06.4 software with a speed of 60 mm/s at 210
°C.

To facilitate the injection of material into the
mold, a surface treatment was applied to increase
the hydrophilicity of the PLA. For most of the
scaffolds, low-pressure plasma treatment (Diener
electronic, Germany) was applied using oxygen
during 2.5 minutes at 0.8 bar. However, prior to
mechanical testing, alkali treatment was applied
instead. According to Donate et al. (2021), the wa-
ter contact angle was similar to the one observed
for a PLA surface subjected to oxygen plasma
treatment and NaOH treatment. In this way, for
the mechanical characterization, the molds of PLA
were immersed in a solution of 1 N NaOH for 1h
at room temperature, then they were rinsed with
purified water, washed with 0.1 N HCl solution
and rinsed again with purified water.

After the surface treatment, the molds were sub-
merged in the final solution of agarose and GelMA
and the flask was covered with aluminum foil. Vac-
uum was performed a minimum of 3 times with
30 minutes interval between each time point, to
ensure sufficient penetration inside the molds and
removal of any air bubbles. Then, the scaffolds
were photocrosslinked under UV-A irradiation for
1h and then, placed in the fridge for 20 minutes to
ensure solidification of the agarose. Afterwards,
the scaffolds were put in a flask with chloroform
for PLA dissolution during 48h, with constant
stirring. The chloroform was changed twice a day.

The scaffolds produced were subjected to
physico-chemical characterization (i.e. mass
swelling ratio, gel fraction and compression tests)
and to biological characterization (i.e. MTS assay
and live/dead assay).

iti. Physico-Chemical Characterization
iii.1.  Mass Swelling Ratio

After incubating for 24h at 37 °C in ddH;O,
the swollen samples were weighed in the equilib-



rium state (W;). Then the samples were frozen
overnight, followed by lyophilization for 24h. The
dry sample was then weighted again (W;). Using
these two measures of mass, the mass swelling
ratio was calculated using the following equation:

Mass Swelling Ratio = Ws (1)
Wa

where W; is the swollen mass and W; is the dry
mass.

This characterization was performed on 3D scaf-
folds and 2D discs, using a minimum of 3 samples
for each test

iii.2.  Gel Fraction

First, the samples were placed in the freezer
for 24h, lyophilized afterwards and the dry mass
was obtained (Wp). Next, the samples were put in
ddH,O at 37 °C for 24h for equilibrium swelling
and were then lyophilized again for 24h. The new
dry mass was obtained (W) and the gel fraction
was calculated using the following equation:

Gel Fraction (%) = VV\\I;ie x 100 (2)
0

where W) is the initial dry mass and Wy, is the
dry mass after sample swelling.

This characterization was performed on 3D scaf-
folds and 2D discs, using a minimum of 3 samples
for each test.

111.3.  Pore Size Determination

The light microscope (Zeiss Axiotech 100
HD/DIC) was used to visualize the pores of the
scaffolds and control their quality, being the the-
oretic value of the cubic pores 1000 ym per side.
Optical microscopy images were obtained using
the ZenCore software and, afterwards, through
Image] software, the size of each pore (vertical
and horizontal central lines) was measured. For
each scaffold, the measurements were performed

in five faces, including the four lateral faces and
top face.

iii.4.  Compression Tests

To characterize the mechanical behavior of the
3D scaffolds, compression tests were performed
using a custom-made machine, composed by a
load cell of 10 N, an actuator with a load capacity
of 12 kg and a resolution of 3.05x10~* mm and
a flat-ended cylindrical indenter with a diameter
of 20 mm (Figure 1). The scaffolds were firstly
swollen in ddH,O for 24h at 37 °C and their di-
mensions (width x width xheight) were obtained
using a caliper. Then, a preload of 0.02 N was
applied and the samples were loaded at a constant
velocity of 10 mm/min. For each concentration, a
minimum of three samples were used. The tests
were performed under two different conditions:
(I) at room temperature, and (II) at 37 °C using a
saline bath.

[ ™
[ |
!

Load cell
10N

Indenter
@=20mm

Temperature
37°C probe

 Saline Bath

Figure 1: Mechanical set-up used to perform the mechanical tests.
The different components are represented, including the actuator,
load cell and indenter, which are common to the two testing condi-
tions. The temperature probe and the saline bath were only used
when the test was performed at 37 °C (figure by authors).



data force-

displacement data was acquired directly from the

Compression analysis The
machine software at a rate sampling of 100 Hz.
Due to fluctuations in the sampling, interpolation
was applied to regularize the data of individual
samples. In this way, the statistical treatment
could be carried out properly considering the
following:

1

L. it considers each experimental curve, c;

ie{l,.,n}:iineN

of the form
cj = (fj,d;)

with a total of
je{l,..m}:jmeN

experimental data points, as an individual

experiment

2. it considers that all the curves ¢’ describe the
same phenomenon, i.e. the same testing pro-
tocol is applied to (1) identical samples cor-
responding to the same agarose:GelMA ratio

After regularization via interpolation, it is pos-
sible to apply a point-wise statistical treatment to
the curves of a given concentration, calculating:

(a) amean curve c"**" representative of each con-

centration

(b) statistical quantities such as the standard de-
viation and the standard error of the mean

Through the mean curve ™", force-
displacement (f,d) can be converted to
stress-strain  (0,€), given that all samples

have the same geometry and material. Assuming
the stress-strain curve, the Young’s modulus
(Enean) was calculated (Equation 3) considering
the slope of the first linear region.
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Moreover, with the standard deviation of the
c"e, the curves corresponding to the upper and
bottom limits were obtained, i.e. ™" tstd and
cmean—std  Then, for each of these curves, the
Young’s modulus was calculated as well: E,;pq,45td
and E,;.q0,—sta, respectively. With these values, the
deviation associated to E;.,; was calculated as
the difference between them and E, e, In figure

below (Figure 2), an example is presented.

