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PBS: Phosphate Buffered Saline (saline solution) SA: Standard Alginate 

PCL: Polycaprolactone SAM: Stock and Adaptation Medium 

PDHK: Pyruvate dehydrogenase kinases SC: Semi-Continuous culture 

PDH: Pyruvate dehydrogenase  SFM: Serum-Free Media 

pDNA: Plasmid DNA Standard Gelatin 

PEI: Polyethyleneimine siRNA : Small interfering RNA 

PEI-Ac80: PEI with 80% of the primary and 20% 

of the secondary amines acetylated SP: Setpoint 

PET: Polyethylene terephthalate SV40: Simian Virus 40 

PET: Positron Emission Tomography T 

PGA: Poly(glycolic acid) TAG / TG: transglutaminase 

PI: Propidium Iodide TCD: Total Cell Concentration 

PID: Proportional-Integral-Derivative 

TEM: Transmission Electron 

Microscopy  

P&ID: Pipe & Instrumentation Diagram 

TMSP: 3-(Trimethylsilyl)propionic-

2,2,3,3-d4 acid sodium salt 

PLG : Poly(lactide-co-glycolide) TPE: Thermoplastic elastomer  

PLL: Poly-L-lysine U 

PLLA: Poly(L-lactic acid) µ: Cell-specific growth rate 

PLS: Partial Least Square  USP: Upstream processing 

PM: Production Medium V 

PU: Polyurethane VCD: Viable Cell Density 

pVEGF: Plasmid carrying Vascular Endothelial 

Growth Factor encoding gene X 

Q Xmax: Maximal cell density 

Qgluc: cell-specific rate of glucose consumption Y 

Qlact: cell-specific rate of lactate production 

Ylact/gluc: Molar ration of consumed 

glucose and produced lactate 

QmAb: cell-specific rate of mAb production   

R   
RALA: Penetration peptide 30 amino acids Arg-Ala-Leu-Ala repeats (N-

WEARLARALARALARHLARALARALRACEA-C) 
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RESUMÉ FRANÇAIS 

Le marché des biopharmaceutiques a connu une croissance exponentielle et continue depuis la 

première production industrielle de biomolécules issues de lignées cellulaires animales à la fin 

des années 1960. Néanmoins, l’amélioration des procédés de bio-production se heurte à des 

défis persistants, notamment en ce qui concerne la densification des cultures et l’augmentation 

de la productivité. Les technologies existantes ont peinent à la demande mondiale croissante et 

les cultures de cellules animales en suspension ou en monocouche dans les bioréacteurs 

traditionnels présentent un potentiel d’amélioration limité. Ce projet de thèse, issu d'une 

collaboration entre la plateforme académique 3D.Fab (ICBMS - Université Lyon 1) et 

l'entreprise Sartorius, a pour objectif de combiner l'expertise scientifique des deux parties pour 

proposer une stratégie innovante de production de protéines recombinantes. La bio-impression 

a été introduite comme outil de bio-fabrication novateur pour créer des cultures adhérentes de 

différentes lignées cellulaires de production en 3D avec des géométries complexes, contrôlées 

et reproductibles. L'objectif est d'explorer le potentiel des cultures adhérentes en 3D pour 

surmonter les limitations des procédés de production actuels. Notre travail a permis une 

meilleure compréhension des changements globaux des cinétiques cellulaires au sein des 

cultures en 3D et a décrit les avantages et les limitations de cette méthode de culture pour la 

bio-production. Nous avons démontré que les lignées cellulaires produisant des anticorps 

monoclonaux cultivées dans des structures 3D bio-imprimées présentaient une productivité 

spécifique plus élevée que notre culture de référence en bioréacteur en suspension, et une 

productivité spécifique équivalente aux valeurs rapportées dans la littérature pour les cultures 

optimisées en suspension alimentée (fed-batch). Ainsi, nous avons démontré le potentiel de 

cette technologie pour augmenter la productivité spécifique des cellules et soulevé des 

questions quant à sa capacité à surpasser la productivité spécifique maximale actuelle de 90 

pg/cellule/jour. Nous avons ensuite pu réaliser des cultures bio-imprimées à plus large échelle 

en développant un système de bioréacteur personnalisé avec régulation des principaux 

