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Abstract

Cell-cultured fish has the potential to solve overexploitation of marine resources by growing fish
stem cells in a laboratory-controlled environment and supported by an edible scaffold to manufacture fish
tissue. This project aims to develop novel edible and electroconductive bioinks for 3D bioprinted vegan
tissues fabrication using marine algae derivatives. Novel algae polysaccharides-based inks were
successfully formulated and used to fabricate 3D scaffolds using 3D printing and 3D bioprinting. Ink
formulation and printing parameters were optimised, allowing printability of 3D complex structures.
Mechanical compression assays and dry weight estimations revealed young’s modulus between 60-80 kPa
and water contents above 97%, valuable properties for cell-cultured seafood, as found in fish species'
natural tissues. Natural conductive conjugated molecules were added as dopants into the ink formulations
to increase electroconductivity and support electrical stimulation of myogenic cell differentiation. The lit-up
of an LED lamp demonstrated the electroconductive properties. Moreover, a slightly higher conductivity was
estimated for wet hydrogels than that obtained for non-doped hydrogels. A predominance of capacitive
behaviour was observed. Cell characterisation using L929 fibroblasts seeded on scaffolds showed high cell
viability. However, the cell cultures carried on the doped scaffolds undergo a higher lag phase. The
bioprinted cells were spread throughout the scaffolds with cells exhibiting a similar morphology to the
controls. 3D structures with high viability were observed for fibroblasts cultured within the newly developed
bioinks. Overall, we establish a strategy to manufacture 3D edible and electroconductive scaffolds with

potential applications for cell-cultured food.

Keywords: edible scaffolds, 3D bioprinting, electroconductive hydrogels, algae polysaccharides
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Resumo

Atualmente, uma solugdo para combater a sobre-exploracdo dos recursos marinhos é o
desenvolvimento de peixe cultivado através do crescimento de células estaminais de peixe em laboratério,
num ambiente controlado, com o auxilio de um scaffold comestivel. Deste modo, este projeto tem como
objetivo desenvolver novas bio-tintas comestiveis e eletrocondutoras para fabricar tecidos veganos bio-
impressos, utilizando derivados de algas. Novas tintas a base de polissacarideos de algas foram
formuladas com sucesso e utilizadas para fabricar scaffolds usando impresséo 3D e bio-impresséo 3D. A
formulagdo das tintas e os pardmetros de impressédo foram otimizados, permitindo o fabrico de estruturas
complexas. Ensaios mecéanicos de compressdo e valores estimados pelo peso seco das amostras
revelaram que os géis possuem modulos de young entre 60-80kPa e mais de 97% em agua, propriedades
valiosas por serem semelhantes as de tecidos de espécies naturais de peixes. Moléculas naturalmente
conjugadas foram adicionadas como dopantes as tintas, com o objetivo de aumentar a eletrocondutividade
e suportar a estimulacao elétrica da diferenciacdo miogénica. As propriedades electrocondutoras foram
demonstradas ao acender um LED. Adicionalmente, estimou-se uma condutividade ligeiramente supeior
para hidrogéis dopados ao valor observado em tintas ndo-dopadas. Observou-se um predominio do
comportamento capacitivo nos hidrogéis. A caracterizacéo celular com fibroblastos L929 depositados no
topo dos scaffolds, demonstrou alta viabilidade. Contudo, as culturas mantidas nos scaffolds dopados
resultaram numa fase de laténcia superior. Os fibroblastos bio-impressos espalharam-se pelos hidrogéis,
exibindo um citoesqueleto semelhante ao controlo. Estruturas 3D com alta viabilidade foram observadas
nas células cultivadas usando as novas bio-tintas. No geral, neste trabalho, estabelecemos uma estratégia

para fabricar scaffolds 3D comestiveis com potencial para produzir alimentos cultivados em laboratério.

Palavras-chave: scaffolds comestiveis, bio-impresséo 3D, hidrogéis eletrocondutores, polissacarideos de

algas
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15AIgP_1molA or 15AlgP_5molA inks; positive (+) and negative (-) symbols represent possible places for
electrical current connection to induce structure polarization. ..........ccccceviciieeriee e icccr e e 31
Figure 13. lllustration of the 3D printing process and following seeding experiment. 3D printed films (4 mm
x 4mm) were fabricated directly into a petri dish using a printer at RT. After that, 50 000 mouse fibroblast
cells were seeded in each film. DMEM (pink bottle) was added to the petri dish until the films were fully
covered. The films were incubated for 8 days. Alamar Blue proliferation assay (at day 2 and day 7),
Hoechst/Phalloidin staining (at day 5), and Live/Dead (at day 8) staining were performed. Image created
(U To T =10 = o =T S PREPRR 33
Figure 14. lllustration of the 3D bioprinting process. 3D bioprinted circles (r = 4 mm) were fabricated directly
into a petri dish using a printer at RT. After printing, DMEM (pink bottle) was added to the petri dish until the
circles were fully covered. The films were incubated for 8 days. Microscope observations and Live/Dead (at
day 8) staining were performed. Image created using BIORENEN. ..........cccuvviiiiieiiiiiiiiiiiieee e 35
Figure 15. Ultrasonic bath duration of 15AIgP inks doped with 1, 5 and 10 g.L* of molA or molB showing
that higher concentrations require prolonged ultrasonic exposure. MolB particles disperse quicker than molA
PAITICIES. . —————— 39
Figure 16. Cytotoxicity assay for biomaterials compounds. The viability of L929 fibroblasts cells grown on
culture media (DMEM) supplemented with 15 g.L* AlgP, 1 g.L"* molA, and 1 g.L"* molB using a WST-8
viability assay. Viability measured for 1h and 24h of incubation reveals a non-significative decrease. DMEM
incubation shows higher viability than the supplemented media. Data are shown as mean + SD (n=3). The
student’s test was performed (ns = not significant; * = 0.01 < p-value < 0.05). .......ccccvivieeeiiiiiiiiiineee e 41
Figure 17. A) Uv-visible spectroscopy spectra of 15AIgP, 15AIgP_1molA, 15AlgP_5molA, and
15AIgP_10molA hydrogels showing characteristic peaks forming at A = 460, 510, and 560 nm suggesting
the presence of molA inside AlgP hydrogel. Black arrows indicate the mentioned peaks. B) Uv-visible
spectroscopy spectra of 15AIgP, 15AIgP_1molB, 15AIgP_5molB, and 15AIgP_10molB hydrogels showing
characteristic peaks forming at A = 520 and 565 nm suggesting the presence of molB inside AlgP hydrogel.
Grey arrows indicate the peaks described in the tEXE. .......ooo i 42
Figure 18. Rheological assessment of 15AIgP and 15AlgP_5molA inks. Temperature sweeps showing an
increase in viscosity with decreasing temperature, indicating thermo-sensitivity. The addition of molA did

not change the ink thermo-behaviour. Solid lines indicate the average values, and the doted lines indicate

the SD. Data are SNOW S MEAN £ SD. .......cviiiiiiiiii it e s 43
Figure 19. Monitoring the storage (G— ) and loss (G" ---- ) modulus of 15AIgP, 15AIgP_1molA,
15AIgP_5molA, 15AIgP_10molA, 15AIgP_1molB, and 15AIgP_5molB inks for 10 minutes at 25°C. The
values from y axis are presented in a confidential ANNEX. .........ocueiiiiiiiiiiii e 44

Figure 20. Graphical representation of the storage (G') and loss (G" ) modulus of 15AIgP, 15AIgP_1molA,
15AIgP_5molA, 15AIgP_10molA, 15AIgP_1molB, and 15AIgP_5molB inks after 10 minutes of elapsed time,
at 25°C. Data are shown as mean + SD (n=3). Statistical significance was assessed using 2way ANOVA

analysis showing non-significant (<0.9999) p-values for G” and significant p-values for G’ (* = 0.01 < p-
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value < 0.05; ** = 0.0016; *** = 0.0009; **** < 0.0001). The values from y axis are presented in a confidential
L2 ] 0 PP 45
Figure 21. A) At left is shown the 5AIgP, 10AlgP, and 15AIgP inks once inside the 3D printed moulds, and
at the right the respective structure after 5-10 minutes of gelation. 5AlgP, 10AlgP hydrogels were not solid
while 15AIgP originated a solid structure. At the bottom 15AlgP based inks were used to construct hydrogels
using moulds with different shapes B) 3D squared moulds (5 mm x 5 mm); C) 3D cylindric moulds with

diameter a of 9 mm and 8 mm in height; D) 3D circle mould with a diameter of 9 mm and 2 mm in height.

Figure 22. A) Compression stress-strain curve of 15AIgP, 15AIgP_1molA, 15AIlgP_5molA, and
15AIgP_10molA hydrogels. B) Stress-strain linear regressions of 15AIgP and 15AlgP_5molA showing r>>0.9
and the calculated slope values (Young’s modulus) in KPa. ...........oooiiiiiiiiiiiii e 47
Figure 23. Quantified Young's modulus of the 15AIgP, 15AIgP_1molA, 15AlgP_5molA, and
15AIgP_10molA hydrogels. A similar behaviour of Young’'s modulus is observed for all hydrogels. Data are
shown as mean * SD. Statistical significance was assessed using t-student analysis showing non-significant
P-VAIUES (P-VAIUE = 0.05). ...ciiiiiiiieiiiiie ettt e e e e e n e e e e e e e naee e e e nees 48
Figure 24. A) Water content of the 15AIgP, 20AlgP, and 25AIgP hydrogels and of B) 15AIgP hydrogel
compared with AlgP_1molA, AlgP_5molA, and AlgP_10molA. Data are shown as mean = SD (n = 3).
Statistical significance was assessed using t-student analysis showing non-significant p-values (p-value =
0.05) and values with different significances (* = 0.01 < p-value < 0.05; ** = 0.001 < p-value < 0.01; *** =
0.0001 < P-VAIUE < 0.00L). .eeeeeiiiriieeiiitiiee ettt ettt ettt e st e e e sabe e e s s bae e e e aabbe e e e s bbe e e e abbe e e e abbeeeeabbreeeanbreeeean 49
Figure 25. A) Swelling degree for 10AIgP, 15AIgP, 20AlgP, and 25AIgP hydrogels at days 3, 5, and 7.
Swelling reaches a swelling of 10% at day 3. B) Swelling degree for 10AlgP, 15AIgP, 20AlgP, and 25AIgP
hydrogels at days 3, 5, 7 and 40. Data are shownas mean £ SD (N=3). ..., 50
Figure 26. Surface properties of the 15AIgP, AlgP_5molA, and AlgP_5molIB hydrogels. A) The hydrogels
show low contact angles, typical of superhydrophilic specimens. Data are shown as mean * SD. B)
Representative images of each contact angle measuremMeNt. ..........oocuveeiriie e 51
Figure 27. Scanning electron microscopy (SEM) images of the scaffolds. A) SEM images of 15AIgP
hydrogel showing a sponge-like (top image), and flake-like (bottom image) structures; B) SEM images of
15AIgP_1molA, 15AIgP_5molA, and 15AIgP_10molA hydrogels also showing flake-like structures (at 10g.L-
1). C) SEM images 15AIgP_1molB, 15AIgP_5molB, and 15AIgP_10molB hydrogels with similar flake-like
structures (at 5g.L*) and indicating the formation of molB particles (at 10g.L?) on the hydrogel surface in
comparison to non-doped 15AIgP hydrogel. White arrows indicate the presence of molB particles
surrounded by the AlgP matrix. D) SEM images of 15AIgP hydrogel and structures that can be crystals at
the NYArOGEI SUMTACE. .....eiiiieeeie ettt e bttt e s bbbt e e s bbbt e e snb e e e e s nbeeeesnnneeeas 52
Figure 28. EIS Bode plot of 15AIgP, 15AIgP_1molA, 15AIgP_5molA, and15AlgP_10molA wet hydrogels.
The x-axis is a logarithmic scale of the frequency, and the y-axis is the logarithm of the impedance, I1ZI, while

the second ordinate is the phase angle, 8. 15AIgP hydrogel shows higher impedance than molA doped
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hydrogels. Data are show as mean + SD (n=3). The values from y axis are presented in a confidential annex.

Figure 29. EIS Nyquist plot of wet hydrogels doped with varying concentrations of natural conjugated
molecules: 15AIgP, 15AIgP_1molA, 15AlgP_5molA, 15AIgP_10molA, and 15AIgP_10molB. The negative
imaginary impedance —Z” is plotted versus the real part of the impedance Z'. The values from y axis and x
axis are presented in @ CONFIAENTIAI ANNEX. ......iviiiiiiii e e et e e sbree e 54
Figure 30. Equivalent circuit of the fabricated scaffolds system composed of a constant phase element

(CPE), a Rct (Charge transfer resistance), and a Ws (Warburg element) representing the diffusional

impedance. RS iS the SOIULION FESISLANCE. .........ccciiiiiiiiiiii e e e e s s e e e e e e ssnrerrreeaeeeeanns 55
Figure 31. Conductivity of wet 15AIgP, 15AIgP_1molA, 15AIgP_5molA, 15AlgP_10molA, and
15AIgP_10molB hydrogels. Data are Shown as mean CUIVES £ SD. ........ccooviiiiiiiiiee e 55

Figure 32. Electrical conductivity of dried 15AIgP, 15AlgP_1molA, 15AIgP_5molA, 15AIgP_10molA,
15AIgP_1molB, 15AIgP_5molB, 15AIgP_10molB evaluated via four-point probe measurements. Non-doped
15 AlgP showing less conductivity than doped hydrogels, except for 15AlgP_5molA. Lower concentrations
of molA and molB resulted in higher conductivities. The conductivity of 15AIgP_1molB hydrogels is almost
four times higher than 15AIgP_1molA hydrogel. Data are shown as mean = SD (n=3, except for
15AIgP_5molA due to sampling problems). Statistical significance was assessed using t-student analysis
showing non-significant p-values (p-value 2 0.05) and values with different significances (* = 0.01 < p-value
< 0.05; ** = 0.001 < P-VAIUE < 0.0Q).. .eeiiiiiiieeiiitiiee ettt ettt e e et e e e 56
Figure 33. A) Images of a DC circuit conducted using 15AIgP_5molA hydrogel and a LED. B) Quantified
LED intensity using the area of emitted light. A conductive metal was used as o positive control and the air
as the NegativVe CONLIOL. ........ooo i 57
Figure 34. Cyclic voltammetry measurement at different scan rates (0.04 V.s%, 0.1 V.s, and 0.4 V.s1) of
all the fabricated hydrogels indicating an enlargement of the curve area with the increase of the voltage
S Tor- 1o [ £ | (T PP P PP PP PPPPPPPPPPPPN 58
Figure 35. A) Optical microscopy images of 3D-printed 15AlgP, 15AIgP_1molA, 15AIgP_5molA,
15AIgP_10molA, 15AIgP_1molB, and15AIlgP_5molB squared meshes (top) and the light microscope image
of each evaluated square inside the respective squared mesh (bottom). B) Printability factor (Pr) derived
from the 3D-printed hydrogels, is inversely proportional to pore-circularity, an indicator of pore circularity
and hence printability of the ink (Pr = 1 perfectly square pore, Pr < 1 circular pore, and Pr > 1 over-gelated
pore). The grey region marks the range of adequate ink printability (from 0.85 to 1.1) (Ouyang et al. 2016).
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Figure 36. Optical microscopy images of 3D printed 15AlgP_5molA squared meshes with 1, 2, and 3 printed
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Figure 37. Line thickness over three different layers derived from the 15AlgP, 15AlgP_5molA, and
15AIgP_5molIB 3D-printed hydrogels showing the expected line thickness marked with a black dotted line
(0.5 mm = pink needle inner diameter). Data are shown as mean = SD (n=3). The values from y axis are
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Chapter 1. Introduction



1. Introduction

1.1. Motivation

1.1.1 Food industry impact on the environment

Humanity relies entirely on the existing ecosystems and their wellbeing. In turn, ecosystems welfare
and prosperousness rely on their biodiversity. The variety of life in every habitat is tightly linked and
genuinely dependent on living beings’ interactions and dynamics. However, a loss of biodiversity has been
observed over the past years (Figure 1A). Nowadays, the human population represents around 30% of the
planet's mammals, living the consequences of extensive overexploitation of resources. The other 60% are
animals for human consumption, and there are only 4% of the remaining species (Alastair Fothergill, 2020).
The collapse of the natural world has thrown the planet off balance, resulting in global warming and climate
change. Today, freshwater supplies are shrinking, agricultural yields are dropping, forests are burning, ice
is melting, and rising oceans are more acidic, all, in part, due to a warmer climate. In 40 years, the summer
sea ice in the Arctic has decreased by 40% (Alastair Fothergill, 2020). Climate change is altering the time
of life cycles, causing many species to relocate as their ecosystems change, most immediately in coral
reefs, forests, mountains, the Arctic, and in some cases, leading to death or even extinction. Changes
observed in Earth's climate since the early 20t century are driven by human activities as fossil fuel burning,
which increases heat-trapping greenhouse gases (GHGSs) levels in the atmosphere (Figure 1B), raising
Earth's temperature and promoting global warming. However, another issue is at the heart of all these global
problems: human demand and reliance on animal products. Animal agriculture is responsible for nearly 40%
of the planet's entire land surface. Most of that land is directed to raise grains, fruits, and vegetables that
support animal growth, directly inducing deforestation (Bryan Walsh 2013; Phelps and Kaplan 2017). More
precisely, every year, humans cut down 15 billion trees. Also, nearly 300 million tons of animals are
slaughter every year, just including beef, pork, and chicken. On the other side, the human population is
continuously increasing (Figure 1C). It is expected to grow up to 9.8 billion by 2050, which will require annual
meat production to rise substantially to 470 million tonnes (ONU 2019; Heidemann et al. 2020).