Siress (MPa)

Stress (MPa)

train

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Strain

Figure 2: An example of a mean stress-strain curve with the standard
deviation and the corresponding curves at the bottom and upper
deviations (full lines). A zoom in of the region of interest is presented
in the dashed box and it has represented the slope (i.e. Young’s
modulus, E) of each curve in the first linear region, 2.5-7.5% (dashed
lines) (figure by authors).

iii.5.  Rheology Analysis

Viscometry tests were performed on the solu-
tion of each concentration. 300 ul of solution was
poured in the bottom plate and the top spindle,
with a diameter of 25 mm, was lowered until reach
a gap of 0.3 mm. The viscosity, in mPa.s, was
recorded in a total of 30 points for a shear rate
from 0.1 to 1000 s~

In addition, rheology tests were carried out us-
ing swollen discs (diameter = 14 mm and heigh =
1 mm), which were placed in ddH,O at 37°C for



24h, to investigate the viscoelastic properties of
the material. The top spindle had a diameter of 15
mm and it was lowered until a force between 0.6
N and 1 N was reached. The loss modulus (G”),
storage modulus (G’) and complex shear modulus
(G*) were obtained for 50 points using a strain of
0.1% with an oscillation frequency ranging from
0.1 Hz to 10 Hz. Both analysis were performed
using a theometer Physica MCR-301 (Anton Paar,
Sint-Martens-Latem, Belgium), at 37 °C, with a
minimum of 3 samples.

iv. Cell Culture Experiments

The scaffolds were sterilized using ethanol
(EtOH) 70% for a minimum of 24h, for which
the EtOH solution was refreshed after 12h. Prior
to seeding, scaffolds were washed with phosphate-
buffered solution (PBS) for a minimum of 1h to re-
move all the residues of EtOH. For each time point,

3 scaffolds with dimensions of 5x5x5 mm?

were
used and placed in a non-treated 48-well plate, for
further sterilization using UV-C irradiation for 30
minutes. After that time, the cells were seeded at
a density of 50 000 cells per scaffold (30 pl of cells
solution) and the scaffolds were incubated at 37
°C for 1h to ensure cell adhesion. 500-550 pl of
culture medium (DMEM supplemented with 10%
FBS and 1% penicillin/streptomycin) was added
to each scaffold and incubated again at 37 °C. The
culture medium was refreshed every 2-3 days. For

this study, ADSCs in passage 7 were used.

ivn.l. MTS Assay

The cell viability was assessed via MTS assay.
To this end, the culture medium of each scaffold
was replaced by 400 pul of fresh medium with 40
ul of MTS staining, being in the dark for 1.5h
to let the solution react. Afterwards, 100 ul of
each sample was pipetted into a 96-well plate,
twice. The absorbance at 490 nm and 750 nm was

assessed using the Infinite 200 PRO microplate
reader from Tecan (Mannedorf, Switzerland).

iv.2. Live/Dead Assay

Cell viability was also assessed through
a live/dead viability assay using calcein-
acetoxymethyl (Ca-AM) and propidium iodide
(PI). The staining solution consisted of 8 ml of
PBS, 16 ul of Ca-MA and 16 ul of PI (i.e. for ev-
ery 1 ml of PBS, 2 ul of each stain are added).
About 650 ul of the final solution was added to
each scaffold and incubated in the dark at room
temperature for 30 minutes. After that time, the
confocal microscope LSM 710 T-PMT from Zeiss
(Jena, Germany) was used to visualize the living
and the dead cells.

v. Statistical Analysis

All the results correspond to the mean value
and standard deviation (mean+std). The statisti-
cal analysis was performed using the independent-
samples t-test with p-value<0.05, using SPSS
Statistics software (IBM).

III. Results

Physical, chemical and biological properties
were studied using scaffolds and discs, produced
with different weight percentage ratios of agarose
to GelMA. For all the characterization tests, the
influence of the polymers” concentration was as-
sessed. In addition, for the mass swelling ratio
and gel fraction, differences between 2D and 3D
structures were also evaluated.

i. Physicochemical Characterization
i.1.  Mass Swelling Ratio and Gel Fraction

In figures 3 and 4, examples of discs and scaf-
folds (dry and swollen) are represented.



Figure 3: Example of discs used for swelling and gel fraction. On
the left, the discs are swollen in ddH,O at 37 °C and on the right
they are dried (figure by authors).

Figure 4: Example of a scaffold used for swelling and gel fraction:
(A) swollen scaffold, and (B) dried scaffold (figure by authors).

The results of mass swelling ratio and gel frac-
tion are presented in figure 5.
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Figure 5: Mass swelling ratio and gel fraction results for 3D scaffolds
(left graph) and for 2D discs (right graph). *** p-value<0.001; **
p-value<0.01 (figure by authors).

For both 2D and 3D structures, the mass
swelling ratio decreases as the concentration of
GelMA increases, while for the gel fraction, this
trend is not observed, with the lowest values
found for the scaffolds and discs of ratio 75:25.

The results for the 3D scaffolds show that, con-
cerning the mass swelling ratio, the two solutions
with GelMA (ratios 75:25 and 50:50) were statisti-
cally different from the scaffolds with only agarose
(ratio 100:0), with p-value<0.001. On the other
hand, gel fractions for each concentration are sta-
tistically different, with a p-value<0.001 between
100:0 and 50:50 ratios and a p-value<0.01 between
100:0 and 50:50 ratios. In terms of statistical analy-
sis for the discs, the mass swelling ratio was sta-
tistically different for all the concentrations, with
p-value<0.001. On the other hand, the gel fraction
was only statistically different for the ratio 75:25,
when comparing with the other ratios tested (p-
value<0.001). The numerical results are presented
in table I.

1.2.  Pore Size

In figure 6, a side view and a top view are
presented, from a scaffold with ratio of 75:25.

Figure 6: Example of a scaffold with ratio 75:25: (A) side-view, and
(B) top-view (figure by authors).