paramètres de culture. Cependant, l'incapacité des cultures bio-imprimées à atteindre des 

densités cellulaires élevées entraîne une faible productivité volumique qui ne peut pas rivaliser 

avec les bioprocédés industriels actuels. Ensuite, nous avons démontré que la ressemblance de 

la culture cellulaire en 3D avec l'environnement in vivo peut déclencher des réponses 

physiologiques telles que l’alternance de cycles de croissance et d’apoptose, semblables à ceux 

observés dans les tissus in vivo. Finalement, des outils de transfection in situ ont été étudiés 

pour l'insertion progressive de matériel génétique dans les cellules cultivées en 3D. Cette 

technologie n'a pas permis d’atteindre des efficacités équivalentes à celles rapportées dans les 
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cultures en monocouche ou en suspension. Notre travail n'a pas pu surmonter cet obstacle, mais 

nous avons proposé des suggestions pour améliorer l'efficacité de la transfection in situ. Les 

résultats présentés dans ce travail nous ont amenés à conclure qu'avec les capacités techniques 

actuelles, cette technologie ne présente pas une alternative convaincante aux procédés 

industriels courants pour la production de protéines recombinantes. Néanmoins, sa similarité 

avec l'environnement in vivo et sa capacité à augmenter la productivité spécifique présentent 

un potentiel intéressant pour les traitements personnalisés ou thérapies de niche, telles que les 

traitements à base de cellules souches ou la production de vésicules extracellulaires. 
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SUMMARY 

The biopharmaceutical market has witnessed exponential growth and continuous evolution 

since the first industrial production of animal cell-based therapeutics in the late 1960s. 

Nevertheless, the quest for improved biomanufacturing processes faces persistent challenges, 

particularly in achieving high cell density and productivity. The existing technologies have 

struggled to meet the ever-increasing global demand for therapeutic agents and traditional 

bioreactor cultures of animal cells in suspension or as monolayers remain limited. This project 

originated from a collaborative effort between the academic platform 3D.Fab (ICBMS – 

Université Lyon 1) and the industrial company Sartorius. Our goal is to leverage the combined 

scientific expertise of both parties to introduce an innovative biomanufacturing strategy for 

producing recombinant proteins. We propose the application of bioprinting as a novel 

biofabrication tool to create complex, controlled, and reproducible 3D adherent cultures of 

various production cell lines. The objective is to explore the potential of 3D adherent cell 

cultures in addressing the limitations of current culture-based production. Our work has 

provided a deeper understanding of the global changes in cellular kinetics within 3D cultures 

and has described both the advantages and limitations of this culture method for bioproduction. 

We demonstrated that mAb-producing cell lines cultivated in such 3D bioprinted constructs 

exhibited higher specific productivity than our suspended bioreactor culture reference, and 

equivalent specific productivity compared to values reported in the literature for optimized fed-

batch suspension cultures. Thus, we have demonstrated the potential of this technology to 

increase cell-specific productivity and raised questions about its potential to surpass the current 

maximum cell-specific productivity of 90 pg/cell/day. The 3D bioprinted culture of these 

production cell lines could be scaled up and cultivated in a custom bioreactor system with full 

control over key culture parameters. However, the inability of 3D cell culture to reach the high 

cell densities achieved in standard culture processes results in low volumetric productivity that 

cannot compete with current industrial bioprocesses. Our work has demonstrated that 

optimizing bioprinting parameters and hydrogel properties could enhance cell proliferation and 

increase the maximum cell density achievable. Nonetheless, while it is theoretically possible 

for cells to grow at very high cell density by colonizing 100% of the construct volume, it 

remains uncertain whether such a phenomenon is practically achievable. In fact, the greater 

resemblance of 3D cell culture to the in vivo environment may also trigger in vivo-like 

responses, such as cell-contact-induced apoptosis. Our research has indicated the presence of 

successive growth phases interspersed with stationary phases or even a reduction in cell density 

for some cell lines, which aligns with the growth-apoptosis cycles observed in tissues. 