The scenario is also critical in the oceans, with 96.4 million tons of fish captured every year (FAO
2020). Moreover, intensive fishing drags to death thousands of specimens not intended for consumption.
Today, fish stocks are under considerable pressure, with 29% of fish stocks classified as overfished and
61% of them as fully exploited (WWF 2015). Besides this, animals grow under intensive and degrading
conditions leading to diseases, viral outbreaks and bacteria, which management implies the use of
antibiotics and consequentially the appearance of antibiotic-resistant bacteria (Scanes 2017). Indeed, the
animal industry contributes to 14.5% of all worldwide GHGs emissions (Rojas-Downing et al. 2017).
Livestock and their by-products account for million tons of carbon dioxide (CO2) per year, as well as other

GHGs, such as methane (CHa) and nitrous oxide (N20), which are gases with global warming potentials 28



and 265 times higher than COz2, respectively (Rojas-Downing et al. 2017). Moreover, the growing demand
for animal farming is expected to significantly contribute to a roughly 80% increase in global GHGs
emissions from the agricultural sector (Tilman and Clark 2014). Therefore, the production and use of this
protein feed source causes severe environmental impact detrimental to the land, air, water, and significantly

contributes to global climate change by deforestation worldwide, and, therefore, present a significant threat
to the world's biodiversity.
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Figure 1. A) Graphical representation of world population, in billions, from 1940 until 2020. B)
Graphical representation of COz in the atmosphere, in parts per million, from 1940 until 2020. C)
Graphical representation of the remaining biodiversity, in percentage, from 1940 until 2020 (Alastair
Fothergill, 2020).

1.1.2 Marine ecosystems decline

Marine ecosystems include the open ocean, the deep-sea ocean, and coastal marine ecosystems, each
of them with different physical and biological characteristics. These ecosystems are essential for the
existence of life on this planet. Human wellbeing depends on water and on the ocean as it can support or
change existing landscapes and form new ones, support economic activities and transportation, and be the
primary source for protein for one in seven of the world’s population (Henson et al. 2017). The ocean covers
71% of Earth’s surface, is home to many ecosystems, supports a rich wildlife biodiversity, sustains billions
of people’s lives, regulates the climate, produces half the atmospheric oxygen, and fuels the water cycle
(CQ Press 2020). However, after decades of overexploitation these functions are being compromised. As
the global temperature increases, the concurrent ocean acidification, deoxygenation, and sea-level rise is
severely impacting vital marine ecosystems (Gattuso et al. 2018). The rate at which these conditions emerge
means that species have less time to either adapt or migrate, potentially increasing ecosystem disruption
(Henson et al. 2017). An example of these ecosystem reconfigurations is the Australian reef communities
which, after decades of ocean warming and critical ecological damaging, lost their defining kelp forests and
became dominated by persistent seaweeds (Wernberg et al. 2016). There is also evidence that warm water
species are being displaced towards the poles and experiencing changes in their size and habitat

productivity (Reddy 2015). Additionally, a problem of great concern is plastic. Microplastics exposure has



many adverse effects on marine animals, such as mortality, reduced feeding rate, body mass, reduced
allocation of energy for growth, and behavioural responses changes (Barboza et al. 2018). Models have
estimated that over 5 ftrillion pieces of plastic are floating in the world’s oceans and that its impact is

comparable with persistent pollutants, being a global threat (Galloway et al. 2017).

1.1.3 Marine agriculture

Marine agriculture already supports 20% of global demand for consumed animal protein, including
fish, crustaceans, molluscs, and other aquatic animals, excluding reptiles, seaweeds, and other aquatic
plants (Potter et al. 2020). Fish and seafood products are a source of high-quality protein, polyunsaturated
omega-3 fatty acids and various micronutrients such as iron, zinc, vitamin A, and vitamin Bi.. However,
human activities such as industrialised fishing pose severe challenges to marine ecosystems, and today the
oceans are vulnerable. Besides fish farming, aquaculture has been expanding in recent decades to fill the
gap between supply and demand and it is now the fastest-growing food production system (Potter et al.
2020). Although there is a high market demand for fish, there is several reports pointing out that
aquaculture's growth will face alarming environmental challenges (Cheung et al. 2018; Ahmed et al. 2019).
Such challenges include habitat destruction, water pollution, eutrophication, biotic depletion, ecological
effects, and disease outbreaks (Ahmed and Thompson 2019). Moreover, aquaculture settings utilising
antimicrobials may serve as reservoirs for antimicrobial resistance genes, providing routes for human and
animal exposure to antimicrobial-resistant bacteria. It is estimated that global antimicrobial consumption in
aquaculture will increase by 33% between 2017 and 2030 (Schar et al. 2020). Climate change affects
weather conditions leading to fluctuations in ocean currents that alter the aquaculture dynamics (Maulu et
al. 2021). Aquatic animals metabolic rates, growth and reproductive cycles are drastically affected by rising
temperature (Sarkar et al. 2019). In aquaculture, changes in temperature, pH, salinity, and ecosystem health
change productivity and increase several risks (Reddy 2015). Currently, innovation and revolutionary ideas
represent the best strategy to overturn these situations and achieve sustainable marine agriculture in the

future.
1.1.4 Marine food security: risks to seafood consumers

Even though fish and seafood carry numerous health benefits, contaminants present in this food
group can pose a significant threat to consumers health. For example, marine organisms ingest and uptake
microplastics that induce adverse effects and accumulate in many species, mainly top predators.
Bioaccumulation and biomagnification into food chain increase the risks and toxic effects. Moreover,
microplastics may act as vehicles for toxic chemicals (carcinogens, endocrine disruptors, neurotoxic
chemicals) (Barboza et al. 2018). On the other hand, heavy metal pollution produced by anthropogenic
sources such as agricultural drainage, industrial effluent discharge, sewage discharge, accidental chemical
waste spills, and gasoline from fishing boats also has high negative impacts on fish health and fish

consumers (Arulkumar et al. 2017). Heavy metals such as mercury (Hg) are widespread contaminants in



fish products. A recent assessment of metals bioaccumulation in global marine food chains has shown that
Hg, lead (Pb) and zinc (Zn) are the most worrying magnifiers (Sun et al. 2020; (Bosch et al. 2016)
Furthermore, in aquaculture, antibiotics are incorporated into the feed or fed directly into the water.
Consumption of antibiotics-contaminated food could pose risks to human health (Liu et al. 2017a).
Moreover, in the aquaculture environments 80% of the antibiotics administrated to fish are excreted without
being complete decomposed, being able to reach other environments, diffuse into sediments, or being
washed away by currents to remote locations (Manage 2018). This dissemination could end up providing
antibiotic-resistant pathogenic bacteria (such as A. salmonicida, A. hydrophila, C. freundii, V. salmonicida,
F. psychrophilum and P. fluorescens) to humans through drinking water, handling or consumption of
aquaculture fish (Manage 2018; Liyanage et al. 2021). Manage also alarms to the risk of potential horizontal
gene transfer from fish pathogens to humans due to the rapid growth of aquaculture sector (Manage 2018).
Recently, Hui Chen and colleagues detected several antibiotics in the water, sediments and fish tissues
showing high transportability and accumulation for the fish bile, liver and muscle, posing potential health

risks to the consumers (Chen et al. 2018).

Nowadays, consumers are increasingly concerned about the quality effects of fish consumed and
effects of it on human health (Mitchell 2011; Altintzoglou et al. 2016). Consumer concerns include the
potential ingestion of the substances mentioned above that may be incorporated in the fish, crustaceans,
molluscs, and other seafood products. Therefore, alternative seafood without microplastics, mercury,

parasites, or other common toxins are sought (Mason-Jenkins 1991; Farady 2019).

1.2 State of the art in cell-cultured food industry

As mentioned above, animal agriculture presents a significant threat to the planet environment with
highly damaging impacts on biodiversity, soils, air, water, animal welfare and human health. Therefore, cell-
cultured food has emerged as a breakthrough technology for the food industry that provides an alternative
to animal intensive agriculture and farming (Hocquette 2016). Moreover, the adverse impacts of climate
change on the planet and respective public awareness on urgency to act is changing consumers' mindset
to be more prone to accept meat alternatives such as plant-based and cell-cultured meat (Bryant et al.
2019). Also, consumers' demand for sustainable and health beneficial food products with functional
ingredients has recently increased (Zhang et al. 2012). Furthermore, cell-cultured meat is a potential
solution to meet the increasing demand for proteins due to the expected population increase. Compared
with conventional meat production, it could use 7-45% less energy, 99% less land, 96% less water, and
emit 78-96% fewer GHGs (Choudhury et al. 2020). Combining tissue engineering approaches and
biotechnology knowledge, it is potentially possible to grow in-vitro meat tissues from an animal cell biopsy,
instead of growing animals for that purpose. In the first step, a cell is extracted from a living animal, is fed
with a media to proliferate in a 3D scaffold material to differentiate into structured muscle and fat cells that

resemble meat. There are critical research areas associated with cell-cultured meat production: cell culture



medium formulation, cell line development, scaffolding and product structuring and bioreactor design and
bioprocess.

According to industry experts, novel vegan meat replacements and cell-cultured meat have
significant commercial potential to disrupt the $1,000 billion conventional meat industry. Based on A.T.
Kearney analysis, around one-third of the global meat supply will be provided by these new technologies
within the next ten years (Gerhardt et al. 2020). Novel vegan meat replacements is forecast to sharply grow
until 2030, whereas cell-cultured meat is, in that study, expected to outgrow them between 2025 and 2040

due to technological advancements and consumer preferences (Figure 2) (Gerhardt et al. 2020a).
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Figure 2. AT. Kearney analysis of global meat market forecast, in billion US$, until 2040.
Sources: United Nations, World Bank, expert interviews; Kearney analysis (Gerhardt et al.
2020).

Since the first slaughter-free cell-cultured hamburger was unveiled in 2013 by Mosa Meat’s CSO,
Prof. Mark Post, cell-cultured agriculture has received extraordinary attention. Many companies have been
founded to commercialize cultured meat products (Post 2014). Besides meat alternatives, several
companies focus on novel cell-cultured seafood, leather, silk, egg white, and milk. According to The Good
Food Institute’s (GFI) external company database, nearly 80 start-ups worldwide work on cell-cultured meat-
related topics. While the primary business model is business-to-consumer (B2C), other business-to-
business (B2B) models have emerged that produce serum-free cell culture, plant-based growth factors, cell
lines, and edible scaffolds. In 2019, “GFI state of the industry report” on cell-cultured meat revealed that 55
early-stage companies announced to aim at producing cell-cultured meat and seafood or at serving these
producers along the value chain that year. From these, 33 position themselves as future cell-cultured meat
producers (beef, chicken, pork, duck, horse, kangaroo, and others), 7 as future cell-cultured seafood
producers (tuna, salmon, crustaceans, fish maw, and sturgeon), and the other 15 companies envisaged
B2B business models.



1.2.1 Tissue engineering for fish production: Cell-cultured fish

Oceans and other marine ecosystems are particularly vulnerable due to the highly negative impacts
of overfishing and climate change. With oceans at risk, cell-cultured seafood provides a unique opportunity
to transform the sustainability landscape of these products by avoiding marine capture or aquaculture
systems. Cell-cultured fish suggests that it is possible to extract cells from a living fish, feed them with
serum-free media to proliferate in a 3D scaffold, and differentiate them into structured muscle and fat cells
organised in structures that resemble fish tissue (Figure 3). In this way, it is possible to supply fish protein
for human consumption with high nutritional value, without harming animals and avoiding contaminants or
antibiotics. Furthermore, cell-cultured fish has advantages over cell-cultured meat, such as lower culture
temperature and adaptation to hypoxia conditions that make them uniquely suited for bioreactor
environments (Rubio et al. 2019). Also, all sectors that involve the production of cell-cultured fish still need
extensive research. Few cell lines are available from marine species, seafood scaffolding and large-scale
culture environments remain speculative. However, these technological gaps represent opportunities for
research innovation advances. Moreover, with the growing interest and knowledge in cell-cultured
agriculture for meat production, the investigation focused on cell-cultured seafood production is highly
relevant. Cell-cultured fish is an innovative and relevant area with many opportunities and challenges with

extreme investment and growth potential in future markets.
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Figure 3. A schematic cell-cultured fish approach. The process starts with cell extraction
from a living fish, cell proliferation, and differentiation into a 3D bioprinted structured fish

muscle tissue (Figure created on BioRender).



1.3 Aim, objectives, research strategy, and thesis

outline

This work aims to fabricate novel edible, vegan, and electroconductive bioinks for 3D bioprinting. The
objectives of this work are the development of novel edible and electroconductive scaffolds for cell-cultured

fish, able to fulfil three purposes:

e Prepare ink formulations for 3D printing and 3D bioprinting, 100% composed of vegan materials,
thus allowing their edibility when further used to produce the cell-cultured tissue.

e Characterise the scaffolds obtained in terms of their mechanical properties, electrical conductivity,
and 3D printability. Natural conjugated molecules were added, aiming to increase material
electroconductivity for their further use to support electrical stimulation of myogenic differentiation.

¢ Validate the cytocompatibility of the materials by fibroblast cultivation on the surface of 3D printed

structures or inside the hydrogels after their 3D bioprinting.

To achieve the goals proposed, six milestones were defined:

1. Ink formulation

2. Ink characterisation

3. Scaffold characterisation (proprieties of the solidified hydrogel)
4. 3D printing & 3D bioprinting

5. Printability evaluation

6. Biological characterisation

For each milestone, specific experimental methods were developed that are specified in the following
Chapter 3.

To achieve the goals proposed for this thesis, the subsequent experimental strategy was followed:

The ink was formulated to fulfil the previously stated requirements. Then this ink was extruded by a 3D
printer following a specific 3D designed model and printing parameters. The formed 3D hydrogels were then
subsequently characterized. Characterization and optimisation studies were made on the materials, namely
concerning the assessment of mechanical properties and electrical conductivity. The biological response
via fibroblast cell culture was also assessed. The experimental strategy followed in this study is outlined in

Figure 4.
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Figure 4. Scheme of the thesis experimental strategy.
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2. Theoretical Background

2.1 Tissue Engineering: current overview

In the past decade, tissue engineering (TE) advanced significantly combining knowledge gained
from biology, materials science, chemistry research fields with engineering strategies. The discovery of
induced pluripotent stem cells (iPSCs) and the clustered regularly interspaced short palindromic repeats
(CRISPR) enabled specific cell manipulation and novel personalised medicine. On the other hand, adult
stem cell research had a remarkable breakthrough by discovering that mesenchymal stromal cells (MSCs)
produce a pool of desired growth factors and cytokines beneficial for local wound healing or disease
treatment. Moreover, applying rigorous in vitro selection processes and directed evolution has facilitated
more versatile engineered biomolecule delivery systems. However, all these advances and discoveries
would not be possible to apply to tissue engineering approaches if biomaterials engineering and scaffolding
fabrication methods had not evolved tremendously. Advances in fabrication technologies, including
programmed self-assembly and 3D bioprinting, allowed the generation of high-resolution biomimetic
structures with multiple cell types that recreate the extracellular matrix (ECM) architecture (Khademhosseini
and Langer 2016).

2.1.1 Biomedical applications

TE and regenerative medicine are part of the biomedical research areas with a potential high impact
on human health-related issues. There are currently applications in developing and constructing tissues
and/or organs like nerves, bones, cartilages, skin, liver, pancreas, and muscles. Furthermore, for
applications related to drug screening, the advances mentioned above led to the construction of human
iPSCs-derived organoids and organ-on-chip platforms that integrate biomimetic organ models capable of
screen drugs, their responses and side effects (Khademhosseini and Langer 2016). Recent experimental
works have successfully constructed complex organ substitutes such as bone, nerve conduits, blood
vessels, liver, and heart valves. In TE, developing materials and topographies that highly resemble the
natural components of the ECM promotes cell functions such as cell adhesion, proliferation, and
differentiation. Scaffolds are structures made of materials engineered to form new functional tissues that
recreate the in vivo microenvironments. Scaffolds require intrinsic biocompatibility and proper chemistry to
induce molecular biorecognition from cells (Carletti et al. 2011). Materials, mechanical scaffold properties,
and degradation kinetics with non-toxic degradation products are critical and must be tailored to the specific
TE application. For scaffolds, a 3D pore structure with tuneable pore sizes, exposed surface area, and
porosity play a significant role, allowing the transportation of nutrients and wastes, well as influencing the
distribution of cells within the scaffold volume and the architecture of the produced ECM (Carletti et al.
2011). Besides, scaffolds should provide appropriate mechanical properties and stability to resist stresses

and maintain the designed construct structure's integrity (Zhao et al. 2018). Also, the scaffold should
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provide, or recruit from the media, suitable proteins to promote cells adherence to it. In this work, we intend
to develop a scaffold specific to cell-cultured fish. For example, fish glycosaminoglycans (GAGs) could be
vital to promote cell attachment when developing such a scaffold. Scaffold properties, biomaterials and
fabrication conditions will be dependent on the fish species and the type of cells. A polymer scaffold has
various topological formulations such as film, sponges, meshes, fibres, and foams. For example, aligned
fibre meshes that mimic muscle cell alignment can improve tissue texturization. However, films and softer

scaffolds will be more suitable to produce fish adipose tissue.

2.1.2 Food applications

More recently, other unconventional applications have emerged that take advantage of engineered
tissues being potentially edible (Khademhosseini and Langer 2016). Cell-cultured meat and seafood
projects aim to reduce GHGs emissions produced by animal farming and improve animal welfare. This
alternative purpose to replicate the organoleptic properties (i.e sensory and nutritional profile) of
conventional food products through cultivation of the same cell types within a similar 3D structure as in
natural animal products (Halpern et al. 2021). For example, in few years, the recent emergent cell-cultured
seafood industry successfully grown shrimp, salmon, fish maw, and yellowtail (Figure 5) (Marwaha Nisha,
Beveridge Malcom 2020). Besides these alternatives, several researchers are focus on producing novel

cultured leather, silk, egg white, milk, gelatine and even mouse meat for pet feed purposes.
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Figure 5. Cell-based seafood preparations. A. shrimp dumplings; B. salmon nigiri; C. fish maw; D. yellowtail. Source:

(Marwaha Nisha, Beveridge Malcom 2020).
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2.2 Materials for scaffolding design

As stated in the “Aims and Objectives” section, one of the main goals of this project is to fabricate scaffolds
using natural and edible materials that could potentially be applied in cell-cultured agriculture. To achieve
this, our scaffolds will have two main components: (1) an algae-derived polysaccharide that will provide the
primary support and mechanical properties and (2) a conductive filler based on vegetal pigments that
possess a chain of conjugated 1 bonds to increase the conductivity of the material (conductivity of the
scaffold is a desirable parameter for developing electroconductive tissues in vitro such as muscle tissue).
Emphasis has been given to these materials in the sections below.