The light microscope was used to assess the
quality of those scaffolds. A side view and a top
view of one single pore are presented in figure 7.



Table I: Results for the mass swelling ratio and gel fraction for the ratios 100:0, 75:25 and 50:50 (agarose:GelMA), considering scaffolds and

discs (table by authors).

3D Scaffolds 2D Discs
Ratios | Mass Swelling Ratio | Gel Fraction (%) | Mass Swelling Ratio | Gel Fraction (%)
100:0 31.61£0.55 95.93£1.72 28.97+0.97 98.27+1.56
75:25 24.64+1.21 65.07+4.06 23.88+0.49 93.17+0.75
50:50 22.98+1.12 91.36+1.47 17.96+0.35 97.8510.60

Top View

Side View

Figure 7: Light microscopy images for agarose and GelMA in ratios
(A) 100:0, (B) 75:25 and (C) 50:50. Top row images correspond to the
top face of the scaffolds and the bottom row images correspond to
the side face of the scaffolds (figure by authors).

The pore size result for the ratio 100:0 is
0.99940.082 mm, for the ratio 75:25 is 1.004+0.082
mm and for the ratio 50:50 is 1.03740.077 mm.
The theoretical value for each pore is 1000 ym
each side, which indicates an excellent CAD/CAM
mimicry

i.3.  Compression Tests

Compression tests were performed to assess the
mechanical behavior of the 3D scaffolds. To com-
plement the design of this experiment, scaffolds of
100% w/v GelMA (i.e. ratio 0:100) were also con-
sidered, since to date, mechanical tests of GelMA
scaffolds were not performed under the same test-
ing conditions of this study. The experimental
tests were performed using a minimum of three
samples per testing condition.

Figure 8 shows all the stress-strain mean curves
obtained for all concentrations at two different
testing conditions: at room temperature and at

physiological temperature, which corresponds to
37 °C.

10007,
008 = — —100:0T
ph

75:25T,

50:50T, 0:100T,

75:257?h - —50:50TDh - = =0:100 Tp" 1
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Figure 8: Stress-strain mean curves obtained for the different ratios
analyzed: 100:0, 75:25, 50:50, 0:100 (agarose:GelMA) at two different
testing conditions: at room temperature (T, - full lines) and at 37°C
using a saline bath (physiological temperature T, - dashed lines).
The dotted region represents the curves until 10% strain (figure by
authors).

The Young’s modulus was calculated through
the slope of the first linear region of the loading
curve, assuming a strain range between 2.5% and
7.5% (Delaine-Smith et al. 2016).

In table II, the results obtained are presented,
along with the corresponding deviations.



Table II: Young’s modulus + deviation results for the different
ratios analyzed: 100:0, 75:25, 50:50, 0:100 (agarose:GelMA) at room
temperature (T;), and at physiological temperature (Tpy,) (table by
authors).

Young’s Modulus
(kPa)
T, 493
100:0
Tpn 7.13
T, 2.86
Ton 3.47
T, 25.11
50:50
Tpn 10.55
T, 16.41
0:100
Tpn 8.44

From the results, different behaviors are ob-
served for the different ratios considered. When
agarose is the main component, such as the ratios
of 100:0 and 75:25, the increase of temperature and
the presence of a saline bath, increases the stiff-
ness of the scaffold. However, when the percent-
age of GelMA increases, such as for the ratios of
50:50 and 0:100, the inverse behavior is observed.
Increasing the temperature, using a saline bath,
makes the scaffold softer (decreased stiffness).

Comparing all the scaffolds tested, either at 37
°C or at room temperature, the scaffolds of ratio
50:50 are the stiffest, while the softest are those of
ratio 75:25.

i.4. Rheology Analysis

First, a viscosity measurement was performed,
being the result represented in the following graph
(Figure 9).
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Figure 9: Viscosity results (mPa.s) in logarithmic scale. Full line
corresponds to ratio 100:0; Dashed line corresponds to ratio 75:25;
Dotted line corresponds to ratio 50:50 (figure by authors).

The curves obtained show that viscosity of
agarose:GelMA blends is lower than agarose only
blends, which indicates that GelMA makes the
hydrogel less viscous, becoming a more fluid so-
lution.

Figure 10 represents the results of rheology,
such as the complex shear modulus (G*), the stor-
age modulus (G’) and the loss modulus (G”), for
each ratio of agarose:GelMA studied.
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Figure 10: Rheology results: complex shear modulus (G*), storage
modulus (G’) and loss modulus (G”), for the ratios of 100:0, 75:25
and 50:50 (agarose:GelMA). *** p-value<0.001 (figure by authors).

The numeric values are represented in table III.
The modulus for the ratio of 75:25 was the high-
est, while the ratio 50:50 evidenced the lowest re-



Table III: Numeric results (meanz+std) of the complex shear modulus, storage modulus, loss modulus and loss tangent for the ratios 100:0,

75:25 and 50:50 (agarose:GelMA) (table by authors).

Ratios Complex Shear Modulus | Storage Modulus Loss Modulus Loss Tangent
G* (Pa) G’ (Pa) G” (Pa) tand
100:0 3.50x10* + 1.12x10° 3.49x10* 4+ 1.13x10% | 2.11x10% 4 5.29x10! | 0.062 + 0.002
75:25 3.26x10* + 2.61x10? 3.26x10* + 2.74x10? | 2.33x10% + 1.77x10% | 0.075 + 0.008
50:50 2.27x10* + 5.06x10% 2.27x10* + 5.13x10% | 9.13x10% + 1.62x10% | 0.040 & 0.008
sults. The statistical analysis shows that different - ,
agarose:GelMA ratios display statistically different 160 | | B 1000+ GeA Coatg
moduli, with p-value<0.001. 60| [EEEs0s0 —

The loss tangent is the ratio of the loss mod-
ulus and the storage modulus. It indicates how
elastic (tand < 1) or plastic (tand > 1) is the mate-
rial. The corresponding results are presented in
table III and they show that all samples exhibit a
predominantly elastic behavior (tand < 1).

ii. Cell Culture Experiments

In addition to the concentrations previously pre-
sented, we also assessed if a GeIMA coating on the
agarose scaffolds (ratio 100:0) would be enough to
improve the cell adhesion capacity.

ii.1. MTS Assay

To assess the metabolic activity, an MTS assay
was carried out and figure 11 shows the obtained
results, which are normalized to tissue culture
plastic (TCP) as a positive control.