Furthermore, existing in situ transfection tools have been studies for progressive insertion of 
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genetic material in cells grown in 3D cultures. Such technology has not yet achieved 

efficiencies equivalent to those reported in monolayer or suspension cultures. Our work has not 

been able to overcome this obstacle, but we have proposed suggestions for improving in situ 

transfection efficiency. The insight provides by this work led to the conclusion that, with current 

technical capabilities, this technology does not present a compelling alternative to standard 

large-scale industrial bioproduction processes for recombinant proteins. Nevertheless, its 

similarity to the in vivo environment, increased specific productivity, and the cell-protective 

effects of the hydrogel matrix against hydrodynamic stresses present intriguing potential for 

personalized or niche therapies, such as stem cell-based treatments or extracellular vesicle 

production.  
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INTRODUCTION 

The biopharmaceutical market has witnessed exponential growth and continuous evolution 

since the first industrial production of animal cell-based therapeutics in the late 1960s. 

Nevertheless, the quest for improved biomanufacturing processes faces persistent challenges, 

particularly in achieving high cell density and productivity. The existing technologies have 

struggled to meet the ever-increasing global demand for therapeutic agents. Although novel 

bioproduction strategies have emerged, traditional bioreactor cultures of animal cells in 

suspension or as monolayers remain the central approach. These methods have yet to 

significantly enhance maximal cell density and biomolecule productivity, which hinders 

progress. 

This project originated from the collaborative effort between the academic platform 3D.Fab 

(ICBMS – Université Lyon 1) and the industrial company Sartorius. Its goal was to combine 

the scientific expertise of both parties to introduce an innovative biomanufacturing strategy for 

bioproduction. We propose the application of bioprinting as a novel biofabrication tool to create 

intricate, controlled, and reproducible 3D adherent cultures of various production cell lines. The 

objective is to explore the potential of 3D adherent cell cultures in addressing the limitations of 

suspension and monolayer cell culture-based bioproduction. 

This project presents a multidisciplinary approach built on knowledge and techniques from 

diverse fields, including bioprocesses, bioproduction, bioprinting, cell biology, tissue 

engineering, and computational flow simulation. The utilization of 3D bioprinting was adapted 

from widely described know-hows in the tissue engineering fields. It enables the design and 

manufacturing of 3D cellularized constructs with a wide range of geometries and sizes. 

Traditional bioprocessing equipment used for intensive cell culture and therapeutic molecule 

production were adapted to suit this novel biomanufacturing model. Computational flow 

simulation was used to optimize the customized culture vessel and ensure uniform media flow 

throughout the 3D bioprinted construct. 

In addition to these advancements, our work explores in situ transient transfection strategies to 

offer an alternative to the time-consuming process of developing stably transfected cell lines 

and to overcome the constraints of standard transient transfection in densified culture processes. 

The goal was to create a more flexible and time-efficient production platform for multiple 

recombinant protein production. In situ transient transfection is identified as a means to extend 

the transfection of proliferating cells throughout the entire culture process. 
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The techniques and technologies presented here are expected to facilitate the establishment of 

a unique small-scale production platform designed for the local and flexible manufacturing of 

multiple therapeutic recombinant proteins. The project also involves the development of 

specialized tools and methods to characterize these new bioprocesses, along with the 

implementation of sensors and customized culture systems. 
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CHAPTER 1. BIBLIOGRAPHY  

1.1. Cell culture-based production of biomolecules 

1.1.1. History of animal-cell-based bioproduction  

Animal cell-based bioproduction has significantly advanced in the last four decades [1,2]. It 

has become crucial for the biotechnology industry to obtain various products with therapeutic 

and diagnostic applications [3]. These products include viral vaccines, growth factors, 

monoclonal antibodies, and recombinant proteins [2–6]. They are used to prevent or treat a 

broad panel of diseases like cancer, viral infections, hereditary deficiencies, chronic and 

inflammatory illnesses [2].  

The first industrial-scale vaccine production in animal cell cultures was carried out after 

Capstick et al. (1962) adapted BHK-21 (Baby Hamster Kidney) cells for growth in suspension. 

In 1965, the suspension-adapted BHK-21 cell line was used by Telling and Elsworth to produce 

an inactivated vaccine in a large-scale bioreactor (30L) in a serum-containing medium [7,8]. 

Cell culture-based production of viral vaccines has long become the preferred production 

method over animal-based and egg-based vaccines. It provides a more reproducible process, 

better availability, and higher product resemblance with the primary human isolate or human 

post-translational modifications. This results in higher therapeutic product efficiency and a 

lower risk of contamination or allergic reactions [9,10].  