2.2.1 Synthetic versus natural polymers

In TE, the most widely used synthetic biocompatible polymers are poly(ethylene gmolBol) (PEG),
poly(lactic acid) (PLA)and poly(a-hydroxy acids) as, poly(gmolBolic acid) (PGA), poly-(caprolactone) (PCL)
and their copolymers (Place et al. 2009). In industry, synthetic materials are mostly obtained from petroleum
resources, while natural polymers are derived from biological or renewable resources (Soares et al. 2018).
The increasing demand for petroleum-based raw materials has been threatening the global economy and,
most importantly, has been responsible for climate change. Petroleum-derived polymers degradation
methods highly contribute to CO2 emissions, causing global warming and environmental degradation. For
this reason, new sources of polymeric materials are strongly required to reduce the current environmental
impact of using petroleum-based materials. Considering environmental concerns and the need for a more
sustainable future, more and more researchers are looking for green and environmentally friendly materials
from naturally available resources. Therefore, new biodegradable natural polymers with low environmental
impact are under development, and their applications need to be a part of the systemic approach to
biomedicine, TE, and material science. These polymers are mainly composed of non-fossil materials and
offer a renewable alternative. They derive from various biological sources such as agricultural products
(corn, potato, or soybeans), microorganisms, algae and crustaceans (Soares et al. 2018). Wood-derived
biopolymers also have attracted great attention due to their versatile properties (Xu et al. 2018). The use of
protein-based biopolymers for biomedical applications are also under current investigation. Animal proteins
such as collagen and gelatine, as well as nano cellulosic biopolymers have been assessed as promising
biomedical applications such as drug delivery, wound healing, and tissue implants (Ngwabebhoh and Yildiz
2019). Also, environmentally-friendly cellulose-based products, sericin, fibroin and plant-derived proteins
such as soy protein and zein are under development (Mishra et al. 2020) (Nagarajan et al. 2019). Another
emerging eco-friendly source for biomaterials is marine resources. Despite overfishing, climate change, and
the increasing ocean pollution with industrial waste, some marine resources remain plentiful and, currently
undergoing a renaissance in modern materials science. In 2017, Roberto Nistico explored the possibility of
producing valuable, useful materials from the underutilised shellfish biowaste, namely chitin and its derived

by-products (Nistico 2017). Marine polysaccharides of algal origin also have vast potential as biomaterials
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(Khrunyk et al. 2020). From the mentioned polymers, only the edible materials fill our purpose of creating a

scaffold specific for cell-cultured fish applications. These materials are discussed in the following sections.

2.2.2 Edible materials

Edible scaffolds are needed to answer cell-cultured food demand and provide an animal-free
environment for cell growth without associated ethical or environmental concerns. Therefore, the production
of vegan scaffolds derived from bio-valorised, low-cost, non-toxic, and biocompatible polymers has emerged
as a popular research field. Scaffolds are essential components to increase cell-cultured food scalability,
provide structure, and contribute to organoleptic properties (Rubio et al. 2020). In this sense, in 2014, a 3D
apple based on a cellulose scaffold was manufactured, successfully supporting the in vitro 3D culture of
NIH3T3 fibroblasts, mouse C2C12 muscle myoblasts and human HelLa epithelial cells (Modulevsky et al.
2014). After that, in 2017, Enrione et al. developed a 3D scaffold-based on salmon gelatine, alginate, and
gelating agents such as agar or agarose (Enrione et al. 2017). More recently, Acevedo (2018) and Orellana
(2020) used such biomaterials combination to produce edible films for in vitro meat production (Acevedo et
al. 2018; Orellana et al. 2020). In 2019, MacQueen et al. demonstrated bovine aortic smooth muscle cells
and rabbit skeletal muscle myoblasts cultured on edible gelatine fibre scaffolds (MacQueen et al. 2019). In
2020, Ben-Arye and colleagues developed an economic and vegan scaffold from textured soy protein,
showing that it can support the growth of bovine skeletal muscle cells for a prototype of cell-cultured meat
(Ben-Arye et al. 2020).

2.2.3 Natural available materials: marine resources

As mentioned above, the oceans have plentiful marine resources and are currently arising in
modern materials science. Marine biomaterials are rich sources of structurally diverse compounds with
various biological activities, and most of them are underutilised (Pulakkat and Patravale 2020). Seaweeds
are a potential feed resource due to their possible large biomass production that does not require agricultural
land, fertilizers, or freshwater. Marine polysaccharides of algae origin also have vast potential as
biomaterials. Seaweeds are divided into three main classes: green, red, and brown algae containing various

polysaccharides such as alginate, agar, carrageenan’s, fucoidans and ulvans.

2.3.4 Electrically conductive materials

Conductive materials are essential for the direct electrical stimulation of cells and, specifically, as
substrates for producing tissues where electrical conductivity can enhance cell growth. Conducting
polymers (CPs) are biocompatible and promote cell adhesion, migration, proliferation, differentiation, and
protein secretion at the polymer—tissue interface with or without external electrical stimulations. Biomedical
applications of CPs are essentially for biosensors, TE, artificial muscles, and drug delivery. These materials
improved cell adhesion and proliferation of different cells such as L929 fibroblasts, C2C12 myoblasts, PC12

cells, RSC96 Schwann cells, H9c2 cardiac cells, primary cardiomyocytes, MC3T3-E1 cells, and
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mesenchymal stem cells (Haryanto and Khan 2018). For muscle cells, electrical stimulation contributes to
differentiation and increases myofiber diameter, enhances myotube structure, and increases the myofibrillar
protein content (Edelman et al. 2005; Fraeye et al. 2020). Nowadays, polypyrrole (PPy), polyaniline (PANI),
polythiophene (PT), and poly(3,4-ethylene dioxythiophene) (PEDOT) are very used since their phenyl or
pentyl groups offer excellent thermal stability and conductivity. Usually, scaffolds with CPs are blended with
other biomaterials to optimise the mechanical properties. Other non-polymer materials such as metal
nanoparticles and ions, inorganic nanoparticles, graphene, carbon nanotubes, graphene oxide, and ionic
liquids are also applied to provide electroconductive proprieties to scaffolds (Shi et al. 2016). Scaffolds using
edible conductive polymers have not been developed, and strategies to manufacture and develop materials

from natural conductive polymers such as natural conjugated molecules are currently lacking.

2.3 Hydrogels

Hydrogels are a group of polymeric materials that hold large amounts of water within their 3D
structures, due to hydrophilic functional groups in the polymeric backbone, resulting in high hygroscopic
structures. Their stability in water is due to the crosslinks established between the network chains (Ahmed
2015). According to the nature of the cross-linking reaction hydrogels can be classified as chemical or
physical hydrogel. Covalently crosslinked networks result in chemical hydrogels, while networks that result
from physical interactions such as hydrogen bonds, ionic interactions, hydrophobic interactions, or polymer

chain entanglements result in physical hydrogels (Pal et al. 2009).

Hydrogels are highly biocompatible materials with tuneable characteristics, allowing the design and
development of inks and/or scaffolds with tailored properties, such as biodegradation, mechanical stability,
and the ability to respond to stimuli. This work aims to fabricate hydrogels scaffolds based on vegan
polymers as algae polysaccharides that crosslink due to physical interactions as polymer chain
entanglements and ionic interactions. Such hydrogels' mechanical properties (swelling degree, water
content, and mechanical stability) will be evaluated. After, natural conjugated 1T molecules will be added to
the hydrogels network as conductive fillers aiming to increase the material's conductivity. The importance

of adding electroconductive capacity to our hydrogels is discussed in the next section.

2.3.1 Electroconductive hydrogels

Hydrogels have limiting electroconductive properties that hinder them to mimic the complex
electrophysiological microenvironment of specific tissues. To overcome this challenge, electroconductive
materials have been used as fillers for hydrogels to potential replicate the electrical and biological
characteristics of biological tissues as cardiac, cartilage, muscle, neural, and skin (Rogers et al. 2020).
Therefore, scaffolds for these tissues must support bioelectrical signalling. Besides, electroconductive
hydrogels can be useful for several applications, such as bioconductors, biosensors, electro-stimulated drug

delivery, bioactuators, and artificial muscles (Shi et al. 2016).
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Electrical stimulation enhances myotube structure and increases the myofibrillar protein content in
mammalians (Fraeye et al. 2020). We hypothesised that also fish myoblast, proliferation, maturation, and
organisation of myotubes could be accelerated using electrical stimuli. In this work, integration of natural
conjugated 1 molecules in our formulations will be assessed to provide scaffold electroconductive features.
As mentioned in sections above, scaffolds using edible conductive molecules have not yet been developed.
This work aims to develop a strategy to fabricate electroconductive hydrogels by incorporating natural

conjugated 1T molecules in algae-derived hydrogels.

2.4 Scaffolding fabrication techniques

2.4.1 Overview

Selecting a scaffold fabrication technique is critical since it determines several scaffold properties
such as biodegradability, specific surface area, tensile strength, and porosity. Conventional fabrication
techniques include solvent casting/particulate leaching, freeze-drying, gas foaming, thermally induced
phase separation and electrospinning. On the other hand, there are also advanced techniques like 3D
printing, 4D bioprinting, electrohydrodynamic jet printing, and melt electrospinning writing (Ambekar and
Kandasubramanian 2019). Since the manufacturing technique selected in this thesis was 3D printing, we
will focus on this method in the sections below. The most commonly used 3D bioprinting techniques include
inkjet bioprinting, stereolithography, extrusion bioprinting and light assisted bioprinting (Zhu et al. 2016; Kyle
et al. 2017). Additionally, recent methods as freeform reversible embedded hydrogels (FRESH) 3D
bioprinting technique that works by extruding the bioink within a bath that serves as a temporary support
are being evaluated (Corbett et al. 2019; Mirdamadi et al. 2020). The same for the process of suspended
layer additive manufacture (SLAM) (Senior et al. 2019). The 3D printed product should be precise and

reproducible.

2.4.2 3D extrusion bioprinting

3D extrusion bioprinting (Figure 6) is the precise deposition of cell-laden bioinks to construct
complex and functional tissues. In this technique, pneumatic pressures are applied to a cartridge containing
the bioinks (i.e. inks containing cells), which are pushed through a nozzle to be deposit on different locations
with high resolutions and shape fidelity (Hockaday et al. 2012). The several parameters and conditions that
can be controlled on a printing process are: (1) the solution intrinsic properties including polymer type,
molecular weight, concentration, viscosity, and surface tension; (2) the required processing conditions as
applied air pressure, deposition rate (line speed), nozzle diameter and distance between nozzle and
substrate; (3) the environmental conditions as the oxygen concentration in printing environment and
temperature. For example, higher polymer concentrations in the ink usually introduce more cross-linking
and viscosity.
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Cartridge

Polymer solution

Printed scaffold

Figure 6. 3D printer scheme. At the right side there is a 3D printer nozzle. (Figure created on
BioRender).

However, while solider polymeric networks result in better printable bioinks, they also result on
microenvironments that usually leads to low cell densities. Besides, printability is also dependent on the
polymer gelation state. Bioinks with under gelation, proper gelation and over gelation given by their ability
to be printable (i.e printability), result in different extrusion patterns and structures (Distler et al. 2021). Kyle
and colleagues discussed the ideal properties of bioinks and the critical parameters for measuring printability
in detail elsewhere (Kyle et al. 2017).

Scaffold architecture design and mechanical properties are critical for controlling cell behaviours.
3D microenvironments provide a more physiologically native-like structure to guide cells and enhance their
functions. 3D printed scaffolds enable an adequate spread of media, nutrients, and growth factors.
Importantly, this technology enables printing cells and scaffolds simultaneously, allowing accurate control
of cell distribution, high resolution, scalability and cost-effectiveness (Mandrycky et al. 2016). Moreover,
bioinks can also be functionalised with cell recognition sequences to enhance physical, chemical, and

biological properties.

The 3D printed cell-cultured meat mimics conventional meat structure leading to greater consumer
acceptance. 3D printing cell-cultured meat and seafood have many applications such as personalized
nutritional treatment, military operations, space missions and public consumption (Liu et al. 2017). For
example, the military and space missions can produce customized food products based on each soldier’s
nutrition and diet requirements. Furthermore, NASA has already funded research in 3D food printing
(Stephens et al. 2018). Moreover, Aleph Farms and 3D Bioprinting Solutions companies have already

proved the feasibility of cell-cultured meat in space (Liu et al. 2017).
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2.5 Cell-material interactions

In TE, cells can be seeded in a 3D scaffold or encapsulated inside a hydrogel material. In both
cases the material provides a suitable cellular microenvironment through cell protection and promoting cell-
to-material or cell-to-cell adhesions that regulate cell differentiation, metabolic activity, and cell-cell
signalling (Sun et al. 2006). A scaffold or hydrogel material should mimic the cell native microenvironment
formed by the extracellular matrix (ECM). ECM is composed of biochemical components as adhesion
proteins, soluble factors, growth factors, GAGs, and signalling molecules. Physical factors as three-
dimensionality, mechanical stiffness, surface topography, and electrical signalling also play a vital role in

maintaining tissue structure and integrity.

Cell adhesion to the material (cell-to-material interactions), cell-to-cell interactions, and cell
orientation are crucial for sustaining tissue properties and functions. Moreover, cells dynamic and
organisation of the cytoskeleton are closely associated with adhesion mechanisms. In our work, cell
organization and cell-material interactions as adhesion and orientation will be evaluated through two
different experiments: (i) cells seeded in 3D printed scaffolds and (ii) cells encapsulated in scaffolds by 3D

bioprinting.
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3. Materials and Methods

3.1 Ink formulation

The algae-based polysaccharide (AlgP) and the natural conjugated molecules were purchased from
Sigma-Aldrich and used without further treatment.

3.1.1 Algae-based polysaccharide solutions

To prepare AlgP solutions, ABP was dissolved in ultrapure water (MilliQ, Millipore, Merck) under
continuous stirring in a hotplate (Stuart) at 80°C, until fully dissolved. Solutes for preparation of solutions
containing 10 g.L%, 15 g.L%, 20 g.L1, and 25 g.L1 AlgP were weighted using a bench-scale (Mettler Toledo).

3.1.2 Doping with natural conjugated molecules

Sonication of the solutions was performed using an ultrasonic cleaner (VWR) via an ultrasonic bath
induced by high-frequency pressure (sound) waves to agitate a liquid that allowed the natural conjugated
molecules particles to disperse through the AlgP solution. The solution with 15 g.L* AlgP was selected to
be doped with molecule A (molA) and molecule B (molB). Conjugated particles were added directly to the
15 g.Lt AlgP solution and exposed to an ultrasonic bath for a specific time. The result is a red-coloured ink.
To evaluate the maximum concentration possible to disperse, a visual assessment was conducted using
different concentrations: 1, 5, 10, and 20 g.L! of natural conjugated molecules. The sonication time
increased with increasing molecule A and B concentrations, ranging from 30 minutes to 8 hours. The

experimental procedure is illustrated in Figure 7.
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Figure 7. lllustration of the ink formulation procedure. A) Algae-polysaccharide

dissolution at 80°C; B) Addition of particles of natural conjugated molecules to the
algae-polysaccharide solution; C) Algae polysaccharide doped solution; D) Ultrasonic
bath illustration; E) Natural conjugated molecules dispersed in the algae polysaccharide

solution via ultrasonic exposure. Image created using BioRender.
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3.1.3 Ink nomenclature

To simplify the reader interpretation and to facilitate figures and scheme visualisation, the results

associated with the previously formulated inks are in this thesis reported following a specific nomenclature,

as defined in Table 1. Data points are associate to a specific colour, for labelling purposes.

Table 1. Inks nomenclature according to the concentrations used during their formulation and respective colour code.

Concentrations Nomenclature Colour
(solvent=water)
10 g.Lt AlgP 10AIgP
15 g.L1 AlgP 15AIgP
20 g.Lt AlgP 20AlgP
25 g.Lt AlgP 25AIgP —
15 g.Lt AlgP 15AIgP_1molA
+
1g.LtmolA
15g.L* AlgP 15AIgP_5molA
+
5 g.L' molA
15 g.Lt AlgP 15AlgP_10molA
+
10 g.L't molA
15 g.Lt AlgP 15AIgP_20molA
I
+
20 g.Lt molA
15 g.Lt AlgP 15AIgP_1molB
+
1g.L't molB
15g.Lt AlgP 15AIgP_5molB
+
1g.LtmolB
15g.Lt AlgP 15AlgP_10molB —
+
1g.LtmolB
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3.1.4 Cell culture and passaging

Mouse fibroblasts L929 purchased from Sigma were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS) and 1% Penicillin/Streptomycin in a
5% CO:2 atmosphere at 37°C using a CO: incubator (Sanyo, MCO-19AIC). Sigma provided medium, serum
and reagents. Cells were used from passage 10 to 20, with media changed every two days. Cells were
harvested from the T-flask when they reached confluence using 2 mL trypsin/ethylenediaminetetraacetic
acid (EDTA) solution (Sigma) and collected by 7 minutes centrifugation at 1250 rpm using a Heraeus
Megafuge 8 centrifuge (Thermo Scientific). Trypan Blue staining (Thermo Scientific) was performed to
determine the cell viability by counting cells on a haemocytometer. Trypan blue stock solution (10uL) was
added to 10pL of cells, loaded in the hemacytometer and examined under a microscope (Olympus CKX31
Bright Field). Dilutions were made as appropriate to comply with hemacytometer cell number requirements.
Cell viability was calculated as the number of viable cells divided by the total number of cells within the grids
on the hemacytometer. Blue-stained cells were considered non-viable. The cell concentration was

calculated by the average number of viable cells x 10* x 2 x dilution factor (10) = cells/mL culture.

3.1.4.2 Evaluation of formulation ingredients cytotoxicity

Water-soluble tetrazolium salt (WST-8) viability assay was performed to evaluate the toxicity of the
scaffold’s components (AlgP, molA and molB) in culture medium using a Cell Counting Kit-8 (CCK-8) from
Sigma-Aldrich. A dilution of CCK-8 1:10 in DMEM was used.