100

Cell Viability (%)
& 8 8
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o

o

Day1 Day3 Day7 Day14

Figure 11: MTS assay results for the different ratios analyzed: 100:0
(1%t bar), 100:0 with GelMA coating (2 bar), 75:25 (3" bar) and 50:50
(4™ bar). *p-value<0.05, **p-value<0.01, **p-value<0.001 (figure by
authors).

Table IV presents the numeric values also nor-
malized to TCP.

Taking into account these results, the metabolic
activity increases over time, being higher for the
scaffolds containing GelMA. For these scaffolds
at day 14, the value exceeds the TCP control (i.e.
higher than 100%). Moreover, increasing the con-
centration of GelMA, the metabolic activity in-
creases as well.

According to statistics, at all time points the
metabolic activity is statistically different between
the scaffolds containing 3% w/v agarose (100:0)
and the scaffolds of agarose with GelMA coat-
ing (p-value<0.05 for the first three days and
p-value<0.001 for the last day). For day 1, day
3 and day 7, the results were statistically differ-
ent between the scaffold with the coating and the
two blends with GelMA (p-value<0.001). At day
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Table IV: Cell’s viability (%) for each time point, via MTS assay. Results in the format mean+standard deviation (table by authors).

Ratios Day 1 Day 3 Day 7 Day 14
100:0 35.374+2.01 | 62.38+11.65 | 66.66+11.26 | 58.67+6.38
100:0 + GeIMA Coating | 27.47+0.80 | 49.42+4.86 | 51.30+%5.22 | 103.80+14.80
75:25 35.98+1.81 | 70.15+8.07 | 71.61+8.86 | 121.30+38.17
50:50 38.88+£4.95 | 74.43+8.81 | 77.99+£11.52 | 128.304+29.55

14, it was also significantly different between the
ratio 100:0 and the two ratios with GeIMA (p-
value<0.01).

Moreover, to complement the MTS results, con-
focal microscope images were obtained.

ii.2. Live/Dead Assay

The confocal images are represented in figure
12.

Day 1

Day 3

Day 7

Day 14

No Cells

Figure 12: 3D confocal microscope images of an area of interest of
the scaffolds for each time point of the experiment (rows). Each
column corresponds to a different scaffold in the following order
from left to right: 100:0, 100:0 with GelMA coating, ratio 75:25, and
ratio 50:50. Scale bars of 200 ym (red lines at the bottom right of
each image) (figure by authors).

In contrast to the MTS assay, there were no
visible cells attached to the scaffolds of agarose
with coating on day 14. This might indicate the
presence of stem cells in the well instead of on the
scaffolds.

For all the concentrations, there is a decrease in
cell density on day 3, however, it tends to increase

12

on days 7 and 14.

Even though, the metabolic activity for the 100:0
scaffold decreases on day 14 as shown in the MTS
assay, the confocal images showed a higher density
of cells, however, the cells tend to have a spherical
morphology. Furthermore, a higher quantity of
dead cells are present on day 14, resulting in a re-
duction of the viability correlated to the live/dead
imaging.

The most promising results are obtained for the
scaffolds consisting of both GelMA and agarose,
which is in accordance with the MTS assay. In the
scaffolds with GelMA, the cells tend to stretch and
spread over the hydrogel area. It was observed
that in the scaffold with higher concentration of
GelMA, cells tend to stretch and spread earlier.
However, at the day 14, the cells have similar mor-
phology for both concentrations of GelMA used
in this study

IV. Discussion

Tissue engineering is a promising approach to
regenerate and repair damaged tissues. The devel-
opment of patient-specific solutions, which mimic
the native tissue of the patient, are the future of
clinical treatments, with potential for replacing
current approaches such as prosthesis and im-
plants. This next generation of solutions is based
on the combination of biomaterials with cells, cre-
ating a scaffold able to regenerate a specific tissue.

In this study, scaffolds were produced via indi-
rect 3D printing, specifically for adipose tissue
regeneration purposes. By combining agarose
and GelMA with ADSCs, good outcomes were



achieved. The structures were characterized in
terms of physico-chemical properties, and then
biological assessments were performed.

In terms of pore size measurements, an excel-
lent result was obtained when comparing the ex-
perimental pore size with the theoretical value,
validating the quality of the experimental proto-
col.

The capacity to uptake water is an important
feature for the hydrogel to ensure the cell’s via-
bility in cell culture experiments (Zarrintaj et al.
2018), since a higher mass swelling ratio increases
the diffusion of nutrients and waste products (Van
Hoorick et al. 2015). For both scaffolds and discs
produced in this study, the mass swelling ratio sig-
nificantly decreased with the increase of GelMA,
which was also concluded by Dravid et al. (2022),
who used agarose with gelatin type A. On the
other hand, increasing the GeIMA concentration,
there was no clear trend on the gel fraction. A
comparison with results from scaffolds consisting
of 10% w/v GelMA reported in (Van Damme et al.
2020), allowed us to conclude that the addition of
agarose, resulted in an increase of both gel frac-
tion and mass swelling ratio. Van Damme et al.
(2020) obtained a gel fraction of 66.11+£1.13% and
a mass swelling ratio around 16 for 3D scaffolds
produced via indirect printing. Considering the
mass swelling ratio of 100:0, which means the scaf-
fold is composed only of agarose, our results are
in accordance with the work of Su et al. (2021),
which obtained a value of 30.7.