The first Food and Drug Administration (FDA) approval of recombinant protein production  in 

mammalian cells (CHO) for therapeutic purposes was reported in 1987. It aimed to produce 

human recombinant tissue plasminogen activator [11,12]. It paved the way for the development 

of animal cell-based therapeutics bioproduction. 

Since 2019, 70 to 80 % of newly approved therapeutic recombinant proteins have been 

produced in mammalian cells [2,5,13]. It is due to the ability of mammalian cells to produce 

high-value biomolecules, such as antibodies that require human-like glycosylation and complex 

post-translational modifications [14]. Since 2015, monoclonal antibodies (mAbs) have 

represented over 50% of new biopharmaceutical approvals. The demand for mAbs has been 

constantly rising, increasing mAbs sales from 50% of total biopharmaceutical sales in 2011 to 

80% in 2021 [2].  

In the last four years, the COVID-19 pandemic has demonstrated the necessity for fast 

innovation and development of therapeutics to reach high productivity during the healthcare 

crisis. It also reminded us of the substantial worldwide inequalities in medicines access [15,16]. 

While the right to health is considered a fundamental human right, therapeutic biomolecules 
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are produced by big pharmaceutical companies originating from high-income countries. Indeed, 

in 2021, the top-20 selling biopharmaceutical products were manufactured exclusively by large 

North American (BioNtech-Pfizer, Abbvie, Moderna, Johnson&Johnson, Regeneron, BMS, Eli 

Lilly, Amgen, Genentech, Alexion), European (Merck, Bayer, Roche, Janssen, Sanofi, 

Novartis) or Asian (Japanese) companies (Eisai, Ono, Takeda Pharmaceuticals) [2]. The high 

production costs and the need for specialized, large, and expensive infrastructures raise a barrier 

to developing smaller, localized therapeutics in lower-income countries [17]. 

Hence, since the first large-scale production of biopharmaceuticals in 1965, tremendous 

progress has been made in therapeutic molecule production from animal cells [3,18]. The fast 

evolution of the biopharmaceutical market led to the development of large and specialized 

production plants for the international distribution of therapeutics. While the demand for high-

value and complex therapeutics increases continuously, the current processes face limitations 

due to the production's size, high cost and complexity [17]. These challenges are central 

concerns for biopharmaceutical companies. Reaching higher productivity commonly correlates 

to increasing bioproduction installations' size, costs and complexity. Such facts are responsible 

for aggregating bioproduction units in large multinational companies from high-income 

countries, thus widening the inequalities of access to medicine worldwide. 

Therefore, the current limitations in the bioproduction of therapeutics raise two main matters: 

- New innovative production processes enabling high production yields in smaller scale / 

simplified infrastructures would be strategic. 

- Smaller, local, and less specific bioproduction platforms are needed to propose universal 

therapeutics manufacturing. 

 

1.1.2. Industrial bioprocesses for animal cell-based production 

Animal cells are fragile and sensitive to external physicochemical stress due to their thin 

membrane and large size (10-20 µm) [19,20]. Moreover, they have compelling requirements 

for good growth and production; they can only proliferate in vitro in tightly controlled 

environments. Therefore, multiple tools have been developed to culture animal cells at different 

scales and with various levels of culture parameters regulation (Table 1.1) [21]. At the lab scale, 

animal cells can be cultivated in Petri dishes. However, the preferred containers are usually T-

flasks (25 to 175 cm2, Corning) for adherent cells or Erlenmeyer shake flasks (125 mL – 5L, 

Corning) for suspension cultures. These flasks are placed in an incubator, usually providing a 

controlled temperature and CO2-enriched atmosphere for media buffering. However, there is 
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no precise pH regulation nor any oxygen monitoring. Shaking incubators are used for the 

culture of suspended cells in shaker flasks. Scaling up the cultures, multi-flasks are used to 

replace T-flasks and can provide culture surfaces up to 850 cm2 (Thermo Scientific™). At the 

industrial scale, roller bottles and multi-surface systems can reach 25,280 cm2 (Thermo 