L929 cells were suspended following the protocol in the above section, and cell viability (96.12%)
using the Trypan Blue protocol was assessed. Cells were plated at a concentration of 100 000 cells/mL 24-
48 h before the viability experiment in a 96-Well plate. To evaluate the biomaterials cyto-toxicity, AlgP, molA
and molB 1g.L? solutions were sterile-filtered, and 10 uL of the different solutions were added to 200 pL of
cell culture media. Cells grown in plain DMEM served as the positive control, and Triton-X was used as the
negative control. Each culture condition was performed in triplicate (n=3). All samples were incubated in 10
pL CCK-8 solution and DMEM for 1 h and 24 h at 37 °C. Once the incubation was completed, the
supernatants were transferred to a new 96-well plate. The absorbance at 450 nm (optical density; OD) was
measured using a Plate Reader Infinite® 200 PRO (TECAN) to assess the conversion of WST-8 into

formazan as an indicator for cell viability.

3.2 Ink characterisation

3.2.1 UV-Visible spectra

To confirm the presence of molA and molB in the formulated inks, a Plate Reader Infinite® 200
PRO (TECAN) was used to measure the absorbance of the following inks: 15AIgP, 15AIgP_1molA,
15AIgP_5molA, 15AIgP_10molA, 15AIgP_1molB, 15AIgP_5molB, and 15AIgP_10molB. From the previous
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experiment's observations, a peak wavelength was selected, and the molA and molB inks were also

scanned at 560 nm (Annex 1).

3.2.2 Rheological Assessment

The rheological properties of the inks were determined using an MCR 92 modular compact
rheometer (Anton Paar). The rheological assessment was conducted using a cone-plate geometry with a
cone diameter of 50 mm, and a constant measurement gap of 0.1 mm, resulting in a sample volume of 0.5

mL. The instrument was calibrated to analyse the viscoelastic region.

To estimate the sol-gel transition temperature and cross-linking behaviour of the 15AIgP ink
temperature sweeps were performed. The viscosity was determined at a shear rate of 50 s with
temperatures varying from 37 to 20 °C (cooling). The assay ran over 300 s with a rate of 0.2 °C.s1. The
temperature range was selected considering the value of 37°C for the CO: incubator and of RT for the
printer setup operations. To further evaluate the changes in the polymer framework after the addition of
natural conjugated molecules, 15AIgP_5molA ink was also tested. Each ink measurement was performed

in triplicate (n=3).

After, the elastic and viscous behaviour of the materials were characterised by recording the
storage modulus (G'), and the loss modulus (G") as a function of time under an oscillating time sweep test
with a frequency of 1 Hz and temperature of 25 °C, for ten minutes. The time dependence of G' and G" was
evaluated for the following inks: 15AIgP, 15AIgP_1molA, 15AIgP_5molA, 15AIgP_10molA, 15AIgP_1molB
and 15AIgP_5molB. The gelation time corresponds to the time where G” intersects G’. Each ink

measurement was performed in triplicate (n=3).

3.3 Scaffold characterisation

Scaffold characterisation techniques were performed to evaluate the proprieties of the solidified hydrogels.

3.3.1 Casting hydrogels on moulds

Cylindrical moulds with 9 mm diameter and 4-8 mm in height were used as support to cast
hydrogels. The height was varied depending on the requirements of the characterisation techniques. These
moulds were home-made by fused deposit modelling using a Prusa i3 MK3S 3D extruder loaded with an
PLA filament. As shown in Figure 8, the process started with empty moulds that acted as a support structure
until gelation occurred. To summarise the process, the moulds were filled with the desired solution volume,
the gel was formed, and the mould was carefully removed with tweezers. All the formulated inks (Table 1)

were used to cast hydrogels except for 15AIgP_20molA.
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Figure 8. A) The process of casting hydrogels using moulds. The process started with empty moulds that
acted as a support structure until gelation occurred. After that, the mould was removed, and the solid hydrogel
remained. 3D printed cylindrical moulds with 9 mm diameter and 4-8 mm in height were used as support to
cast hydrogels. B) This process was performed for all formulate inks. Higher concentrations resulted in

stronger colours. Image created using BioRender.
3.3.2 Mechanical evaluation

3.3.2.1 Compression tests

A uniaxial compression test was performed using a Univert (CellScale Biomaterials Testing) load
frame with a 10 N load cell. Hydrogels casted on the moulds were used for this assay, specimens were
cylindrical (4-6 mm of diameterand 4 mm of height, n=5), and the crosshead speed was set constant
displacement rate at 3 mm min~! during the test. Stress-strain curves were obtained considering Eq. 1 and
Eqg. 2. Young’'s modulus (Eg. 3) was calculated from the stress-strain curve's 0—15% linear strain region.
The mechanical properties were evaluated for the following inks: 15AIgP, 15AIgP_1molA, 15AIgP_5molA,
and 15AIgP_10molA.

Stress = 0 = g Eq. (1)

Where F (Newton, N) is applied force, and A (mm?) is cross-area.

Strain = & = =% Eq. (2)

Lo

Where AL (mm) is displacement and Lo (mm) is initial height.

Young's Modulus = % Eq. (3)
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where o (Nmm-2) is stress and € (non-dimensional) is strain. Since 1 Nmm-=2= 10° Pascal (Pa) = 1000 kPa

conversions were performed to discuss the Young’s Modulus in kPa units.
3.3.3 Chemical and physical characterisation

3.3.3.1 Scaffold Water Uptake Evaluation (Swelling degree)

Hydrogels with 10AlgP, 15AIgP, 20AlgP, and 20AlgP were prepared and placed in a Falcon® 12-
well plate to soak in PBS at RT for seven days. Measurements of swollen hydrogel weight were taken after
preparation and subsequently on days three, five, seven. An additional time point at day forty was taken for
long-term swelling observations. To measure the of swelling (%) of the hydrogels, the PBS excess was
carefully removed with filter paper, and the samples were weighed to obtain the initial sample mass (Wo).
For each measurement, hydrogels were removed from the well plate, PBS excess was wiped using filter
paper, and the hydrogels were weighed (Ws). Swelling (%) of various AlgP concentrations was performed
in triplicate to minimise error and reported as a mean value (n=3). The swelling degree was then calculated
with Eq. 4:

(Ws-Wo)

Swelling (%) = o X100 Eqg. (4)

where Wo is the initial weight of the hydrogel and W:s is the weight of the swollen hydrogel.

3.3.3.2 Water content evaluation
Hydrogels 15AIgP, 20AIlgP, and 15AIgP were prepared and placed in a 12-well plate (Falcon®). To

evaluate the hydrogels water content, samples were weighed to obtain the initial sample mass (Wo). To
obtain dry weight (W), samples were vacuum dried at RT. The water content (%) is estimated according to
Eq. 5:

Water Content (%) = W x 100 Eq. (5)

where Wo is the initial weight of the hydrogel and W4y is the weight of the dried hydrogel.

Equation 5 was also applied for hydrogels 15AlgP_1molA, 15AlgP_5molA, and 15AIgP_10molA. For these
samples, instead of using vacuum, the drying was performed with constant heat exposure in an incubator
at 43.5°C.

3.3.4 Surface proprieties

3.3.4.1 Evaluation of the surface wettability

Contact angle (0) is the angle formed between the surface of the solid and the tangent to the

liquid/air interface at the three-phase boundary. This angle was measured for the moulded hydrogels in
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contact with a glycerol drop, namely 15AIgP, 15AIgP_5molA, and 15AIgP5molB, at RT. A syringe was used
to place the drops of glycerol on the top of the hydrogels. The sessile/captive drop profile method was used,
and the contact angle was assessed with the Kruss DSA25B apparatus and Drop Shape Analysis (DSA) 4
Software by measuring the tangent angle at the three-phase contact point. DSA is an image analysis method
for determining the contact angle from the shadow image of a drop. It directly measures the surface
wettability (i.e., the capability of a liquid to spread across a material’s surface) (Figure 9) using the Young-
Laplace fitting method through Eq. 6:

_ Eq. (6)
=Y + Y cos(B)
S/L S/A L/A

A
v

Figure 9. lllustration of the material surface-
drop interaction with the Young’s contact angle

shown used the Young-Laplace fitting method.

Where Ysi, Ysia, Yua and represents the solid-liquid, solid-air, and liquid-air interfacial surface tensions, and

0 is Young's contact angle.

Superhydrophilic Hydrophilic Hydrophobic Superhydrophobic
0°<B<15° 15° <6< 90° 90 ° < B< 150° 6 > 150°

—— N - W ﬂ

Figure 10. lllustration of the surface-drop behaviour obtained for materials with different wettability.

Superhydrophilic surfaces show a Young's contact angle between 0 and 15, hydrophilic surfaces
between 15 and 90, hydrophobic surfaces between 90 and 150, and superhydrophobic surfaces above
150.
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3.3.4.2 Scanning Electron Microscopy (SEM)

The hydrogel morphology was evaluated by SEM using an analytic JEOL JSM7001F FEG-SEM
(Jeol, Akishima, Tokyo, Japan) at 10 kV. This analysis was conducted under vacuum and thus required
water phase removal from the hydrogel before imaging. The scaffolds were dried using treatment with
hexamethyldisilane (HMDS) and ethanol as dehydration solvents as an alternative to critical point drying.
Each hydrogel was dried following the steps represented in Figure 11. Samples were immersed for 20 min
between each step and then air-dried overnight.

1 2 3 - L
S 3\
20 min 20 min | min |
T e ‘f
O 2H.0 1H,0 EtOH
: 1 EtOH 2 EtOH
— =% = B
—— _{‘_Vj_m 20 mir | 20 min
2 EtOH 1 EtOH HMDS
2 EtOH £
1HMDS LHMR 2HMDS

Figure 11. lllustration of the hydrogels drying process using treatment with
hexamethyldisilane (HMDS) and ethanol as dehydration solvents. The
process was divided in 8 steps. Between each step were waited 20 minutes.
The mixtures used are indicated below each illustration. Image created

using BioRender.

Before imaging, samples were coated with a thin layer of gold-palladium. Samples were imaged at
several magnifications. SEM pictures were analysed using NIH ImageJ software (National Institute of
Health, MD, USA).

3.3.5 Electrical proprieties

3.3.5.1 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) can be resolved into real (Z’) and imaginary (Z”)
parts. The impedance of the dielectric material is ultimately two components, resistive part, and capacitive
part.

The Bode plot represents the magnitude of impedance |Z]| as a function of frequency or the phase
angle 8 as a function of frequency. The Nyquist plot is another commonly representation of the complex

impedance behaviour. The Z” is plotted as a function of the impedance’s Z’ for a range of frequencies.
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The amplitude of the alternating current (AC) electric signal applied to the samples was 10 mV. The
conductivity was obtained from the value of solution resistance (Rs) extracted from Zview 4 software using
Eq. 7:

Conductivity = ﬁ Eq. (7)

Where t is the thickness of the hydrogel in millimetres, Rs is the solution resistance, and A is the contact

area in a square millimetre.

EIS was performed on a Squidstat Plus potentiostat (Admiral Instruments) interfaced with a
personal computer, including the Squidstat user interface software. Briefly, 8.9 mm diameter cylindric
hydrogels with 3.8 mm thickness were sandwiched between two homemade stainless-steel electrodes in a
two-electrode configuration at RT. The experiment parameters followed are resumed in Table 2.
Frequencies ranging from 0.1 to 100,000 Hz were applied. Residual water on the surface of the hydrogels
was removed with filter paper before each experiment. For this, 15AIgP, 15AlgP_1molA, 15AIgP_5molA,

and 15AIgP_10molA were tested. Each measurement was performed in triplicate (n=3).

Table 2. Electrochemical impedance spectroscopy experimental parameters.

Parameter Value

Quiet time 5s

Starting frequency 100 000 Hz

Ending frequency 0.1 Hz

Steps per decade 5

DC bias 0.1V, in respect to a reference
AC excitation amplitude 10 mv

3.3.5.2 Four-probe method

To perform electroconductivity measurements, the hydrogels were dried entirely at RT. Dried
hydrogels were coated with four equally distanced 50 nm thick gold strips to improve electrical contact by
physical vapour deposition using an Edwards E306A thermal evaporator. The electroconductivity was
measured using the four-probe technique with a probe station coupled to a Keithley 2400 Source meter unit.
The conductivity of each dried hydrogel was measured in 4 different spots, and electroconductivity was
averaged from 3 mats. For this, the following hydrogels were tested: 15AIgP, 15AIgP_1molA,
15AIgP_5molA, 15AIgP_ 10molA, 15AIgP_1molB, 15AIgP_5molB, and 15AlgP_ 10molB were tested. The

thickness of the mats was measured using a digital micrometre head IP54 0-25 mm spherical (Filleta).
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3.3.5.3 Cyclic voltammetry

Cyclic voltammetry was performed in an Electrochemical Analyzer (CH Instruments) with a boxed
connector DSC4MM for screen-printed electrodes (Metrohm DropSens) interfaced with a personal
computer. Hydrogels were prepared and placed with a spatula on a disposable screen-printed carbon
electrode C11L (Metrohm DropSens) to perform the measurement. The working and auxiliary electrodes
were made of carbon, and a silver/silver chloride (Ag/AgCI) electrode was used as the reference electrode.
Potentials were applied from 0.8 to —1.5 V at different scan rates: 0.01, 0.02, 0.04, 0.06, 0.08, 0.1, 0.2, 0.3,
and 0.4 V. s71. PBS solution was used as supporting electrolyte. For this, the following hydrogels were
tested: 15AIgP, 15AIgP_1molA, 15AIgP_5molA, 15AIgP_ 10molA, 15AIgP_1molB, 15AlgP_5molB, and

15AIgP_ 10molB. Each measurement was performed in triplicate (n=3).

3.3.5.4 LEDlight test

The ability of the hydrogels to act as functional electronic parts was evaluated by connecting them
to a light-emitting diode (LED). The current was provided using an Arbitrary/Function Generator AFG1000
(Tektronix) providing 4 V. The LED lamp metal was used as the positive control, and the air was used as

the negative control. This experiment was performed using the hydrogel 15AIgP_ 5molA.

3.4 3D Printing

The 3D printer used was an F4200N.2 Compact Benchtop Robot from Fisnar aided by a DC100
High Precision Dispenser. The syringe barrels, syringe barrel adaptor, end caps, pistons and dispensing
tips were also from Fisnar. The digital model was uploaded to the robot using the Fisnar RobotEdit software.
Parameters as printing speed, the applied pressure, and the distance between layers were modified to find

the optimal printing conditions.

3.4.1 Exploring different architectures

Different structures and morphologies were fabricated at optimised printing conditions, including
structures consisting of filled circles (r = 4 mm), empty circles (r = 6 mm), squares (10 mm x 10 mm), films
(4 mm x 4 mm), and squared meshes (10 mm x 10 mm) with a different number of layers varying from 3 to

100 layers of each material.

3.4.3 3D multi-layer structures

Multi-layer constructs were manufactured intercalating layers of the 9AIgP ink with 15AlgP_1molA
or 15AIgP_5molA inks. Structures with seven layers (4 layers of a 15AIgP doped ink intercalated with 3
layers of 9AIgP ink) were fabricated. Four distinct designs were created (Figure 12). The structures
represented on Figures 12A and 12B were 3D printed. To fabricate Figure 12A, thin circles of each material

were initially printed and crosslinked. After crosslinking, the different layers were mounted on top of each
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other with a spatula. The same procedure was performed to fabricate Figure 12B but with thin films. The

dimensions of the structures were circles with r = 4 mm and films with 4 mm x 4 mm.

Figure 12. Designs of different multi-layered structures to conjugate bioprinting with the enhancement of the
electrical performance of the hydrogel. The constructs were manufactured intercalating layers of the 9AIgP ink and
the 15AIgP_1molA or 15AIgP_5molA inks. A) circles (r = 4 mm) of intercalated inks; B) films of intercalated inks;
C) parallel struts of intercalated inks; D) A large square surrounded by two squares of intercalated ink. Legend:
white structures represent the 9AIgP ink and red structures represent the 15AIgP_1molA or 15AIgP_5molA inks;
positive (+) and negative (-) symbols represent possible places for electrical current connection to induce structure

nolarization.

3.4.2 Printability evaluation

3.4.2.1 Printability factor

To estimate inks printability is necessary to introduce the concept of circularity of an enclosed area
(A), within a given perimeter (L), which is defined by Eq. 8:

41TA
sz—z Eq. (8)

Printability of the inks to achieve square-shaped pores was quantified from microscopy images
taken with a Leica DMI3000B (Leica Microsystems). Printability factor (Pr) was estimated as described

elsewhere (Distler et al. 2021), based on the ratio of the theoretical (C’) to the experimental (C) circularity.
For a square shape, C’ is equal to %- Therefore, Pr was measured considering the pore perimeter (L) and

the pore area (A) using Eqg. 9:

= — Eq. (9)
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A perfect gelled ink that originates ideal square-shaped pores corresponds to Pr=1, where Pr< 1

corresponds to under-gelled inks and rounded pore corners, and Pr > 1 to over-gelled inks.

The following inks were evaluated for printability: 10AlgP, 15AIgP, 20AlgP, 15AIgP_1molA,
15AIgP_5molA, 15AIgP_10molA, 15AIgP_1molB, and 15AIgP_5molB. Ink 15AIgP_10molB was not
evaluated for printability. The 3D printed scaffolds exhibited a squared-mesh structure with the side
dimensions of 10x 10 mm? and 1-3 layers printed in height, with 0.05 mm distance between layers. A 20-
gauge (pink needle; inner diameter 0.5 mm) or a 23-gauge (orange needle; inner diameter 0.6 mm)
QuantX™ blunt end dispense tips (Fisnar) were used at a printing speed of 25 mm s~1. The applied pressure
and the needle used during printing varied for each ink (see Table 3). To determine the Pr values, the optical
images of printed constructs were analysed in ImageJ software to determine the perimeter and area of
interconnected channels (n = 5).