In terms of compression modulus, the crosslink-
ing, the increase in temperature and the saline
bath influence the results significantly. Compar-
ing the stiffness of all scaffolds, the ratio 75:25 pro-
duced the softest scaffolds, which might be due
to the leaching of the 25% of GeIMA molecules,
leading to a structure that is not fully crosslinked,
as it is reflected in the gel fraction. This ratio
might have impaired the crosslinking capability
of the GelMA, due to the distance between the

functional groups and the steric hindrance of the
agarose. Therefore, when comparing with 100:0
scaffolds (agarose only), the stiffness decreases.
On the other hand, the ratio 50:50 created the
stiffest scaffolds. A possible explanation for this
observation might be when these two hydrogels
are combined at an equal amount, the hydroxyl
groups (-OH) of agarose and the carbonyl groups
(C=0) of gelatin would interact, creating a syn-
ergistic physical effect, enhancing the mechanical
strength of the scaffold. Increasing the GeIMA up
to 50% w/v, allows the creation of new connec-
tions, such as ionic electrostatic bonds (Imani et al.
2012), which are stronger than hydrogen bonds.
Whereas, for the scaffolds of only GeIMA (0:100),
hydrogen bonds will prevail again and therefore
the stiffness decreases.

The same observation was pointed out by Imani
et al. (2012) in which the ratio of 50:50 of agarose
and gelatin type-A was the ideal solution in terms
of integral stability, attributing that observation
to the more electrostatic interactions between the
agarose and gelatin chains.

Moreover, the effect of the physiological condi-
tions differed in the different ratios used. When
agarose was the predominant hydrogel, the saline
bath and the temperature caused an increase in
the stiffness of the structure. These conditions
might have created a more incompressible mate-
rial as well as cause some expulsion of water from
the scaffolds. On the other hand, when there is
a higher amount of GeIMA (i.e. 50:50 and 0:100
ratios), the physiological conditions might have in-
creased the flexibility of the GelMA chains, which
in turn increased the water uptake, resulting in
a softer structure when compared to the dry and
room temperature conditions.

Comparing with the result of Van Damme et al.
(2020), the scaffold composed solely by GelMA
has a very different Young’s modulus value. That
difference might be related to the different test
parameters, such as preload, which has been in-
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vestigated to have influence on the mechanical be-
havior (Teixeira 2018, Krouskop et al. 1998). In lit-
erature, Sakai et al. (2007) and Dravid et al. (2022)
studied the mechanical properties of blends of
agarose with gelatin. The stress-strain curves of
the present work are comparable with the ones
reported in literature, showing that the mechani-
cal behavior is similar to the other blends. How-
ever, further comparison is not reliable since Sakai
et al. (2007) and Dravid et al. (2022) used different
variations of the materials, including the agarose,
gelatin and solvent, as well as different testing
parameters.

Regarding the characterization of agarose as
such, it is more common to find studies with sam-
ples in a cylindrical shape, formed by a homoge-
neous solution. For Su et al. (2021) a 2% agarose
gel had an elastic modulus of 196 kPa while Buck-
ley et al. (2009) measured a ramp modulus of
55.6£0.5kPa. Both studies reported a modulus
higher than the results of the present study, which
might be explained by the samples’ geometry and
testing parameters. Buckley et al. (2009) also ob-
served that increasing the agarose concentration,
the modulus increased and that testing the gels
at 37°C, the modulus decreased. The authors as-
sociate the temperature dependent properties to
the dissociation of helix bundles and melting of
helices, however they used an agarose with a low
gelling point, which is different from the present
study.

Concerning tissue engineering, in literature, the
Young’s modulus of human adipose breast tissue
has a wide variety of values. This phenomenon
is related to the different testing parameters used
to evaluate the mechanical properties (Teixeira
& Martins 2023). Elastic modulus results from
0.7£0.2 kPa (Matsumura et al. 2009) to 24+6 kPa
(Krouskop et al. 1998) can be found in literature
for ex-vivo experiments, while for in-vivo experi-
ments the elastic modulus vary between 0.33 kPa
(Chen et al. 2013) to 23.54+4.03 kPa (Van Houten
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et al. 2003). Due to this variety found in the me-
chanical properties of adipose tissue, the results of
the present study are in accordance with the liter-
ature. Therefore, in terms of mechanical stability,
the scaffolds proposed in this study are possible
solutions to support adipose tissue regeneration
due to their mechanocompatibility.

Looking into the rheology properties, the viscos-
ity results show that increasing the GelMA con-
tent, the solution becomes more fluid at 37 °C.
Increasing the shear rates, the viscosity decreases
for all the blends, exhibiting shear-thinning behav-
ior, which is a feature of non-Newtonian materials,
such as agarose and gelatin. These results are in
accordance with the studies of Imani et al. (2012),
Dravid et al. (2022) and Fernandez et al. (2007).

For the storage modulus (G’), loss modulus (G”)
and complex shear modulus (G¥), generally all
decreased with the addition of gelatin for the ratio
of 50:50. Awad et al. (2004) also concluded that the
complex shear modulus of agarose is higher than
the one of gelatin. Since the storage modulus was
higher than the loss modulus (G"> G”), the blend
presented a more elastic behavior. Adding GelMA,
the loss tangent decreased for the ratio of 50:50,
which was also concluded by Dravid et al. (2022).
Additionally, for Awad et al. (2004), the phase an-
gle () for agarose and gelatin was less than 15°,
which indicates that both hydrogels behave like
viscoelastic solids. Only studying agarose, Barran-
gou et al. (2006) also reported low phase angles
and that the storage moduli values depended on
frequency, which is a typical feature of a viscoelas-
tic gel.

When looking at all the physico-chemical prop-
erties, an evident correlation can be pointed out
between gel fraction, compression and rheology.
The concentration of 75:25 presents the lowest gel
fraction value and the lowest stiffness, which in-
dicates that the low degree of crosslinks has an
impact on the mechanical stability of the scaffolds
at quasi-static loads. On the other hand, using dy-



namic loads, the 75:25 scaffolds have the highest
storage (G’) and loss (G”) moduli.