Scientific™ Nunc™Cell Factory™ Systems, Greiner Bio-One). Spinner flasks are often used 

for suspended cell culture, where a magnetic stirrer gently mixes the media. Finally, to perform 

large-scale bioproduction of therapeutics, bioreactors are the best choice.They  existfrom 

minimal (15 mL – Ambr®15 Sartorius) to very large (30,000 L – I-Series Solaris Biotech) 

culture volumes thus allowing easily process scale-up. They can be used for suspension (stirred 

tank, perfusion, etc.) or adherent (microcarriers, fixed-bed, etc.) cultures and provide tight 

monitoring and control of the whole culture process [22]. The main bioreactor culture types are 

presented in Figure 1.1. 

Suspension cell culture bioreactors are regulated by a control system associated with a feedback 

loop from sensors inserted in the stirred tank. The homogeneity of the culture is ensured by 

motorized stirring. In recent years, advanced fixed-bed or packed-bed bioreactors like iCellis® 

500 (Pall® Corporation), scale-XTM (Univercells®), and the Ascent® FBR System (Corning®) 

have become increasingly popular. These bioreactors use a vessel filled or packed with porous 

carrier fabric to support cell immobilization. The fixed/packed bed vessel is fed by continuous 

circulation of media pumped from a conditioning stirred tank [23]. They offer a surface area of 

up to 1000 m2 (Ascent® FBR System – Corning®) for cell attachment and proliferation, with 

packed-vessel media working volumes from less than 1L to 25L [23–25]. Thus, launching the 

first iCellis® disposable fixed bed bioreactor (Pall® Corporation) equipment 13 years ago onto 

the bioproduction market [26–28] dramatically changed cell densification. Such systems 

allowed to reach adherent cell densities of up to 2.5 x 108 cells/mL [22]. They also proved their 

benefit for product recovery from the culture supernatant. They reduce the need for clarification 

steps and the downstream processes’ cost and duration, thus minimizing the risks of damaging 

the final product. However, proliferation capacities are limited to anchorage surface availability 

and biocompatibility, while achieving uniform seeding and feeding of the cells remains 

challenging. It requires a thorough understanding and control of the fluidic path within the 

packed-bed cell support. 
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Table 1.1 : Culture vessels used for animal cell culture at different scales and with various levels of physico-chemical parameter regulation. 

 T-Flask 
Erlenmeyer 

shake flask 
Multi-flask 

Spinner 

flask 
Roller bottle 

Multi-surface 

system 
Bioreactor 

Type of 

culture 
Adherent Suspension Adherent Suspension Adherent Adherent Suspension and Adherent 

Surface or 

volume 

available 

25 - 300 cm2  0.05 - 5 L 500 - 875 cm² 0.05 - 36 L 850 - 4250 cm2 1260 - 25,280 cm2 0.05 - 30,000 L  

Example of 

equipment 

provider 

Falcon® ; 

Corning® ; 

Nunc™ 

(EasYFlasksTM) 

Corning® 

Thermo Scientific™ 

(Nunc™ TripleFlask™) 

Falcon® (Multi-Flask) 

Corning® 

(Glass 

Spinner 

Flask) 

Greiner Bio-One 

(CELLMASTERTM) 

Corning® 

Nunc™ (Cell 

Factory™ 

Systems) 

Sartorius (Ambr®, 

Biostat®, Univessel®)  

Pall ® (iCellis®500), 

Univercells (Scale-X™), 

Solaris™ Biotech (I-Series) 
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Figure 1.1 : Common bioreactor culture modes: In Batch, Fed-batch, Continuous, and Perfusion processes, cells 

are cultivated in suspension (or microcarrier) in the stirred tank. In Fixed-bed bioreactors, adherent cells are 

anchored on the fixed-bed. (Illustration created thanks to Biorender.com). 

In bioreactor cultures, the cell environment is tightly controlled. Parameters such as 

temperature, pH and dissolved oxygen (dO2) are monitored thanks to sterile probes inserted in 

the tank [22,29,30]. The bioreactor system is connected to a controller that processes the 

recorded information from the online analytics. It thus responds to parameter deviation to 

maintain all parameters at their set point value by activating actuators (pumps, gas mass flow 

controller, stirrer, heater, etc…).  