Table 3. Pressure (psi) applied during printing and respective needle used for each ink. (Pink needle = 0.5 mm; orange
needle = 0.6 mm)

Ink Pressure (psi Needle
10AIgP 0.2-1 pink
15AIgP 2-4 pink
20AlgP 15-20 orange

15AIgP_1molA 1.5-4 pink
15AIgP_5molA 2.5-4-5 pink
15AlgP_ 10molA 2-4 orange
15AIgP_1molB 2 pink
15AIgP_5molB 2-4 pink

3.4.2.2 Line thickness

A line thickness evaluation was conducted to determine how thick the printed strands are compared
to a theoretically expected thickness. The theoretical thickness can be estimated by the measure of the
inner needle diameter. A 20-gauge (pink needle; inner diameter of 0.5 mm) QuantX™ blunt end dispense
tip (Fisnar) was used. Therefore, the theoretical thickness factor is 0.5 mm, and values above or below
indicate variations in the printed line thickness. This factor varies with printing parameters as applied
pressure and the number of printed layers. The scaffolds used to calculate the thickness factor were the

same as before.
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3.5. Cell seeding onto 3D scaffolds

For cell seeding experiments, films of the different materials were manufactured with the side
dimensions of 10 mm x 10 mm and three layers were printed in height. A 20-gauge (inner diameter 0.5 mm)
QuantX™ blunt end dispense tip (Fisnar) and a printing speed of 25 mm s™! were used. The overall process
of printing, cell seeding, and cell characterisation is illustrated in Figure 13. The obtained scaffolds were
placed in a 12-well plate and were sterilized with 1% (v/v) anti-anti solution in PBS overnight. The cell
seeding was performed with L929 fibroblast cells dropwise using 50,000 cells in 15 pyL Dulbecco’s modified
Eagle’s medium (DMEM, Sigma) per each scaffold. Structures were incubated for 1 h inside the laminar
flow cabinet after seeding to promote initial cell attachment before adding DMEM until covering the whole
scaffold. Subsequently, the well-plate was placed in an incubator (37 °C, 5% CO,). The medium
(supplemented with FBS) was changed every 2-3 days for 8 days. After cells seeding onto the scaffolds,
AlamarBlue™ (see section 4.5.1.1) was performed at different cell culture time points (to access cell
proliferation capability. Live/Dead staining via calcein-AM/ethidium homodimer-1 staining (see section
4.5.1.2) and a Hoechst-Phalloidin staining (see section 4.5.1.3) were used at the end of the culture to

measure cell viability and to elucidate the cells cytoskeleton organization, respectively.

Hoechst-Phalloidin staining

: . 3D printed films Cell Seeding Alamar Blue
Timeline Live/Dead Staining

U L W: e
Figure 13. lllustration of the 3D printing process and following seeding experiment. 3D printed films (4
mm x 4mm) were fabricated directly into a petri dish using a printer at RT. After that, 50 000 mouse
fibroblast cells were seeded in each film. DMEM (pink bottle) was added to the petri dish until the films
were fully covered. The films were incubated for 8 days. Alamar Blue proliferation assay (at day 2 and

day 7), Hoechst/Phalloidin staining (at day 5), and Live/Dead (at day 8) staining were performed. Image

created using BioRender.

3.5.1 Alamar Blue

Cellular proliferation was assessed using Alamar Blue™ Cell Viability Reagent (Thermo Fisher Scientific)
on days 2 and 7 after seeding (50,000 cells/film) to get an indirect estimate of cell number in the 3D printed

films. The AlamarBlue™ reagent is reduced at the oxygen level in the electron transport chain, and the
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readout is proportional to the cell number (Ansar Ahmed et al. 1994; Goegan et al. 1995; Nociari et al. 1998)
AlamarBlue™ reagent (100 ul) was added to the medium of the wells. The plate was covered with aluminium
foil, then incubated for 2h in the CO: incubator. Then 100 ul aliquots were removed to estimate the reduced
AlamarBlue™ by measuring fluorescence at a wavelength of 590 nm after excitation at 560 nm using a Plate
Reader Infinite® 200 PRO (TECAN).

3.5.2 Live/Dead viability assay via calcein-AM/ethidium homodimer-1
staining

A Live/Dead viability (Thermo Fisher Scientific) assay using calcein-AM and Ethidium homodimer-
1 staining was performed to assess the viability of the seeded cells. After 8 days of culture, each sample
was stained with 4-mmol/L green-fluorescent calcein-AM and 2-mmol/L red-fluorescent ethidium
homodimer-1 (Molecular Probes, Invitrogen) in sterile PBS solution, covered by aluminium foil and
incubated for 30 minutes. The scaffolds were examined for cell viability and cytotoxicity using a fluorescent
microscope, Leica DMI3000B (Leica Microsystems), with a green fluorescent protein (GFP) filter and Texas
Red (TxRed) filter to visualise living and dead cells, respectively. Three representative images were
obtained for each structure. The resulting images were used to perform live and dead cells quantification

via ImageJ software.

3.5.3 Hoechst-Phalloidin staining

Hoechst-Phalloidin staining of L929 fibroblasts was performed by fixing cells in 4% formaldehyde
(Sigma) in PBS for 30 minutes at RT. Washed three times with PBS and permeabilised with 0.01% Triton-
X 100 (Sigma) in PBS for 8 minutes. After being washed three times with PBS, the scaffolds were ready for
staining. Nucleus staining was performed using a 5 pg.mL* Hoechst 33342 (Thermo Fisher Scientific)
nucleic acid stain that emits blue fluorescence when bound to dsDNA solution in PBS for 10 minutes at
37°C. Scaffolds were rewashed in PBS, and the Alexa Fluor 488® (Thermo Fisher Scientific) phalloidin
probe with high affinity to cytoskeleton filamentous actin (F-actin) conjugated to a green-fluorescent dye
was applied for 30 minutes at RT. A final washing step was performed before fluorescence microscopy

imaging.

3.6 3D Bioprinting

For 3D bioprinting experiments, circles of the different materials were manufactured with a radius
(r) of 4 mm and three layers were printed in height. A 23-gauge (inner diameter 0.6 mm) QuantX™ blunt

end dispense tip (Fisnar) and a printing speed of 25 mm s~! were used.

The overall process of printing, including cell characterisation, is illustrated in Figure 14. The bioinks

solvent was Media 3, but the scaffolds were immersed in DMEM (Sigma) after printing. Subsequently, the
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bioprinted rings were placed in an incubator (37 °C, 5% CO,) for 8 days. The medium (supplemented with

FBS) was changed every 2—-3 days.

After the 3D bioprinting processes, microscope observations and Live/Dead staining via calcein-

AM/ethidium homodimer-1 staining (see section 4.6.2) to measure cell viability were performed.

{ P 3D bioprinted rings 3D bioprinted rings Microscope Live/Dead Staining
Timeline inmedia 3 in DMEM observation

Figure 14. lllustration of the 3D bioprinting process. 3D bioprinted circles (r = 4 mm) were fabricated directly into a

petri dish using a printer at RT. After printing, DMEM (pink bottle) was added to the petri dish until the circles were
fully covered. The films were incubated for 8 days. Microscope observations and Live/Dead (at day 8) staining were

performed. Image created using BioRender.

3.6.1 Bioprinting media optimization

3.6.1.1 Bioink formulation

To formulate the bioinks, the same experimental procedure from section 3.1 was used. However,
instead of using ultrapure water (MilliQ, Millipore, Merck), the materials were dissolved in DMEM, and
customised solutions labelled as Media 1, 2, and 3. Different concentrations of AlgP ranging from 5g.L! to

10 g.L* were formulated.

To assess the biocompatibility of the solutions. Solutions were sterile-filtered and incubated with
L929 fibroblasts to perform a WST-8 assay (described in the section 3.1.4.2). In this case, solutions were
incubated for 30, 60 and 120 minutes. DMEM was used as positive control and Triton-X as the negative

control. Measurements were performed in triplicate (n=3).
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3.6.2 Bioprinting process

The bioprinting process was performed using the same instrument described in previous sections.
Cells were suspended using the previous protocols to reach a suspension of 3400 000 cells/mL for
bioprinting. 500uL of cell suspension was incorporated into the 15AIgP and into the 15AIgP doped bioinks
mixing thoroughly to reach a final concentration of 50.000 cells per mL of bioink. A ring structure with a
radius of 4 mm was printed using the bioink and three layers were printed in height, the distance between
layers was 0.05 mm, the printing pressure was 8-10 psi, and the printing speed was set at 25 mm.s1. A 23-
gauge needle was used. The scaffolds were printed to culture plates (Falcon) and incubated in a 5 mL
culture medium (10% FBS (Sigma) and 1% penicillin-streptomycin (Sigma) in DMEM. The medium was
changed every 2—3 days for 11 days. After 8 days of culture, the bioprinted scaffolds were evaluated for cell

viability using a Live/Dead staining procedure described in previous sections.

3.7 Statistical analysis

All data are presented as mean values + standard deviations. Each experiment was conducted in
triplicate (n = 3) unless stated otherwise. Statistical significance was performed using t-student tests
(GraphPad Prism 9).
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4. Results and Discussion

4.1 Ink formulation

4.1.1 Optimizing Algae-based polysaccharide ink concentration

To optimize the AlgP concentration on the inks, four inks with different AlgP concentrations were
prepared (10 g.L%, 15 g.L1, 20 g.L %, and 25 g.L1). From those inks, we chose to work with inks made of 15
g.L* AlgP. Through visual observation, we decided to discard the ink with 10 g.L, 20 g.L%, and 25 g.L*
AlgP. The inks with 10 g.L-* were near the liquid state, which could provide difficulties during the gelation
process. The inks with 20 g.L*and 25 g.L* were discarded since they reached a highly viscous state (near
the solid state) and cannot be manipulated. However, the solution with 15 g.L* AlgP was in an intermediate
state that allowed manipulating the transition between the liquid and solid behaviour of the ink. Therefore,
the 15AIgP ink was used as the primary ink for further procedures and chose to be doped with natural

conjugated molecules.

4.1.2 Doping: dispersion of natural conjugated molecules

Molecule A (molA) and molecule B (molB) were selected for this work due to their molecular
structure and natural availability. These molecules are conjugated molecules, and we hypothesise they can
enhance the electric properties of our inks due to the presence of conjugated 1 double bonds in which
charges can move quickly by doping mechanism. However, molA and molB are not water-soluble
compounds, and such characteristics proved to formulate such inks challenging. Intermediate steps were
performed and evaluated to efficiently optimise natural conjugated molecules interaction with the AlgP
solutions (see Table 4 for more detailed information). For that, four alternative methods were analysed:
stirring, emulsions, organic solvents, and ultrasounds. The water-emulsions system was not pursued due
to its complexity, and the use of organic solvents is out of this project's scope due to sustainability and
edibility concerns. Finally, contrary to stirring, the use of ultrasounds was effective in dispersing both natural

conjugated molecules. Hence, the ultrasound method was selected and studied in more detail.

Table 4. List of the methods available to disperse the natural conjugated molecules within the algae-polysaccharide ink.
Stirring, emulsions, organic solvents, and ultrasound were considered. A brief description and feasibility output of each

method is described.

Methods available Description Output

1. Stirring Dissolve  natural  conjugated Natural conjugated molecules
molecules through stirring directly do not dissolve with stirring
on the AlgP water solution until
dissolved.
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2. Emulsions

Water-emulsion system that allows
suspensions of natural conjugated
molecules in edible fats like
vegetable oils inside the AlgP
water solution

This method was not
evaluated due to its
complexity

3. Organic Solvents

Dissolve  natural  conjugated
molecules in organic solvents and
mixing them with the AlgP water
solution

Natural conjugated molecules
dissolve in a few organic
solvents

4. Ultrasound

Disperse  natural  conjugated
molecules directly on the AlgP
water solutions via ultrasounds

This method was effective in
dispersing natural conjugated
molecules

To evaluate the maximum molecule concentration possible to disperse in the 15AIgP ink, an
experiment was conducted using different concentrations: 1, 5, 10, and 20 g.L? of molA or molB. The
molecules particles were added to the 15AIgP solution and submitted to an ultrasonic bath for different times
according with molecule concentration. In Figure 15 is represented the ultrasonic bath step duration versus
the molecule concentration for each solution. The ultrasound power was stopped when there was no visual
evidence of particles in suspension. From Figure 15, it was possible to confirm that higher concentrations
implied longer exposition to ultrasounds to achieve dispersion than for lower concentrations. Also, we
concluded that molB particles disperse quicker than molA particles. This outcome was predicted when
adding the molecule B powder to the 15AIgP ink (Figure 15), as the data in Figure 15 clearly show that
without ultrasound induced dispersion, the molB inks have more dispersibility in the 15AIgP ink than the
molA inks. In fact, we observed during ink formulation that molB was more in a powder format than molA
that presented more solid small particles. We hypothesise that this could also had impacted dispersibility.
Solutions with 20 g.L? concentrations are not represented in Figure 15 because we were not able to
disperse particles at such a high concentration at the conditions used. For this reason, in further experiments
the inks used were 15AIgP_1molA, 15AlgP_5molA 5, 15AIgP_10molA, and 15AIgP_1molB, 15AIgP_5molB,

and 15AIgP_10molB.
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Figure 15. Ultrasonic bath duration of 15AIgP inks doped with 1, 5 and 10 g.L* of molA or molB showing that
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higher concentrations require prolonged ultrasonic exposure. MolB particles disperse quicker than molA
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4.1.2 Cell Culture

4.1.2.1 Evaluation of formulation ingredients cytotoxicity
WST-8 assay was performed to evaluate the toxicity of the scaffold components (AlgP, molA and
molB) in culture medium to confirm that these materials are biocompatible and can be used in the

manufacturing of the scaffolds.

In the presence of an electron carrier, the WST-8 is reduced by molecules present in the membrane
of metabolically active cells to produce a water-soluble, yellow-coloured product (formazan). In dead cells,
this product is not formed. Formazan is soluble in the culture medium and directly proportional to the number

of living cells, and this allows to determine the number of viable cells via colorimetric measurements.

For this assay, the absorbance of the positive control (cells cultured in DMEM) was assumed as
100% viability after 1 hour of incubation and the absorbances for the other conditions after 1 hour of
incubation were normalised against this positive control. The same logic was followed at 24 hours of
incubation.

After 1 hour of incubation, no significant differences in cell viability were observed between
conditions (Figure 16). However, scaffold components conditions viability was above control viability
(100%). WST-8 assay relies on the cleavage of the tetrazolium salt to formazan by cellular mitochondrial
enzymes. The assumption is that the conversion is dependent on the number of viable cells. Nevertheless,
the addition of AlgP, molA, and molB to the cells may result in increased enzymatic activity, to respond to
potential induced cell metabolism stress, without affecting cell number or cell viability. Since the difference
was up to 20% in viability, this phenomenon could have happened due to natural variations of cellular
metabolism or minor pipetting errors that led to slightly more cells in a well than in another. After 24 hours,
a decrease in the viability was observed for all the scaffold’s components conditions. The culture medium
with AlgP showed the viability of 78.48% = 4.02 and molA exhibited 69.7% + 9.82 and molB 71.92% + 13.72,
respectively. AlgP viability is near to the non-cytotoxic domain (80-100% cell viability). However, molA and

molB viability reached lower levels.

We hypothesise that at 24h cells are still adapting to the natural conjugated molecules presence
and more time points at longer period of incubation are needed to precisely evaluate their impact on the
cells. In the first 24h, L929 cells could have been more sensitive to natural conjugated molecules, but after
24 h, viability could increase. Considering these results, we decided to continue working with these

materials.
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Figure 16. Cytotoxicity assay for biomaterials compounds. The viability of L929 fibroblasts cells grown on culture
media (DMEM) supplemented with 15 g.L* AlgP (blue bar), 1 g.L* molA (orange bar), and 1 g.L"* molB (red bar)
using a WST-8 viability assay. DMEM (grey bar) is the positive control and triton-X (black bar) is the negative control.
Viability measured for 1h and 24h of incubation reveals a non-significative decrease. DMEM incubation shows higher
viability than the supplemented media. Data are shown as mean + SD (n=3). The student’s test was performed (ns =

not significant; * = 0.01 < p-value < 0.05).

4.2 Ink characterisation

4.2.1 UV-Visible spectra

The presence of molA and molB was confirmed using UV-spectroscopy. The UV-spectra are
illustrated in Figure 17. This method showed the potential for the analysis of molA and molB concentration
because these pigments can absorb radiation in the visible region (380-700 nm). MolA spectrum showed
three peaks around 460, 510, and 560 nm (Figure 17A) and the molB (Figure 17B) spectrum showed two
peaks at 520 and 575 nm, respectively. Natural conjugated molecules have highly variable optical densities
according with the organic solvents matrix (e.g. dichloromethane, hexane, or methanol) in which they are
dissolved. In our study the solvent matrix was water, which can lead the natural conjugated molecules to
exist in different forms than when dissolved in organic solvents, and thus make peak interpretation and
comparison with other studies more challenging. Although the absorbance values could be mainly to the

turbidity of the solutions, we could still identify similar patterns and characteristic peaks of each molecule.

UV-Vis spectrum of hydrogels, including natural conjugated molecules, showed similar profiles

compared to the pigments present in natural fish, as astaxanthin. The colour is an important parameter for
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food acceptability, with warm colours, typically leading to higher consumer acceptance than, for example,
cold colours as blue (Spence 2021). These results are vital for developing 3D printed cell-cultured fish with
structures and colour tonalities appealing to the consumer, which can play an essential role in consumer

acceptance. Note that whitefish and some seafood also present warm (pink/red) colours.
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Figure 17. A) Uv-visible spectroscopy spectra of 15AIgP (blue), 15AIgP_1molA (light orange), 15AlgP_5molA
(orange), and 15AIgP_10molA (dark orange) hydrogels showing characteristic peaks forming at A = 460, 510, and 560
nm suggesting the presence of molA inside AlgP hydrogel. Black arrows indicate the mentioned peaks. B) Uv-visible
spectroscopy spectra of 15Alg, 15AIgP_1molB (light pink), 15AIgP_5molB (pink), and 15AlgP_10molB (dark pink)
hydrogels showing characteristic peaks forming at A = 520 and 565 nm suggesting the presence of molB inside AlgP

4.2.2 Rheological Assessment

4.2.2.1 Algae-based polysaccharide temperature-dependent behaviour

At high temperatures, AlgP exists in the solution as a random coil. Further cooling leads to helix
formation and aggregation, which forms a stable 3D network. During this process, several factors can affect
the transition temperature. To determine the transition temperature of the 15AIgP ink (see table 1 for
nomenclature), temperature sweeps were performed, varying the temperature from 37 to 20 °C. This
temperature range mimics what happens during the printing process, where 37°C corresponds to the
incubator temperature and 25-20 °C to the printing temperature. To determine the changes in the polymer

framework after adding natural conjugated molecules, 15AlgP_5molA ink was also tested.