Regarding the in-vitro culture experiments, us-
ing ADSCs, the metabolic activity increased over
the time of the experiment for the blends with
GelMA, while for the scaffold with only agarose, it
increased until day 7 but decreased on day 14. The
cells” morphology in the scaffolds of only agarose
tend to have a spherical shape due to the lack of
extracellular motives for cells to attach, indicating
that pure agarose does not promote cell adhesion
and proliferation. With ADSCs in agarose scaf-
folds, Awad et al. (2004) observed the same cell
morphology, with a cell viability higher than 95%.
Even though Imani et al. (2012) used different cells
(i.e. hamster ovary cells), they also noted that the
cells in scaffolds of agarose tended to form aggre-
gates, due to the lack of cell moieties, with a cell
viability near 100%. The same observation was
reported by Su et al. (2021) with agarose scaffolds,
where cells (MRC-5 and RS1) tended to have a
spherical shape with cell viability around 80%.

Applying a coating of GeIMA in agarose scaf-
folds also did not work effectively, since the coat-
ing tended to detach from the scaffold. This might
have happened since the scaffolds were sterilized
in EtOH 70% prior to cell culture, which left the
scaffolds in a semi-dehydrated state. Then, the
scaffolds were placed in PBS to hydrate and swell,
increasing their volume, which might have in-
duced stress within the hydrogel and, hence, lead-
ing to coating detachment (Prucker et al. 2018).
As the coating will most likely still be present in
the well plate while performing the MTS assay,
a positive MTS result could be observed for the
day 14 samples, whereas no cells could be ob-
served on the scaffolds following the live/dead
staining. Even though this approach was not suc-
cessful, there is margin for improvement and the
technique can be optimized by testing different
immersion times and/or coating thicknesses (i.e.
multiple layers of coating might improve adhe-

sion). In addition, a different coating method,
such as spray coating, can be tested as well as
a surface modification or chemical functionaliza-
tion can be applied to the agarose scaffold sur-
face, prior coating, to increase the adhesion with
GelMA.

On the other hand, when the GelMA is mixed
with agarose, the results are promising. The
metabolic activity was higher than control (>100%)
at day 14, with cells in a high density present-
ing their typical stretched morphology. There-
fore, the results prove the good biocompatibility
(i.e. low cytotoxicity) of the scaffolds of agarose
and GelMA at the ratios 75:25 and 50:50. Imani
et al. (2012) obtained the highest cell viability (us-
ing hamster ovary cells) for the scaffolds with
ratio 50:50 (agarose:gelatin), being 20% above con-
trol, however, they did not observe significant cell
spreading when compared with control. On the
other hand, Sakai et al. (2007) seeded CRFK cells
into agarose-gelatin hydrogels, with cells starting
to spread after 4h of culture and reaching a cell vi-
ability around 80%. Using the same hydrogelsbut
seeded with SH-SY5Y cells, Dravid et al. (2022)
obtained a cell viability around 90%. Consider-
ing gelatin scaffolds, Awad et al. (2004) showed
that ADSCs exhibited a polygonal shape with a
cell viability higher than 95%. Van Damme et al.
(2021) obtained a cell viability higher than 85%,
but did not obtained a stretch morphology for AD-
SCs seeded in films of GeIMA with high degree
of substitution. Moreover, looking to the study of
Tytgat et al. (2019), the results of the MTS assay
show a proliferation rate between day 1 and day 7
of 155% and between day 7 and day 14 of 118%,
which is comparable with the results of the present
study. The blend of agarose with GeIMA presents
high cell metabolic activity, i.e. cell viability, and,
hence, cell proliferation.
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V. Conclusion

Adipose tissue regeneration is a promising alter-
native for the current clinical approaches in breast
reconstruction, such as silicone implants or fat
grafting. Even though advancements have been
made in research to present a solution, more stud-
ies need to be carried out to find the ideal scaffold.
In this work it was presented a new combination of
biomaterials for this purpose. Scaffolds developed
using a blend of agarose and GelMA were success-
fully produced and characterized, overcoming the
limitations of each one when used individually.
This blend showed good outcomes, especially in
terms of mechanical stability and cell adhesion.
The optimum composition, regarding cells’ via-
bility, is the ratio of 50:50, nevertheless, the ratio
of 75:25 also presents good outcomes in terms
of cell’s viability, forming softer structures. For
future work, more in-vitro characterization and in-
vivo experiments should be implemented to assess
the scaffold potential for tissue regeneration.

References

Aliabouzar, M., Zhang, G. L. & Sarkar, K. (2018), ‘Acoustic
and mechanical characterization of 3D-printed scaffolds
for tissue engineering applications’, Biomedical Materials
(Bristol) 13(5). DOI: 10.1088/1748-605X/aad417.

Awad, H. A., Wickham, M. Q., Leddy, H. A., Gimble,
J. M. & Guilak, F. (2004), ‘Chondrogenic differentiation
of adipose-derived adult stem cells in agarose, alginate,
and gelatin scaffolds’, Biomaterials 25, 3211-3222. DOI:
10.1016/j.biomaterials.2003.10.045.

Barrangou, L. M., Daubert, C. R. & Foegeding, E. A. (2006),
‘Textural properties of agarose gels. i. rheological and
fracture properties’, Food Hydrocolloids 20, 184-195. DOI:
10.1016/j.foodhyd.2005.02.019.

Brambhe, P, Rarokar, N., Kumbhalkar, R., Saoji, S. & Khedekar,
P. (2024), ‘Natural and synthetic polymeric hydrogel: A
bioink for 3d bioprinting of tissue models’, Journal of Drug
Delivery Science and Technology 101.