The evolution of biological parameters is mainly monitored in an off-line manner. Thus, the 

cell density and the substrates, metabolites, and product concentrations are observed along the 

culture thanks to a sterile discrete sampling of the culture supernatant. It limits the monitoring 

to a few time points and is a risk breach for culture sterility. In-line analytics are preferred as 

they provide continuous recording with reduced manipulation and lesser contamination risks. 

In the past decades, cell density was routinely monitored by measurement of optical density 

(O.D.) [31,32], capacitance [33,34] or Raman spectroscopy [35]. Among those technologies, 

spectroscopic technologies have the interesting feature of providing information about all 

suspended molecules in a single spectrum. Thus, Raman spectroscopy has raised interest in the 
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past decades as it can detect various molecules, including cell nutrients, secreted metabolites 

and bioproducts or intracellular molecules. It thus allows for their real-time quantification with 

a unique sensor [36,37]. This analytic technology is based on detecting shifts induced by 

inelastic scattering of molecules' vibrations after laser beam excitation [38,39] as illustrated in 

Figure 1.2. However, utilizing such technologies as online quantitative tools requires extensive 

qualification and calibration based on chemometric analysis.  

Various Raman spectroscopy probes are available in the market and can be tailored to suit 

different applications. For instance, Endress-Hauser company offers a sealed immersion probe, 

the Rxn-40, designed for in situ Raman spectroscopy of liquid-phase samples. Additionally, 

they provide contact-free probes, like the Rxn-20, suitable for analyzing solids and semi-solids 

without direct contact with the material. Immersion probes, such as the Rxn-40, hold particular 

appeal for applications involving suspension and microcarrier cultures. In contrast, contact-free 

probes show great promise for applications in tissue engineering and 3D cell cultures. They 

enable non-destructive measurements from a distance, offer reproducible sampling, allow for 

precise "Focus" alignment, and facilitate volumetric analysis at the surface and in deeper layers 

of the sample. 

 

 

 

Figure 1.2 : Principle of Raman scattering. When light illuminates a sample, it can interact with the constituent 

molecules in numerous ways. Some light may be reflected from the surface through direct specular reflection or 

undergo elastic scattering (Rayleigh scattering), resulting in light emission from the sample of the same 

wavelength as the incident light. Suppose the energy of the illuminating photons matches an electronic energy 

level of the molecule. In that case, they can excite the molecule to this state, and de-excitation subsequently occurs 
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through the emission of a photon of a longer wavelength than the incident photon (fluorescence). Raman inelastic 

scattering can occur where incident photons induce a vibrational oscillation in the molecule specific to the 

chemical moiety. In the case of Stokes scattering, the molecule absorbs energy, and the wavelength of the emitted 

photon is less than that of the incidence photon. If the molecule is initially in a vibrationally excited state, it can 

de-excite vibrationally, transferring energy to the scattered photon (anti-Stokes scattering). All of these 

interactions can be measured and give information about the composition and environment of the molecules of 

interest in a sample. EAS, the energy of anti-Stokes photon; ER , the energy of Rayleigh scattered photon; ES , the 

energy of Stokes photon; Evib , the energy of molecular vibrational transition. Credit: Mosca, S., Conti, C., Stone, 

N. et al. Spatially offset Raman spectroscopy. Nat Rev Methods Primers 1, 21 (2021). https://doi-org 

/10.1038/s43586-021-00019-0 [38] 

1.1.3. A growing interest in single-use process equipment 

Over the past 30 years, particularly within the last decade, there has been a growing interest in 

single-use manufacturing equipment [40,41]. Approximately 85% of the equipment used in pre-

clinical bioprocessing is of the disposable type. Disposable kit includes various bioreactor kinds 

(such as wave-bioreactor pouches, stirred bags, stirred tanks, and perfusion units), sensors, and 

coupling/sampling/mixing devices [42,43]. Adopting single-use technologies also extends into 

downstream processing equipment [42]. Single-use bioreactors come in rigid and flexible forms 

(often bags), with plastic-based materials being the most commonly used. These materials 

undergo validation to ensure biocompatibility and minimize leachability concerns [42]. 

Nevertheless, significant concerns remain about leachables, extractables, and the binding of 

media components to these technologies  [44,45]. Single-use bioreactors are available in 

volumes from a few millilitres, such as the Ambr®15 (Sartorius), to ~ 2 - 4 m3 [40,43]. 