The results are shown in Figure 18 with a viscosity versus temperature plot. The curves indicate
the sol-gel transition (coil-to-helix) supported by a minimum point at 29°C, separating both behaviours.
Below such temperature, the viscosity increases with cooler temperatures suggesting that the inks are more
stable due to helix aggregation, reaching a solid-state. For temperatures higher than 29°C, the viscosity
remains constant due to non-organised structures, probably as random caoils.
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The addition of molA showed no significant difference between the 15AIgP ink behaviour,
suggesting that, at the concentration range used, natural conjugated molecules do not substantially affect
the polymer framework of AlgP.
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Figure 18. Rheological assessment of 15AIgP (blue) and 15AIgP_5molA (orange) inks. Temperature sweeps showing
an increase in viscosity with decreasing temperature, indicating thermo-sensitivity. The addition of molA did not change
the ink thermo-behaviour. Solid lines indicate the average values, and the doted lines indicate the SD. Data are show

4.2.2.2 Algae-based polysaccharide gelation kinetics

To characterise the viscous behaviour of the materials, the storage modulus (G') and the loss
modulus (G") were recorded over ten minutes, at 25 °C. The G' represents the elastic portion of the
viscoelastic behaviour and reflects the elastic performance of material when deformed. The G"
characterises the viscous portion of the viscoelastic behaviour, which reflects the flow of a material while it
is deformed. When a 3D network is not fully developed, there are many non-interacting segments such as
random coil and loops within the hydrogel. These are mobile domains and less effective elastically. The G”
is attributable to these non-interacting segments. During gelation, the establishment of more networks
results in G' values higher than G", where solid-like behaviour dominates the viscoelastic properties of the
hydrogel (Weng et al. 2007). Therefore, viscoelastic materials with G' > G" reflect interactions inside the

material, for example, chemical bonds or physical-chemical interactions.

Figure 19 represents the variance of G’ and G" in ten minutes for all the ink evaluated, respectively.
In all conditions, our inks showed G' > G", indicating that helix formation had already occurred. This
behaviour is typical of gel-like products. This formation was confirmed with the graph showing no
intersection between the G’ and the G”, indicating that gelation time already took place. We hypothesised

that the gelation occurred during the sample preparation and placement on rheometer, and thus the inks
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were crosslinked before the measurement. According to Stading and Hermansson, the absence of G’ and

G” crossover reflects a similar dependence to that exhibited by solid gels (Stading and Hermansson 1990).
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Figure 19. Monitoring the storage (G——) and loss (G*”---) modulus of 15AIlgP, 15AIgP_1molA, 15AIgP_5molA,
15AIgP_10molA, 15AIgP_1molB, and 15AIgP_5molB inks for 10 minutes at 25°C. The values from y axis are

presented in a confidential annex.

Actually, as seen above, for temperatures lower than 29°C, the sample's viscosity increases
substantially, indicating that gelling is taking place. As the sample was placed at 25°C to perform the
analysis, it induced the gelation of the inks. Therefore, the gelling kinetics was affected by the ink
temperature. This experiment also confirmed that the sample handling window in its gel state is short and

highly temperature-dependent.

The curve profile did not change with the addition of natural conjugated molecules. However, the
addition of molA and molB resulted in a lower modulus, indicating that such particles inside the gel network
prevent specific chemical and physical interactions. Inks 15AIgP_1molA and 15AIgP_5molA showed a
similar impact in the network formation. However, 15AIgP_10molA ink showed to have a more accentuated
impact. We hypothesize that the larger the particle agglomerate, frequent at this concentration could impact
helix formation and other interactions within the gel. At low concentrations of molB, the ink follows a similar
behaviour, except for 15AIgP_5molB ink. The higher values in viscoelastic functions of 15AlgP_5molB ink,
in particular G’, suggests the existence of a more robust 3D network with more solid-like characteristics than
the other conditions doped with natural conjugated molecules (e.g. conditions like in the 15AIgP ink).
However, the impact of natural conjugated molecules on the 3D gel network needs to be studied in more

detail to reach definitive conclusions.
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Figure 20 represents G’ (Pa) and G" (Pa) at 10 minutes of elapsed time to facilitate the interpretation

of each ink viscoelastic behaviour at such time point. After 10 minutes G”, that represents the viscous

portion of the viscoelastic behaviour, does not vary between conditions. This representation highlights that

the natural conjugated molecules in the inks 15AIgP_1molA and 15AIgP_5molA have similar impact in the

network formation, with similar G’. The 15AIgP_10molA, with higher molA content showed to have a more

accentuated impact in the 3D network formation, attributed to the higher or larger particle agglomerates.

The behaviour of 15AIgP_1molB ink is similar to 15AIgP_1molA and 15AIgP_5molA inks. However, increase

of molB to an intermediate concentration of 5g.L* (15AlgP_5molB ink) leads to a viscoelastic behaviour like

the 15AIgP (non-doped) ink. We hypothesised that at this concentration molB particles were able to dissolve

and not only dispersed trough the AlgP , leading to a solution with viscoelastic properties similar to those of

15AIgP. This result agrees with the ones from the ink formulation section where molB shown to had more

efficient dispersion.

G', G" (Pa)

Figure 20. Graphical representation of the storage (G') and loss (G" ) modulus of 15Alg, 15AIgP_1molA,
15AIgP_5molA, 15AIgP_10molA, 15AIgP_1molB, and 15AIgP_5molB inks after 10 minutes of elapsed
time, at 25°C. Data are shown as mean = SD (n=3). Statistical significance was assessed using 2way
ANOVA analysis showing non-significant (<0.9999) p-values for G” and significant p-values for G’ (* =
0.01 < p-value < 0.05; ** = 0.0016; *** = 0.0009; **** < 0.0001). The values from y axis are presented in
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4.3. Scaffold characterisation

4.3.1 Casting hydrogels on moulds

Gll

Hydrogels were cast on moulds to showcase the ability of our materials to form 3D gel structures.

Casted AlgP and AlgP doped hydrogels were successfully prepared within 5-10 minutes of incubation at

RT. This method confirmed that AlgP concentrations below 15 g.L* result in liquid solutions that do not
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support themselves (Figure 21A). Higher AlgP concentrations seemed to lead to more robust hydrogels
(Figure 21B). Hydrogels with different shapes and sizes were prepared. These hydrogels maintained their
physical structure and capacity to self-support for at least two months, immersed in PBS at RT. Several
characterisation techniques were subsequently performed to evaluate the properties of these hydrogels

further.
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Figure 21. A) At left is shown the 5AIgP, 10AIgP, and 15AIgP inks once inside the 3D printed moulds, and at the right
the respective structure after 5-10 minutes of gelation. 5AlgP, 10AlgP hydrogels were not solid while 15AIgP originated
a solid structure. At the bottom 15AIgP based inks were used to construct hydrogels using moulds with different shapes
B) 3D squared moulds (5 mm x 5 mm); C) 3D cylindric moulds with diameter a of 9 mm and 8 mm in height; D) 3D circle

mould with a diameter of 9 mm and 2 mm in height.
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4.3.2 Mechanical evaluation

4.3.2.1 Compression tests

A uniaxial compression test was performed to evaluate the mechanical properties of the inks. The
Young’s modulus values of each sample were calculated from the stress-strain curves showed in Figure 22.
Young’s modulus values shown in Figure 23 do no present statistical difference between the values, which
indicates that the addition of natural conjugated molecules does not significantly affect the mechanical
properties of the hydrogels. The construct robustness was also shown through mechanic manipulation of
the structures (using tweezers and a spatula), with no permanent deformation observed (Annexe 2). The
mechanical properties are crucial for developing 3D printed cell-cultured fish. Consumer acceptance will
rely on the cell-cultured fish structure, texture, and resemblance to fish meat. Yutaka et al. estimated a
young's modulus of non-frozen tuna meat to be approximately 50 kPa (Sciences 1992). Other authors
revealed that fish epidermal keratocytes (wound-healing cells in fish skin) show a modulus ranging from 10-
55 kPa (Laurent et al. 2005). These values are in the order of magnitude of those obtained for AlgP based
scaffolds. Therefore, we considered our scaffold adequate for developing 3D printed cell-cultured fish. In

the future, compression tests and young modulus estimations will also be considered for the cooked fish

tissue.
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Figure 22. A) Compression stress-strain curve of 15AIgP, 15AIgP_1molA, 15AIlgP_5molA, and
15AIgP_10molA hydrogels. B) Stress-strain linear regressions of 15AIgP and 15AIgP_5molA
showing r?>0.9 and the calculated slope values (Young's modulus) in kPa.
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Figure 23. Quantified Young’s modulus of the 15AIgP, 15AIgP_1molA, 15AlgP_5molA, and
15AIgP_10molA hydrogels. A similar behaviour of Young’s modulus is observed for all hydrogels. Data are
shown as mean + SD. Statistical significance was assessed using t-student analysis showing non-
significant p-values (p-value = 0.05).

4.3.3 Chemical and physical characterisation

4.3.3.1 Water content

Water is the principal component of the edible portions of seafood. The average moisture
percentage in raw edible fish and shellfish flesh varies between =70% and 82.8%. Some examples of typical
edible fish water contents are present in Table 5 (Venugopal and Shahidi 1996; Lenas et al. 2011; van Ruth
et al. 2014). Therefore, high water content values of the scaffolds are highly relevant to mimic the fish native

tissue as this can significantly affect the organoleptic properties and texture of the 3D printed fish fillet.

The fabricated scaffolds’ water content values are represented in Figure 24. Figure 24A describes
the performance of AlgP scaffolds prepared at different AlgP concentration and Figure 24B of the scaffolds
doped with natural conjugated molecules. There is a small, but statistically significant different reduction of
the water content with the increase of AlgP concentration, explained by an increase in the cross-linking
density (Nishida et al. 2021). Higher AlgP concentrations enhance helix formation and aggregation,
increasing the cross-linking density of the scaffold 3D network. The addition of natural conjugated molecules
had nearly no effect on the water content of the scaffolds. These molecules are dispersed in the 3D network
and could interact with the AlgP arrangement or cross-linking. However, the addition of natural conjugated
molecules does not affect the water content. All scaffolds showed a water content above 97%. The water

content can be a predominant factor affecting the cell adhesion strength and behaviour (Nishida et al. 2021).
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This impact will be discussed later. In sum, considering that water content percentage within the scaffold

should decrease with cell growth and naturally produced ECM components, we consider that our scaffold

is suitable for fish cell culture.

Table 5. List of common edible fish species and their correspondent water contents in percentage with respective

literature references.

Fish specie Water content (%) Reference
Cod (Gadus morhua) 81.6+1.9
Salmon (Salmo salar) 69.3+£6.6 (van Ruth et al. 2014)
Shrimp (Caridean shrimp) 824+43
Mediterranean sea bass (Dicentrarhus labrax) 74.6 (Lenas et al. 2011)
Blue fin Tuna (Thunnus thynnus) 71.2 (Venugopal and Shahidi
Turbot (Rhombus maximus) 80.9 1996)
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Figure 24. A) Water content of the 15AIgP, 20AlgP, and 25AIgP hydrogels and of B)
15AIlgP hydrogel compared with 15AIgP_1molA, 15AlgP_5molA, and 15AIgP_10molA.

Data are shown as mean = SD (n = 3). Statistical significance was assessed using t-

student analysis showing non-significant p-values (p-value = 0.05) and values with

different significances (* = 0.01 < p-value < 0.05; ** = 0.001 < p-value < 0.01; *** =

0.0001 < p-value < 0.001).
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4.3.3.2 Swelling degree

Algae-based polysaccharide (AlgP) hydrogels were analysed for their water uptake capacity
(swelling degree). In fish, the ability to maintain water balance and homeostasis derives from robust
mechanisms of osmoregulation (Ortiz 2001). This way, marine animals have a high capability of preserving
the organism's water content levels. Besides, as seen above, fish tissue has high water content values and
do not require swelling function. Therefore, our AlgP based scaffolds must have a low capacity of uptake

water. Since the constructed scaffolds have high water content, we anticipated that the swelling degree
would be small.

The results are illustrated in Figure 25. Hydrogels start to swell immediately after immersion in PBS
and reach the equilibrium of swelling after 72h (3 days), at 10% of swelling degree. The high swelling rate
until day 3 was due to the initial ionic potential difference (Figure 25A). After that, internal and external ions
reached an equilibrium state, stabilising the swelling rate. From day 7 until day 40, the hydrogels remained
in solution (Figure 25B). The slightly decrease in scaffold weight reveals water loss, possible degradation
of the hydrogel or could be also associated with sample manipulation. Thus, more time points are required
to evaluate the degradation effects precisely.
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Figure 25. A) Swelling degree for 10AlgP, 15AIgP, 20AlgP, and 25AIgP hydrogels at days 3, 5, and 7.

Swelling reaches a swelling of 10% at day 3. B) Swelling degree for 10AlgP, 15AIgP, 20AlgP, and 25AIgP
hydrogels at days 3, 5, 7 and 40. Data are shown as mean + SD (n = 3).
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4.3.4 Surface proprieties

The surface characteristics of the scaffolds can potentially impact biocompatibility by limiting the
cell-material interaction. Thus, proprieties as wettability, surface chemistry, surface energy, and surface
topography impact cell-biomaterial interaction (Menzies and Jones 2010). In this section, surface wettability

and surface topography are discussed.
4.3.4.1 Evaluation of the surface wettability

The contact angle was measured to evaluate the wettability of the surface of the scaffold. High
contact angles indicate a low wettability and a hydrophobic solid surface, while low contact angles suggest
high wettability and hydrophilic surfaces. Figure 26A shows that AlgP scaffolds and AlgP doped scaffolds
exhibited a low contact angle between 1.2° and 3.3°. Consequently, the surface wettability exhibit
superhydrophilic behaviour. This behaviour was expected as our structures have a very high content of
water molecules. Figure 26B confirmed it by demonstrating images taken seconds after the contact drop

surface where the glycerol drop formed a continuous fluid film over the scaffold surface.

A study by Menzies et al. discusses the impact of contact angle on biocompatibility, the authors recognised
that superhydrophilic surfaces prevent cell-material interactions, and can promote cell-cell interactions
leading to spheroid formation (Menzies and Jones 2010). In section 4.5.1.3, the impact of contact angle
(surface wettability) on cell behaviour is further discussed.

15AIgP

4 1 ©

Contact angle (°)

Figure 26. Surface properties of the 15AIgP, 15AlgP_5molA, and 15AlgP_5molB hydrogels. A) The
hydrogels show low contact angles, typical of superhydrophilic specimens. Data are shown as mean + SD.

B) Representative images of each contact angle measurement.
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4.3.4.2 Scanning Electron Microscopy (SEM)

The morphology and surface topography of the AlgP scaffolds and AlgP doped scaffolds was
evaluated by SEM at different magnifications. Microstructure analysis of the hydrogel specimens via SEM
revealed the presence of specific morphologies on the hydrogels as flake-like and sponge-like structures
(Figure 27). Flake-like structures were observed in AlgP, molA, and molB hydrogels showing consistency
between specimens. We expected the porosity of these structures to be relatively high. However, due to the
limitations in the sample preparation process, pores were not observed. Alternative sample preparation
techniques such as critical point drying will be considered in the future to preserve the porosity of the

hydrogels.

A

Figure 27. Scanning electron microscopy (SEM) images of the scaffolds. A) SEM images of 15AlgP hydrogel showing a
sponge-like (top image), and flake-like (bottom image) structures; B) SEM images of 15AlgP_1molA, 15AIgP_5molA, and
15AlgP_10molA hydrogels also showing flake-like structures (at 10g.L™). C) SEM images 15AlgP_1molB, 15AlgP_5molB,
and 15AIgP_10molB hydrogels with similar flake-like structures (at 5g.L™') and indicating the formation of molecule B
particles (at 10g.L™!) on the hydrogel surface in comparison to non-doped 15AIgP hydrogel. White arrows indicate the
presence of molB patrticles surrounded by the AlgP matrix. D) SEM images of 15AIgP hydrogel and structures that can bel

crystals at the hydrogel surface.
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4.3.5.1 Electrochemical Impedance Spectroscopy

The scaffolds conductivity depends on the efficiency of the polymer's charges transport and the
interchain transport efficiency. There are two mechanisms on how electrical current can flow in a hydrogel:
ionic, electronic, or a mixture of both. Here, the electronic behaviour of the hydrogels' scaffolds was
assessed using electrical impedance spectroscopy (EIS). Impedance is the opposition to current flowing in
an AC circuit that contains resistance (the real part) and reactance (the imaginary part). Usually, impedance
values are represented using the Nyquist and the Bode plot. The Bode plot provides information about
impedance's frequency-dependent behaviour and phase angle behaviour (8). The Nyquist plot represents
the negative imaginary impedance (—Z”) plotted versus the real part of the impedance (Z’), and through its

interpretation is possible to identify the equivalent circuit of our system and calculate the resistance (R).

The impedance phase angle of a perfect resistor is 0°. For a perfect inductor, impedance 6 is +90°,
and for an ideal capacitor, impedance 6 is -90°C. A negative phase shows the presence of a capacitor, and
a positive sign reveals the existence of an inductor. Figure 28 demonstrates that all the evaluated hydrogels
behave like capacitors since the 8 approaches ~-80° at low frequencies (£100Hz) but do not reach 90°
(Premathilake et al. 2017). This observation indicates the predominant capacitance but with possible
additional contribution from distributed charge storage (Bo et al. 2012). In fact, in our hydrogels the
conduction is mainly ionic, and in the interface between the electrodes is formed an electric layer composed
of ions (Bockris and Reddy 1998). For this reason, in the interface between the metal electrode and our
hydrogels, the frequency dispersion response cannot be described by an ideal capacitor, and the response
is described by a constant phase element (CPE) a frequency dependent component used to represent
deviations from an ideal capacitor (Freire 2010). Therefore, we considered the presence of a CPE as a

capacitor that changes with the frequency (Mobarak et al. 2012).

Moreover, the capacitive reactance of a capacitor decreases as the frequency across its plates
increases. Therefore, capacitive reactance is inversely proportional to frequency. Capacitors store electrical
energy in an electric field. As the frequency increases, the capacitor passes more charge across the plates
each time, resulting in a higher current flow through the capacitor, appearing as if the internal impedance
has decreased. This behaviour was observed for all the evaluated scaffolds since impedance has a high

value at low frequencies and a low value at higher frequencies (Figure 29).