Buckley, C. T., Thorpe, S. D., O’Brien, F. J., Robinson, A. J.
& Kelly, D. J. (2009), ‘The effect of concentration, thermal

16

history and cell seeding density on the initial mechan-
ical properties of agarose hydrogels’, Journal of the Me-
chanical Behavior of Biomedical Materials 2, 512-521. DOI:
10.1016/j.jmbbm.2008.12.007.

Bulcke, A. I. V. D., Bogdanov, B., Rooze, N. D., Schacht,
E. H., Cornelissen, M. & Berghmans, H. (2000), ‘Struc-
tural and rheological properties of methacrylamide mod-
ified gelatin hydrogels’, Biomacromolecules 1, 31-38. DOI:
10.1021/bm990017d.

Biilow, A., Schifer, B. & Beier, J. P. (2023), ‘Three-dimensional
bioprinting in soft tissue engineering for plastic and recon-
structive surgery’, Bioengineering 10.

Chen, J., Brandt, K., Ghosh, K., Grimm, R., Glaser, K., Kugel,
J. & Ehman, R. (2013), ‘Noncompressive MR Elastography
of Breasts’, Proc. Intl. Soc. Mag. Reson. Med. 21(6), 1736.

Cleversey, C., Robinson, M. & Willerth, S. M. (2019), ‘3D
printing breast tissue models: A review of past work and
directions for future work’, Micromachines 10(8). DOI:
10.3390/mil0080501.

Delaine-Smith, R. M., Burney, S., Balkwill, F. R. & Knight,
M. M. (2016), ‘Experimental validation of a flat punch
indentation methodology calibrated against unconfined
compression tests for determination of soft tissue biome-
chanics’, Journal of the Mechanical Behavior of Biomedical
Materials 60, 401-415. DOI: 10.1016/j.jmbbm.2016.02.019.

Donate, R., Alemén-Dominguez, M. E. & Monzén, M. (2021),
‘On the effectiveness of oxygen plasma and alkali surface
treatments to modify the properties of polylactic acid scaf-
folds’, Polymers 13. DOI: 10.3390/polym13101643.

Donnely, E., Griffin, M. & Butler, P. E. (2020), ‘Breast Re-
construction with a Tissue Engineering and Regenerative
Medicine Approach (Systematic Review)’, Annals of Biomed-
ical Engineering 48(1), 9-25. DOI: 10.1007 /s10439-019-02373-
3.

Dravid, A., McCaughey-Chapman, A., Raos, B., O’Carroll,
S. J., Connor, B. & Svirskis, D. (2022), ‘Development of
agarose—gelatin bioinks for extrusion-based bioprinting
and cell encapsulation’, Biomedical Materials 17, 055001.
DOI: 10.1088/1748-605X/ac759f.

Fernandez, E., Lopez, D., Mijangos, C., Duskova-Smrckova,
M., llavsky, M. & Dusek, K. (2007), ‘Rheological and ther-
mal properties of agarose aqueous solutions and hydro-
gels’, Journal of Polymer Science: Part B: Polymer Physics
46, 322-328. DOI: 10.1002/polb.21370.



Imani, R.,, Emami, S. H., Moshtagh, P. R., Baheiraei, N.
& Sharifi, A. M. (2012), ‘Preparation and characteriza-
tion of agarose-gelatin blend hydrogels as a cell encap-
sulation matrix: An in-vitro study’, Journal of Macro-
molecular Science, Part B: Physics 51, 1606-1616. DOI:
10.1080/00222348.2012.657110.

Jiang, F., Xu, X. W,, Chen, E. Q., Weng, H. F,, Chen, J., Ru, Y.,
Xiao, Q. & Xiao, A. E. (2023), ‘Extraction, modification and
biomedical application of agarose hydrogels: A review’,
Marine Drugs 21.

Krouskop, T. A., Wheeler, T. M., Kallel, F.,, Garra, B. S. & Hall,
T. (1998), “Elastic Moduli of Breast and Prostate Tissues
under Compression’, Ultrasonic Imaging 20(4), 260-274.
DOI: 10.1177/016173469802000403.

Li, X., Ding, W., Wang, S., Yang, L., Yu, Q., Xiao, C., Chen, G.,
Zhang, L., Guan, S. & Sun, D. (2023), ‘Three-dimensional
sulfated bacterial cellulose/gelatin composite scaffolds for
culturing hepatocytes’, Cyborg and Bionic Systems 4.

Markovic, M., Holzl, J. V. H. K., Tromayer, M., Gruber, P,
Niirnberger, S., Dubruel, P, Vlierberghe, S. V., Liska, R.
& Ovsianikov, A. (2015), ‘Hybrid Tissue Engineering Scaf-
folds by Combination of Three-Dimensional Printing and
Cell Photoencapsulation’, Journal of Nanotechnology in Engi-
neering and Medicine 6(2), 7. DOI: 10.1115/1.4031466.

Matsumura, T., Umemoto, T., Fujihara, Y., Ueno, E., Ya-
makawa, M., Shiina, T. & Mitake, T. (2009), ‘Measurement
of elastic property of breast tissue for elasticity imaging’,
Proceedings - IEEE Ultrasonics Symposium pp. 1451-1454.
DOI: 10.1109/ULTSYM.2009.5442044.

O’Halloran, N., Potter, S., Kerin, M. & Lowery, A. (2018), ‘Re-
cent Advances and Future Directions in Postmastectomy
Breast Reconstruction’, Clinical Breast Cancer 18(4), e571—
e585. DOI: 10.1016/j.clbc.2018.02.004.

Ovsianikov, A., Deiwick, A., Van Vlierberghe, S., Pflaum,
M., Wilhelmi, M., Dubruel, P. & Chichkov, B. (2010),
‘Laser fabrication of 3D gelatin scaffolds for the gener-
ation of bioartificial tissues’, Materials 4(1), 288-299. DOI:
10.3390/ma4010288.