The main advantages and limitations of single-use bioreactors are summarized in Table 1.2. 

Typically, these systems are assembled with disposable sensors and have been pre-sterilized 

through gamma irradiation. After their use, they are discarded. Consequently, this technology 

significantly reduces the process duration. It eliminates most of the setup and sterilization 

procedures that are usually needed before the culture starts, while after production, the 

disassembling, cleaning, reassembling, and equipment validation steps are avoided [46]. Thus, 

these systems enable the rapid succession of batches, a quick process setup, reduced startup 

time, and high flexibility [44,47]. Additionally, cross-contamination risks from batch to batch 

are eliminated [44,46,47].  

Counterintuitively, disposable biomanufacturing equipment was demonstrated to have reduced 

economic and environmental impact compared to reusable systems. This is due to the reduced 

consumption of water, cleaning buffers, chemicals, and electricity (heating) necessary for 

reusable systems’ cleaning and sterilization [44,46]. They also provide simplified logistics and 

process planning [46].  
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Furthermore, the cost associated with equipment qualification before each batch and the 

validation of cleaning and sterilization procedures according to Good Manufacturing Practices 

(GMP) standards is a significant expense for biopharmaceutical companies, often ranking as 

the second-largest investment [46]. This cost is substantially reduced when using single-use 

systems, which are typically provided in a sterile, ready-to-use condition and are compliant 

with GMP standards. However, it's worth noting that in some instances, especially at large 

industrial scales (typically over 50 litres in volume), single-use equipment can become more 

expensive than reusable equipment and may exhibit reduced performance [46].  

Table 1.2: Advantages and limitation of single-use technologies for industrial bioproduction. Table adapted 

from Shukla A A and Gottschalk U 2013 Single-use disposable technologies for biopharmaceutical 

manufacturing Trends Biotechnol 31 147–54, doi: 10.1016/j.tibtech.2012.10.004 

 

 

1.1.4. Challenges in large-scale animal cell culture  

In industrial bioproduction, bioreactors are the preferred production platforms. Nevertheless, 

industrial therapeutics manufacturing often implies scaling the cultures to huge volumes with 

high cell density. The culture of such large volumes faces a few challenges. One is maintaining 

culture media temperature, oxygenation, pH and global homogeneity in the overall process 

Advantages Limitations 

 

Reduced capital costs for plant construction 

and commissioning 

 

Reduced risk for product cross-

contamination between batches or in multi-

products facility 

 

Rapid changeover and start-up 

 

Lower utility cost due to reduced need for 

sterilization 

 

Reduced need for equipment qualification 

and cleaning validation 

 

 

Leachable and extractible 

 

Prior investment in fixed equipment 

 

Scales limited to 2 – 4  m3 

 

A limited number of vendors 

 

High cost of large-scale disposables 

 

Lack of universal standards for vendors  

 

Solid waste disposal 
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based on heat and mass transfer principles [22,29,48–50]. In stirred tank bioreactors, it is 

achieved by stirring speed increase and by optimizing impeller geometry, oxygen bubbling rate 

and bubble size (Kla). In scales over 10 L, the stirring is often turbulent to ensure gas, mass 

transfer and an efficient suspension of the cells or microcarrier in the large liquid volume. 

However, acceleration of stirring and bubbling also increases the risk of cell damage by 

hydrodynamic shear stress and surface tension [51–53]. The mechanical stress suffered by the 

suspended cells or microcarriers is generated by (i) turbulence due to media movement, (ii) 

collision between suspended cells/microcarriers or (iii) collision between a suspended 

cell/microcarrier and bioreactor wall or impeller [54–56]. Hydrodynamic stimuli have already 

been described to affect cell behaviours like growth, differentiation or production [57]. 

Hydrodynamic stress-induced DNA damage reduced the CHO cell culture's global and specific 

antibody production [58]. The mAbs galactosylation was affected by increased galactosylation.  

One crucial step to optimize the cell cultures and bioproduction process consists of choosing 

the adequate stirring speed and direction (pumping up/down), the impeller model and diameter 

to provide good homogeneity and aeration while limiting cell damage [59,60]. Computational 

Fluid Dynamic (CFD) is often used to simulate the bioreactor's fluid path and velocity and 

predict possible bioreactor malfunctions such as insufficient mixing, cell 

accumulation/aggregation or hydrodynamic shear stress distribution [61,62]. 