On the other side, at high frequencies (100000 Hz), the phase angle of all fabricated scaffolds
approached zero, behaving like resistors. At this frequency, impedance becomes independent of frequency,
such behaviour had already been reported for gellan gum conducting hydrogels filled with PEDOT:PSS with
a water content above 97%, as in our specimens (Warren and in het Panhuis 2014). With these results, we
hypothesize that the fabricated scaffolds work as capacitors at low frequencies and as resistors at high

frequencies.
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Figure 28. EIS Bode plot of 15AIgP, 15AIgP_1molA, 15AIgP_5molA, and15AIgP_10molB wet hydrogels. The x-axis
is a logarithmic scale of the frequency, and the y-axis is the logarithm of the impedance, 1ZI, while the second ordinate
is the phase angle, 6. 15AIgP hydrogel shows higher impedance than molecule A doped hydrogels. Data are show

as mean * SD (n=3). The values from y axis are presented in a confidential annex.
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Figure 29. EIS Nyquist plot of wet hydrogels doped with varying concentrations of molecules A and B: 15AIgP,
15AIgP_1molA, 15AIgP_5molA, and15AIgP_10molB. The negative imaginary impedance —Z” is plotted versus the

real part of the impedance Z'. The values from y axis and x axis are presented in a confidential annex.
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Figure 29 shows the Nyquist plot for all hydrogels recorded at RT. The curve profile displays a linear
relation between the Z' and Z” components of the impedance, with a slope of 45°, suggesting that the
hydrogel is behaving like a Warburg diffusion element (Ws), that is usually used to model charge carriers
like ions (Warren and in het Panhuis 2014).

The data in the Bode and Nyquist plots allowed to create a possible equivalent circuit (Figure 30)
to estimate the solution resistance (Rs) of the hydrogels and to calculate the conductivity (o). Therefore, the
constructed equivalent circuit model considers a charge transfer resistance (Rct) due to a combination of
kinetic and diffusion processes (Warburg Impedance), and a CPE. The equivalent circuit for modeling
interfacial electrochemical reactions represents the combination of the Rs in series with the double layer
capacitance, approximated to a CPE. Since a charge transfer diffusional reaction is occurring in parallel
with the charging of the double layer, the Rct associated with that response is in parallel with the CPE.
Moreover, we considered that the reaction is controlled by a charge diffusion rate, and a diffusional
resistance element (Ws) is present in series with the Rct (Lasia 1999).

Rs CPE
VA >>
Rct Ws
\ WE

Figure 30. A possible design of the equivalent circuit of the fabricated scaffolds system composed of a constant
phase element (CPE), a Rct (Charge transfer resistance), and a Ws (Warburg element) representing the
diffusional impedance. Rs is the solution resistance.

EIS performed on the scaffolds confirmed a slightly increased conductivity of the hydrogels doped
with 1g.L-* molA (15AIgP_1molA ) (Figure 31). Higher concentrations of both natural conjugated molecules
are shown to achieve the opposite effect. Lately, several examples of polymers based on Tr-conjugated
backbones have been established (Bouaamlat et al. 2020). The m-conjugates enhance the mobility of
electrons along the molecule backbone. Here, we hypothesis that higher molecules concentrations may
lead to aggregates formation. These aggregates may be blocking the mobility of electrons along with the

network. Consequently, lower concentrations achieved higher conductivities.
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AC conductivity (Sm™)

Figure 31. Conductivity of wet 15AlgP, 15AlgP_1molA, 15AIgP_5molA, 15AlgP_10molA, and 15AIgP_10molB
hydrogels. Data are shown as mean curves * SD.. 55



4.3.5.2 Four-probe method

The hydrogel samples were dried to assess differences in conductivity in the wet and dry states
(Figure 32). The conductivity of the dry specimens increased with the addition of natural conjugated
molecules, except for the hydrogel 15AlgP_5molA. However, this specimen provided handling problems
during the drying process and the gold deposition step (resulting in less than four thick gold strips), making
the result not significantly robust (n=1). Alternative sample preparation methods such as thermal drying will
be considered in the future. On the other side, the other hydrogels doped with molA and molB revealed
higher conductivities. As seen above, a consistent behaviour was observed where to high concentrations
of natural conjugated molecules resulted in lower conductivity. This behaviour may be due to the aggregate
formation, which blocks the charge motion. Therefore, the dried hydrogel that showed higher conductivity
was 15AIgP_1molB. The comparison of such value with the ones from EIS analysis shows that the ionic
component of the conductivity of our systems surpasses the electrical component. However, this brings up

a potential feature for our scaffolds that will be evaluated in the future.

*%k

Conductivity, o (S/m)

@r“” S N s &
NEd Q7 Nl

I N SN
N N ) \c,?' ,f;v'

Figure 32. Electrical conductivity of dried 15AlgP, 15AlgP_1molA, 15AIgP_5molA,
15AlgP_10molA, 15AIgP_1molB, 15AlgP_5molB, 15AlgP_10molB evaluated via four-point
probe measurements. Non-doped 15AIgP showing less conductivity than doped hydrogels,
except for 15AIgP_5molB. Lower concentrations of AlgP and molB resulted in higher
conductivities. The conductivity of 15AlgP_1molB hydrogels is almost four times higher than
15AIgP_1molB hydrogel. Data are shown as mean + SD (n=3, except for 15AlgP_5molA due
to sampling problems). Statistical significance was assessed using t-student analysis
showing non-significant p-values (p-value = 0.05) and values with different significances (* =
0.01 < p-value < 0.05; ** = 0.001 < p-value < 0.01).
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4.35.3 LED light test

A light-emitting diode (LED) light demonstrated that it was possible to conduct direct current (DC)
using the hydrogel to supply a LED (Figure 33A). The relative intensity of the LED was calculated by the
area of emitted light (Figure 33B). A conductive metal was used as o positive control and the air as the
negative control. The 15AIlgP_5molA hydrogel turned on the led with % of the positive control intensity. In
the future, we will consider performing the experiment for the 15AIgP hydrogel to precisely evaluate the
impact of adding natural conjugated molecules to our hydrogels, as this will be a more accurate control of

the experiment.
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Figure 33. A) Images of a DC circuit conducted using 15AlgP_5molA hydrogel and a LED. B) Quantified
LED intensity using the area of emitted light. A conductive metal was used as o positive control and the air

as the negative control.

4.3.5.4 Cyclic voltammetry

Cyclic voltammograms of all evaluated hydrogels showed almost the mirror image of the potential
sweep (positive-moving) curve in the opposite direction of sweep (negative-moving) (Figure 34). This
comportment demonstrates the reversibility of the redox-capacitor. In his work, Bo et al. describes that an
enlargement of the CV curve area with increasing voltage scan rate for rectangular-shaped curves indicates
a predominant capacitive behaviour (Bo et al. 2012). The obtained voltammograms are close to a
rectangular shape, which is characteristic of non-ideal capacitors (Allagui et al. 2016). This result supports

the findings obtained in the impedance spectroscopy.

The redox-capacitor response seemed to depend on scan rate since cyclic voltammograms showed
differences in their area. Capacitance is directly proportional to the curve area, so it varies at different scan
rates (Bandaranayake et al. 2015). Therefore, it was clear that the addition of natural conjugated molecules
resulted in larger curves, representing an enhanced capacitive behaviour (for more scan rates see Annex

4). Moreover, hydrogels doped with molA seemed to have slightly more capacitance than the hydrogels
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doped with molB, suggesting that molA helps to store charges. This behaviour was accentuated at scan
rate 0.4 V.s where the hydrogels 15AlgP_1molA and 15AIgP_5molA had larger curves. EIS analysis
complemented this observation (Allagui et al. 2016).

Scan rate: 0.04 Scan rate: 0.1 1 Scanrate: 0.4

Current * 104 (A)
Current * 1044 (A)
Current * 104 (A)

2 A v 1 2 2 A 0 1 2 2 A 0 1 2
Potential (V} Potential (V) Potential {V)

Figure 34. Cyclic voltammetry measurement at different scan rates (0.04 V.s?, 0.1 V.s?, and 0.4 V.s'1) of all the

fabricated hydrogels indicating an enlargement of the curve area with the increase of the voltage scan rate Legend:

15AIgP (blue), 15AIgP_1molA (light orange), 15AlgP_5molA (orange), 15AIgP_10molA (dark orange), 15AlgP_1molB

(light pink), 15AlgP_5molB (pink), and 15AlgP_10molB (dark pink).

4.4 3D Printing

Extrusion-based 3D printing technique was used to fabricate 3D scaffolds through continuously
depositing material layer-upon-layer, without any material as support (Kirchmajer et al. 2015). We
anticipated that AlgP scaffolds could self-supported itself since hydrogels produced with moulds originated
consistent and rigid structures.

4.4.1 Printability evaluation

4.4.1.1 Printability factor

Printability evaluation measures the fidelity of the printing process and prevents the fabrication of
undesirable printed structures. Ink printability, namely the ability to form a 3D structure with exemplary
integrity, is a representative criterion to evaluate the ink physical properties.

Printability quantification with the printability factor (Pr) revealed that 15AIgP, 15AIgP_5molA,
15AIgP_1molB, and 15AIlgP_5molB showed to be adequate inks (inside the grey region, 0.85 < Pr < 1.1
Figure 35B) to form rectangular pores (Pr = 1). The ink 15AlgP_5molA showed a slight drop in Pr with a bit
of tendency to have strut fusion (Figure 35A). However, this ink printability was inside the printability region
(grey region, Figure 35B). On the other side, the ink 15AIgP_10molA showed a relevant drop in Pr with a
tendency to have strut fusion and more circular pore morphology (Figure 35A). We hypothesised that the
decrease in printability with the addition of 10 g.L* of molA to the 15AIgP solution was due to larger particles
that changed the flow along the needle. In contrast, 15AlgP_1molB, and 15AlgP_5molB inks showed the

highest printability among all the samples, revealing a tendency to form rectangular pores even clearer than

58



15AIgP (Figure 35A). This result agrees with the ones from the ink formulation and rheological assessment
where molB shown to had more efficient dispersibility, that could had led to a more fluid flow along the
printing needle, therefore, resulting in higher printability. In conclusion, the results confirmed that the

dispersion of natural conjugated molecules did not affect the printability of the hydrogels.
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Figure 35. A) Optical microscopy images of 3D-printed 15AIgP, 15AIgP_1molA, 15AIgP_5molA, 15AIgP_10molA,
15AIgP_1ImolB, and15AIgP_5molB squared meshes (top) and the light microscope image of each evaluated
square inside the respective squared mesh (bottom). B) Printability factor (Pr) derived from the 3D-printed
hydrogels, is inversely proportional to pore-circularity, an indicator of pore circularity and hence printability of the
ink (Pr = 1 perfectly square pore, Pr < 1 circular pore, and Pr > 1 over-gelated pore). The grey region marks the
range of adequate ink printability (from 0.85 to 1.1) (Ouyang et al. 2016). Data are shown as mean * SD (n=7).
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4.4.1.2 Line thickness evaluation

The line thickness of 3D printed squared meshes with a different number of layers was evaluated
(Figure 36). The anticipated line thickness is 0.5 mm as this is the inner needle diameter. All the evaluated
scaffolds showed a line thickness increase with the increase of layer with an inclination to form strut fusions
and pore circularity. Line thickness was higher for the 15AIgP_5molB at all printed layers (Figure 37). This
behaviour has been reported for high water content materials. In their work, Senior et al. anticipated that
the low viscosity of the hydrocolloid solutions caused them to spread and fall when printing multi-layered
structures. To overcome these hurdles, she discussed a manufacturing approach using a supportive
particulate gel bed and have enabled the production of complex gel structures (Moxon et al. 2017; Senior
et al. 2019). In future experiments, we will consider applying such manufacturing strategy to our material.
Other approaches related to the printing parameters, improving the crosslink degree, and the gelation

process will be evaluated.
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Figure 36. Optical microscopy images of 3D printed 15AIgP_5molB squared meshes with 1, 2, and 3 printed layers.
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Figure 37. Line thickness over three different layers derived from the 15AIgP, 15AlgP_5molA, and 15AlgP_5molB

3D-printed hydrogels showing the expected line thickness marked with a black dotted line (x mm = pink needle

inner diameter). Data are shown as mean = SD (n=3). The values from y axis are presented in a confidential annex.
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4.4.2 Exploring different architectures

3D printing is a versatile technique to design different scaffold architectures that can provide
physiologically relevant native-like structure to guide cells, enhance their functions and develop 3D
structured tissues. 3D printed scaffolds can enable an adequate spread of media, nutrients, growth factors,
and cell location. However, the scaffold can be designed to have different structures and shapes, featuring
different geometric elements (layout, height, size, diameter, deposition angle, layer thickness, number of
layers, and pore size). Diffusion limitation of nutrients and metabolic waste products in scaffolds is a
significant constraint, and optimization in the architectural design of scaffolds provides an alternative method
to circumvent those hurdles (Lee et al. 2008). Recently, a study showed that orthogonal-based designs can
provide optimal geometry and, when combined with naturally based coatings, can promote cellular
proliferation (Souness et al. 2018). Table 6 shows different scaffolds constructed using AlgP based inks and

discusses their advantages and disadvantages.

Table 6. List of different shaped 3D printed scaffolds. An image of each scaffold is shown along with the parameters

used during each printing process. Advantages and disadvantages of each structure were debated.

Scaffold Printing process Advantages Disadvantages
parameters used
Filled circle (r =4 mm)  Consistent  structure The filling can provide

20 layers

Needle (inner diameter
= 0.5 mm)

Line speed: 20 mm.s*
Pressure: 3 psi

with high mechanical
properties. Fast, easy,

and reproducible
fabrication. Easy to
handle.

nutrients/wastes
diffusion limitations and
promote necrotic zones
inside the scaffold.

Circle (r = 6 mm)

100 layers

Needle (inner diameter
= 0.5 mm)

Line speed: 20 mm.s*
Pressure: 10 psi

High diffusivity since
the culture medium can
circulate in the middle
of the scaffold.

Fragile and can deform
easily when
manipulated.

Film 4 mm x 4 mm

3 layers

Needle (inner diameter
= 0.5 mm)

Line speed: 25 mm.s
Pressure: 2 psi

Uniform structure. Fast,
easy, and reproducible
fabrication. Easy to
handle.

Orthogonal design.

Too simple to promote
adequate architecture
for cell growth
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Square 10mmx10mm High diffusivity since Fragile can deform
15 layers the culture medium can easily when
Needle (inner diameter circulate in the middle manipulated.

= 0.5 mm) of the scaffold.

Line speed: 20 mm.s!
Pressure: 7.8 psi

Orthogonal design.

Squared mesh 10 mm x

High diffusivity since

The thickness of the

10 mm the culture medium can lines can  promote
10 layers (Az=0.1 mm) circulate in the multiple necrotic zones inside
Needle (inner diameter holes of the scaffold. the scaffold.

=0.5mm)
Line speed: 20 mm.s?
Pressure: 11 psi

Orthogonal design.

Squared mesh 10 mm x
10 mm

2 layers (Az = 0.5 mm)
Needle (inner diameter
=0.5mm)

Line speed: 25 mm.s?

High diffusivity since
the culture medium can
circulate in the multiple
holes of the scaffold.

Orthogonal design.

Probability of providing
very different zones
within the same
structure.

Pressure: 4 psi

Designing a scaffold that can model the structure-function relationships allows to tailor it to address
specific limitations and meet features of target scaffold. Multi-layered structures can provide layer-specific
structure-function. depending on the purpose of the scaffold, using different materials and cell in different
layers. In sum, with this approach is possible to combine techniques, materials, cell types and functions that
generate multiple cell layers in a scaffold near to native tissues that possess layered structures with various
biological and mechanical requirements (Knight et al. 2013) Goins et al. reviewed the multi-layer

approaches that use synthetic and natural materials (Goins et al. 2019).

In this work, the use of a multi-layered scaffold through 3D multi-material printing was explored
aiming to enhance the electrically conductive feature of the structure. This combination has the potential to
improve mechanical scaffold properties and direct cell alignment. Table 7 shows selected designs relying
on multi-layer approaches that use AlgP based inks and natural conjugated molecules-based inks in
different layers. Table 7 also discuss advantages and disadvantages of the presented designs. Preliminary

results of multi-layer constructs produced by sandwiching the different elements were achieved.
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Table 7. List of different shaped 3D printed multi-layered scaffolds mounted with intercalated inks. The illustration of
each scaffold is shown along the real image after the mounting. Advantages and disadvantages of each structure were

debated.

Design Scaffold

Advantages

Disadvantages

Circles

High diffusivity since the
culture medium can
circulate in the multiple
holes of the scaffold.

Not uniform and

consistent.

More difficult to

construct.

Films

Consistent structure with
high mechanical
properties.

Very low diffusivity.

Extremely compact.

Intercalated struts

% were not 3D
printed

Easy fabrication process.

Fragile and
breakable.

Squares within

o D each other were
()
not 3D printed

High diffusivity since the
culture medium can
circulate in the hole of the

scaffold.
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4.5 Cell culture

4.5.1 Cell seeding onto 3D scaffolds
Fibroblast cells were seeded onto 3D printed films (10 mm x 10 mm) of 15AlgP, 15AIgP_molA, and

15AlgP_5molIB and cultured for 8 days, as previously described in Materials and Methods section (Figure

38). Cells were evaluated for proliferation rate, viability, and morphology.

S e
Figure 38. 3D printed films(10 mm x 10 mm) of 15AIgP,
15AIgP_5molB, and 15AIgP_5molA.