Peirsman, A., Nguyen, H. T., Waeyenberge, M. V., Ceballos,
C., Bolivar, J., Kawakita, S., Vanlauwe, E, Tirpakové, Z.,
Dorpe, S. V., Damme, L. V., Mecwan, M., Ermis, M., Maity,
S., Mandal, K., Herculano, R., Depypere, B., Budiharto,
L., Vlierberghe, S. V., Wever, O. D., Blondeel, P, Jucaud,
V., Dokmeci, M. R. & Khademhosseini, A. (2023), “Vascu-
larized adipose tissue engineering: moving towards soft
tissue reconstruction’, Biofabrication 15.

Prucker, O., Brandstetter, T. & Riihe, J. (2018), ‘Surface-
attached hydrogel coatings via ¢ h-insertion crosslinking
for biomedical and bioanalytical applications (review)’,
Biointerphases 13. DOI: 10.1116/1.4999786.

Sakai, S., Hashimoto, I. & Kawakami, K. (2007), ‘Synthesis of
an agarose-gelatin conjugate for use as a tissue engineering
scaffold’, Journal of Bioscience and Bioengineering 103, 22-26.
DOI: 10.1263/jbb.103.22.

Su, T., Zhang, M., Zeng, Q., Pan, W.,, Huang, Y., Qian, Y.,
Dong, W., Qi, X. & Shen, J. (2021), ‘Mussel-inspired agarose
hydrogel scaffolds for skin tissue engineering’, Bioactive
Materials 6, 579-588. DOI: 10.1016/j.bioactmat.2020.09.004.

Teixeira, A. M. (2018), ‘Mechanical characterisation of an
organic phantom candidate for breast tissue’.
URL: https://repositorio-aberto.up.pt/handle/10216/113744

Teixeira, A. M. & Martins, P. (2020), ‘Mechanical characteri-
sation of an organic phantom candidate for breast tissue’,
Journal of Biomaterials Applications 34, 1163-1170. DOI:
10.1177/0885328219895738.

Teixeira, A. M. & Martins, P. (2023), ‘A review of bioengi-
neering techniques applied to breast tissue: Mechanical
properties, tissue engineering and finite element analy-
sis’, Frontiers in Bioengineering and Biotechnology 11. DOI:
10.3389/fbioe.2023.1161815.

Tromayer, M., Dobos, A., Gruber, P., Ajami, A., Dedic, R,,
Ovsianikov, A. & Liska, R. (2018), ‘A biocompatible diazo-
sulfonate initiator for direct encapsulation of human stem
cells: Via two-photon polymerization’, Polymer Chemistry
9, 3108-3117. DOI: 10.1039/c8py00278a.

Tytgat, L., Van Damme, L., Ortega Arevalo, M. d. P, Declercq,
H., Thienpont, H., Otteveare, H., Blondeel, P., Dubruel, P.
& Van Vlierberghe, S. (2019), “Extrusion-based 3D print-
ing of photo-crosslinkable gelatin and x-carrageenan hy-
drogel blends for adipose tissue regeneration’, Interna-
tional Journal of Biological Macromolecules 140, 929-938. DOI:
10.1016/j.ijpiomac.2019.08.124.

Van Damme, L., Briant, E., Blondeel, P. & Sandra, V. (2020),
‘Indirect versus direct 3d printing of hydrogel scaffolds
for adipose tissue regeneration’, MRS Advances 5, 855-864.
DOI: 10.1557 /adv.2020.117.

Van Damme, L., Van Hoorick, J., Blondeel, P. & Van Vlier-
berghe, S. (2021), “Toward adipose tissue engineering using
thiol-norbornene photo-crosslinkable gelatin hydrogels’,
Biomacromolecules 22, 2408-2418.

17



Van Hoorick, J., Declercq, H., De Muynck, A., Houben, A.,
Van Hoorebeke, L., Cornelissen, R., Van Erps, J., Thien-
pont, H., Dubruel, P. & Van Vlierberghe, S. (2015), ‘Indirect
additive manufacturing as an elegant tool for the produc-
tion of self-supporting low density gelatin scaffolds’, Jour-
nal of Materials Science: Materials in Medicine 26(10). DOI:
10.1007 /s10856-015-5566-4.

Van Houten, E. E., Doyley, M. M., Kennedy;, F. E., Weaver, ]. B.
& Paulsen, K. D. (2003), ‘Initial in vivo experience with
steady-state subzone-based MR elastography of the hu-
man breast’, Journal of Magnetic Resonance Imaging 17(1), 72—
85. DOI: 10.1002/jmri.10232.

Xu, Y, Zhang, F, Zhai, W., Cheng, S., Li, ]. & Wang, Y. (2022),
“Unraveling of advances in 3d-printed polymer-based bone
scaffolds’, Polymers 14.

Zarrintaj, P., Manouchehri, S., Ahmadi, Z., Saeb, M. R., Urban-
ska, A. M., Kaplan, D. L. & Mozafari, M. (2018), ‘Agarose-
based biomaterials for tissue engineering’, Carbohydrate
Polymers 187, 66-84. DOI: 10.1016/j.carbpol.2018.01.060.

Zhou, M., Hou, J., Zhang, G., Luo, C., Zeng, Y., Mou, S., Xiao,
P, Zhong, A., Yuan, Q., Yang, J., Wang, Z. & Sun, J. (2020),
‘Tuning the mechanics of 3D-printed scaffolds by crystal
lattice-like structural design for breast tissue engineering’,
Biofabrication 12(1). DOI: 10.1088/1758-5090/ ab52ea.

Zigon-Branc, S., Markovic, M., Hoorick, J. V., Vlier-
berghe, S. V., Dubruel, P, Zerobin, E., Baudis, S. &
Ovsianikov, A. (2019), ‘Impact of hydrogel stiffness on
differentiation of human adipose-derived stem cell micro-
spheroids’, Tissue Engineering - Part A 25, 1369-1380. DOI:
10.1089/ten.tea.2018.0237.

18