45.1.1 Alamar Blue

Figure 39 represents the emitted fluorescence at day 2 and day 7 after seeding fibroblasts cells on
the 3D printed films (15AIgP, 15AIgP_5molB, and 15AIgP_molA). The control condition represents fibroblast
cells growing in a transparent polystyrene plate. As mentioned before, the AlamarBlue™ assay measures
the metabolic activity of cells rather than the cell number. In comparison to the control condition, 3D printed
films conditions seem to have lowered the cellular metabolic activity of cells. This decrease in the
fluorescence was more accentuated for the 3D printed films doped with natural conjugated molecules.
However, this outcome can be attributed to several events, rather than just cell death. The 3D culture or the
addition of natural conjugated molecules could have induced a higher lag phase or possibly lowered cellular
metabolism. These hypotheses are valid but cannot be elucidated by AlamarBlue™ assay and were further
evaluated using a Live/Dead viability assay.
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Figure 39. Proliferation assay. AlamarBlue ™ reduction as an indirect estimation of
cell number of mouse fibroblasts seeded in different 3D printed films. Cells were
seeded in 3D printed films on day 0. At day 2 and day 7 after seeding,
AlamarBlue™ was added to the medium and incubated for 2h. The reduction of
AlamarBlue ™ was detected using fluorescence (excitation at 560 nm and emission
at 590 nm) in a plate reader. Each column shows the meantSD of three
independent experiments (n=3) with three 3D printed films for each condition.

4.5.1.2 Live/Dead viability assay via calcein-AM/ethidium homodimer-1

Live/Dead viability assay is based on membrane integrity and esterase activity. Plasma membrane
integrity is determined by ethidium homodimer-1, which enters cells with a compromised plasma membrane
to bind DNA and emit red fluorescence. On the other side, live cells are identified by calcein-AM, which is
converted to a green fluorescence after interaction with intracellular esterase’s. In Figure 40A, are shown
the microscope images of fibroblast cells seeded onto 3D printed films. The control condition represents
fibroblast cells growing in a transparent polystyrene plate. The percentage of viability was calculated (Figure
40B) accounting for the number of live (green) and dead (red) cells. All conditions showed high viabilities.
However, the microscope images confirmed that the number of cells in the 3D printed films was lower than

in control.

Moreover, this reduction is even more accentuated in the 3D printed films doped with natural
conjugated molecules. These results confirmed the hypothesis of cells going through a higher lag phase
than in controls, that led to a low cellular metabolism quantification in the AlamarBlue™ assay. The
decreased fluorescence observed above was most probably due to a reduced number of cells and not cell

death. However, we cannot discard the hypothesis that this cell growth inhibition could also be due to the
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presence of molecules A and B. To confirm this results, we decided to perform Hoechst-Phalloidin staining

to visualize in more detail the fibroblast cells on the 3D printed scaffolds.
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Figure 40. A) Fluorescence microscope images of L929 fibroblast cells seeded onto 3D printed films after
staining with calcein/ethidium homodimer-1, at day 8. B) Cytocompatibility study of 15AIgP, 15AIgP_5molA, and
15AIgP_5molB hydrogels using a Live-Dead viability assay. Data are shown as mean +SD (n=3). Scale bar: 500

4.5.1.3 Hoechst-Phalloidin staining

The cytoskeleton plays a vital role in multiple cellular events, conditioning cell shape, adhesion,
motility, intracellular transport, and cellular division (Galkin et al. 2012; Stringham et al. 2012). Cell adhesion
to biomaterials surface is critical because, after adhesion, cells can initiate spreading and proliferation.
Therefore, usually the cell adhesion and proliferation ability are an essential initial evaluation of the
biocompatibility of the materials. The results on Figure 41 show the Hoechst-Phalloidin staining obtained for
each condition of 3D printed film (15AIgP, 15AIgP_5molA, and 15AlgP_5molIB ) and control. This staining
enabled the identification of actin filaments (green) which indicate fibroblast cells-film surface interactions,
which were possible to detected for all conditions. In particular, it was observed the presence of adhesion
focal points at the cell periphery, indicating strong adhesion to the substrate. However, these observations
were more stringent for the control than for the cells in the printed films. Indeed, compared to the control,
the cells cultivated on 3D printed films showed minor cytoskeleton organization and defects in cell
spreading. Moreover, cells cultivated on the films tend to form cell clusters and a rounded cell morphology
suggested that the fibroblast cells need to adapt to the 3D printed films surface topography (Coradeghini et
al. 2013).

On the other hand, in comparison to hydrophobic materials, hydrophilic surfaces as AlgP, a

polysaccharide containing sulphates in the backbone, as the potential to positively influence cell
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adhesion, cell proliferation, and cell differentiation. As observed before, the fabricated scaffolds have high
water content and are considered superhydrophilic surfaces. In these conditions, we observed that our
scaffolds promote cell adhesion in a clustered manner. These clusters led to higher cell density on the 3D
printed films, associated with a round shape due to lower spreading area and higher circularity. Nishida et
al. suggested that the bound water content suppressed the cytoskeletal organization of adhered cells in
these cases (Nishida et al. 2021). The author distinguished bound water from intermediate and non-freezing
water and discussed the concept of bound water as the water present on the material's surface. His work
revealed that the increment of bound water content on the substrates decreased cell adhesion strength and

cell spreading. In the future, our studies will examine this factor.

.

Control

15AIgP, 3"

15AIgP_5molA

250 pm 250 jan

Figure 41. Fluorescence microscope images of L929 fibroblast cells adhered on 15AlgP,
15AlgP_5molA, and 15AIgP_5molB 3D printed films, after 5 days in culture. Alexa 488 Phalloidin stained

actin cytoskeleton (green) and Hoechst 33342 stained the cell nuclei (blue). Scale bar: 500 pm.

The number of cell clusters observed in the Figure 41 images were categorised and quantified, and
the results obtained are reported in Figure 42. There was not found statistically differences between the
values on the total number of clusters for each 3D printed hydrogel (Figure 42A). A closer inspection,
considering the number of cell clusters of different size for each hydrogel (Figure 42B) point out that most

clusters had a small to medium size containing 20-60 cells in it. A high quantity of clusters was found for
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15AIgP_5molB hydrogels, but with many of them considered as very small (10-20 cells). Interestingly, very

large clusters (80-100 cells) were detected in 15AIgP and 15AIgP_5molB hydrogels.

In the future, this cell behaviour will be evaluated in more detail to improve cell adhesion and

spreading throughout the scaffold.
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Figure 42. A) Number of clusters present at each 3D printed hydrogel (15AlgP, 15AlgP_5molA, and
15AIgP_5molB); B) separation of the clusters by size (very small, small, medium, large, and very large) according
to the number of cells per cluster. The number of cells per cluster size legend is represented at right side.

4.6 3D Bioprinting

4.6.1 Bioink formulation and media optimization

As previously stated, the solvent matrix used during ink formulation was water alone. However, cell
survival depends on the solvent matrix around it to contain the right salinity, nutrients, co-factors and so, the
straightforward solution to address such needs is to use culture media as solvent matrix, more precisely,
DMEM, that was already proved effective in maintaining cell viability (see section 4.1.2.1). However, 15AlgP
ink in DMEM (15g AlgP in 1L DMEM) is not printable. Due to the high ionic concentration of DMEM, when
AlgP is dissolved in DMEM, polymer helical aggregation is induced, making the sol-gel transition almost
instant, and before the printing process, this ink was already solidified. We considered that 15AIgP ink in
DMEM was not appropriate for bioprinting. Therefore, we considered that 15AIgP ink in DMEM was not

appropriate for bioprinting.

Three novel customised media were formulated: Media 1, Media 2, and Media 3 and their
cytocompatibility were evaluated via WST-8 assay, as described before. Figure 43 microscope images

showed that cells were grown on DMEM (positive control), and Media 3 had similar proliferation and
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morphology. The cell viability measured at 30, 60 and 120 minutes of incubation were similar for DMEM and

Media 3, confirming the capacity of Media 3 to maintain cell growth and proliferation.

A B
30 minutes

-
[=4

- L
T T
30 60 120

Incubation time (minutes)

e
o

Absorbance at 450 nm (A.U.)
o
[5,]

mm Media 1
mm Media 2
mm Media 3
C mm  Negative control (Triton-X)
=3 Positive control (DMEM)
1004 o h it
o ]
° ]
O -
{ @ ]
™ ] ]
o) 3 50:
R > ]
. =
0_: = I
I I I
30 60 120

(2 i = Incubation time (minutes)
Figure 43. A) Light-microscope images of L929 fibroblast cells grown on DMEM (positive control), Triton-X
(negative control), and Media 3 after 30 and 120 minutes of incubation. Cells incubated in media 3 show similar
proliferation and morphology as cells incubated in DMEM. B) Respective viability percentage of L929 fibroblasts
cells grown on DMEM, Triton-X, and Media 3 using a WST-8 viability assay. Viability measured at 30, 60 and
120 minutes of incubation is similar and reveals a non-significative decrease on viability when using media 3.
C) B) Absorbance at 450 nm (A.U.), measured at 30, 60 and 120 minutes, for L929 fibroblasts cells grown on

DMEM, Triton-X, and media 3. Scale bar: 500 ym.

Media 1 and Media 2 showed cell viabilities near zero (see Annex 3 for the microscope images).
The nuclei of these cells were larger revealing that cell low viability might be due to osmolarities imbalance.
Therefore, Media 3 was chosen as a solvent for the AlgP based bioinks.

Novel inks with 5g.L?%, 6g.Lt, 7g.L, 8g.L?, 9g.L1, and 10g.Lt AlgP in 1L of Media 3 were
formulated. The optimal ink was selected from visual observation of the solution’s viscous and/or fluidic
behaviour at 37°C (incubation temperature) and 25°C (printing temperature) and their printed resolution.
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The ink with 10g.L* was highly viscous and partially in the solid state, while the ink with 5g.L* was liquid
(Figure 48A). Therefore, these inks were discarded, and only the inks with 6g.L-1, 7g.L%, 8g.L1, and 9g.L™*!
AlgP were evaluated for 3D printing performance. The ink 6g.L resulted in a weak structure with a poor

resolution that broke after printing. The other three structures are shown in Figure 48B. Due to higher

resolution, the ink with 9g.L-1 AlgP in Media 3 was selected for further bioprinting processes
A B

Figure 44. A) Inks with 10g.L* and 5g.L* AlgP in 1L of Media 3 showing a solid and liquid state, respectively. B) 3D
printed circles. Inks with 7g.L-1, 8g.L%, and 9g.L* AlgP in Media 3.

4.6.2 3D bioprinted cells

3D bioprinted rings were fabricated with the bioinks 9AIgP, 9AIgP_molA, and 9AIgP_5molB cultured
for 11 days, as previously described in Materials and Methods. Cells were evaluated for viability and

morphology with Live/Dead staining and through microscope images.

Figure 45 presents encapsulated fibroblast cells bioprinted with the 9AIgP bioink at day 11 with
different magnitudes (x4, x10, and x20). The black dotted lines highlight interface between the ring and the
culture plate, showing the curvature of the bioprinted rings. After 11 days (early-stage), the encapsulated
cells were spread throughout the hydrogel with elongated morphology as in the controls. As described in

the literature, bioprinting enhanced cell distribution along with the material.

Figure 45. Light-microscope images of 3D bioprinted 9AIgP rings after 11 days in culture, at different
magnitudes (x4, x10, and x20). The black dotted lines highlight the interface between the ring and the culture
plate, showing the curvature of the bioprinted rings.
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Figure 46 presents encapsulated fibroblast cells bioprinted with the 9AIgP bioink, 9AIgP_1molA,
and 9AIgP_5molB at day 8. In all conditions, the encapsulated cells were spread throughout the hydrogel.
However, the cytoskeleton organization of the fibroblasts was faster in the 9AIgP bioink than in the
9AIgP_1molA and 9AIgP_5molIB. The doped bioinks presented spheroid fibroblasts. Previous studies
suggest that fibroblasts encapsulated in AlgP based bioinks have the inherent potential to self-organize into
3D aggregated spheroids. Contrarily, in the 9AIgP bioink was possible to observe the change in morphology
along the culture time. At this point, the culture was composed of elongated and round cells, but as seen

above, within 11 days, elongated cells were predominant.
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Figure 46. Light-microscope images of 3D bioprinted 9AIgP, 9AIgP_1molA, and 9AIgP_5molB rings at day 8. Scale
bar: 500 pm.

Figure 47A presents the results for the Live-Dead viability assay, which uses calcein-AM/ethidium
homodimer-1. These results show that most of the encapsulated fibroblast cells were viable after 8 days in
culture. The presence of dead cells was negligible, which implies that the hydrogels are cyto-compatible
and non-toxic. The percentage of viability was calculated (Figure 47B) by considering the number of live
(green) and dead (red) cells. The fabricated hydrogels 9AIgP and 9AIgP_5molA showed high cell viability
comparing to 9AlgP_5molB that had lower viability.

Moreover, due to the high natural pigmentation of natural conjugated molecules, we hypothesise
that during the encapsulation at a 3D level was not possible quantify all the present viable cells. Even so,
the cell viability of cells bioprinted with 9AlgP_5molIB that presents in our study the lowest cell viability, still

falls on the range of the values reported by other studies on extrusion-based bioprinting.

Regarding the cell morphology, previous studies suggest that fibroblasts encapsulated in AlgP
based bioinks have inherent potential to self-organize into 3D aggregated spheroids. Here, this behaviour
was also observed, however, within 8 days the fibroblasts encapsulated in the 9AIgP bioink acquired a more

fibroblast-like morphology with a higher organised cytoskeleton.
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Figure 47. A) Fluorescence microscope images of 3D bioprinted L929 fibroblast cells after staining with
calcein/ethidium homodimer-1, at day 8. B) Cytocompatibility study of 9AIgP, 9AIgP_1molA, and 9AIgP_5molB
hydrogels using a Live-Dead viability assay. Data are shown as mean +SD (n=4). Scale bar: 500 ym.
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5. Conclusions and Future Perspectives

Specific protocols for the fabrication of novel AlgP based inks and bioinks were successfully
conceived. These inks were then effectively doped with two different natural conjugated molecules, molA,
and molB. The fabrication of such inks was characterized via UV-vis spectroscopy and rheological
assessment. UV-vis confirmed the presence of natural conjugated molecules giving colours appealing to

seafood consumers.

Our novel inks were used to construct 3D scaffolds using moulds, 3D printing, and 3D Bioprinting
technigues with mechanical properties adequate for cell-cultured seafood. Young’s modulus values were
obtained between 60-80 kPa, which falls on the same order of magnitude as in the one of tuna meat. High
water content values were estimated, which is promising to develop fish tissue similar to the one of species

such as cod, shrimp, and sea bass.

The novel electrically conductive inks, doped with natural conjugated molecules, were characterized
with EIS, four-probe method, cyclic voltammetry (CV), and a LED light test. EIS analysis revealed that the
produced hydrogels work as capacitors at low frequencies and as resistors at high frequencies. The
capacitive behaviour was confirmed by an enlargement of the CV curves area with the increase of the
voltage scan rate. The higher measured conductivity was from 15AIgP_1molA wet hydrogels showing to be
just slightly higher than for 15AIgP alone. Four probe method conductivities for dry hydrogels reached much
lower values, evidencing the predominance of ionic conductivity over electrical conductivity. A consistent
behaviour was observed where to high concentrations of natural conjugated molecules resulted in lower

conductivity. This behaviour may be due to the presence of particle aggregates blocking the charge motion.

After, printing assays showed that it is possible to disperse natural conjugated molecules,
maintaining the printability of the hydrogels. This capacity was demonstrated by printing different scaffolds

with several layers using AlgP based inks as circles, squares, films, and squared meshes.

Cell characterization was performed using mouse fibroblast cells. Cells were onto 3D printed films
for 8 days to evaluate their proliferation rate, viability, and morphology. Live/Dead staining showed that all
scaffolds had high viabilities. However, we hypothesised that 3D printed films doped with natural conjugated
molecules had lower proliferation rates and fewer cells due to a higher lag phase. A Hoechst/Phalloidin
staining uncovered that cells were adhered to the 3D printed films but with lower cytoskeleton organization
and cell spreading than in control. We detected a tendency to form cell clusters and a rounded cell

morphology.

Finally, cells were 3D bioprinted. For that, a novel media specific for bioprinting (Media 3) and novel
bioinks were produced. These bioinks were also doped with natural conjugated molecules and then
bioprinted into 3D rings scaffolds, cultured for 11 days. Most of the encapsulated cells were viable after 8
days in culture, and that the presence of dead cells was negligible. After 11 days, the encapsulated cells

were spread throughout the hydrogel, exhibiting a similar morphology to the controls.
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In contrast, doped 3D bioprinted scaffolds cells self-organized into 3D aggregated spheroids. This
behaviour is line with literature. In sum, AlgP based exhibited minimal cytotoxicity and is a potential
biomaterial for future fabricating scaffolds. Natural conjugated molecules seem to impact the scaffold
electroconductive properties at low concentrations. More studies within this effective concentration range

will be performed.

In the future, we ambition to reproduce this work with a fish cell line to create scaffolds specifically

for cell-cultured seafood.
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Annex 1. Calibration curves of molecule A and molecule B concentrations at 560 nm.

Annex 2. 3D printed structures showing being manipulated using tweezers and a spatula, with no

permanent deformation observed.
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Media 1
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Annex 3. Microscope images of the mouse fibroblast cells at 30, 60 and 120 minutes of incubation with DMEM
(positive contral), Triton-X (negative control), Media 1, and Media 2. Media 1 and Media 2 showed cytotoxic with
morphologies like the negative control. The nuclei of these cells were larger revealing that cell low viability might be
due to osmolarities imbalance.

89



0.02 (Vis)
15AIgP - 004 (Vi)

- 008 (vis)

- 008 (vis)
04 vts)
0.3 vts)
0.2 futs)
0.1 {vfs)

(23
1
B or 4 e

Current * 10*-4 (A)
L

0 T . .
-2 -1 0 1 2

Potential (V)

)
15AIgP_1molA 0.02 (Vis)
0.04 (VIs)

)

)

0.08 (V/s
0.1 (Vis)
0.2 (Vis)

[ v 03
o 04 (Vi)

Current * 10°-4 (A)

'1 0 | T
-2 -1 0 1 2

Potential (V)

0.01 (Vis)

0.02 (Vfs)

15AIgP_1molB 006 1)
0.08 (V/s)
0.08 (V/s)
0.1 (Vis)
0.2 (Vis)
v 0.3(Vis)
¢+ 0.4(Vis)

Current * 10~-4 (A)

-10 T | T
-2 -1 0 1 2

Potential (V)

Annex 4. Cyclic measurements at different scan rates for the hydrogels 15AIgP, 15AIgP_1molA, and
15AIgP_1molB showing the enlargement of the curve with the increase of the scan rate.
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