Regarding aeration, even though the liquid culture media viscosity is equivalent to water, the 

high concentration of proteins and salt increases the surface tension [63,64]. It favours cell-to-

bubble adhesion and foam formation, increasing the risk of cell damage. Surfactants such as 

Pluronic F-68 are now used to reduce foam formation and protect cells from hydrodynamic 

stress [52,65]. 

Finally, increasing the culture volume and cell density also increases the complexity and cost 

of downstream processing (DSP). It is mainly in the case of suspension cultures, where secreted 

products are collected with cell debris and released host-cell DNA and proteins. 

In conclusion, bioreactors are currently the most adequate system for controlling large-

scale animal cell environments at industrial scales. The bioproduction scales and process 

complexity are constantly increasing to meet the growing demand for therapeutics and 

vaccines. Culture tanks are now reaching up to 30,000 L. Thus, new culture devices and 

methods must be developed. They should answer the need for culture densification and 

increased productivity while overcoming the limitations of current cell culture processes 

(i.e. oxygenation/cell damage/cell limited productivity). 
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Additionally, the rise of personalized medicine changed the bioproduction paradigm 

towards new production tools applied at smaller scales. Specialized productions now 

utilize smaller and more diverse device types. Single-use reactors have gained popularity 

as they serve as intermediate steps in the production chain and for screening process 

operating conditions. However, only a few methods are described for industrialized small-

scale, personalized, controlled and reproducible production. 

1.1.5. Cell lines used for bioproduction 

The cell culture system has emerged as a critical strategy for producing recombinant proteins 

and viral vaccines. Throughout bioproduction's evolution, clone selection, hybridization, and 

genetic engineering have transformed bioproduction cell lines from primary cells to 

immortalized and extensively optimized cell lines. Table 1.3 provides an overview of 

bioproduction's most commonly employed cell lines. 

We selected some of the most representative bioproduction cells used in the biopharmaceutical 

field for our study. They are listed below :  

- HEK (Human Embryo Kidney) and CHO (Chinese Hamster Ovary) cells are highly 

engineered and optimized cell lines. They are the preferential cellular model for the 

bioproduction of recombinant proteins [66]. 

- MDCK (Mardin Darby Canine Kidney) and Vero (green monkey kidney) cells originate 

from primary cells and were only modified by spontaneous mutations. They are 

extensively used for viral vaccine production.  
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Table 1.3: Example of some of the most represented cell lines used for bioproduction, their origin and 

applications 

Cell line  Origin 
Immortalization and genetic 

modifications 
Applications  Sources 

HEK293 
Human Embryo 

Kidney cells 

Immortalized by 

transformation with adenovirus 

5 functions 

rProteins / 

Adenovirus (AdV) / 

Adeno-Associated 

Virus (AAV) / 

Lentivirus 

[67,68]  

HEK293T 
Human Embryo 

Kidney cells 

HEK293 transfected to express 

SV40 temperature-sensitive 

large T antigen 

rProteins / 

Adenovirus (AdV) / 

Adeno-Associated 

Virus (AAV) / 

Lentivirus 

[69] 

CHO 
Chinese Hamster 

Ovary cells 
Spontaneous immortalization  rProteins / mAbs  [70] 

CHO DG44 
Chinese Hamster 

Ovary cells 

CHO cells adapted to 

suspension 

dhFr gene depletion 

rProteins / mAbs [71,72] 

MDCK 
Epithelial cells 

from dog kidney 
Spontaneous immortalization Viral vaccines [68,70,73]  

Vero 

Epithelial Kidney 

cells from green 

monkey 

Spontaneous immortalization Viral vaccines  [68,74]  

SF9 Insect cells Spontaneous immortalization rProteins / VLPs [67] 

BHK21 
Baby Hamster 

Kidney cells 
Spontaneous immortalization 

Factor VIII, Viral 

vaccines 
[68,70]  

PER.C6 Human retinal cells 

Immortalization by 

transfection with an E1 

minigene of adenovirus type 5 

rProteins  [70,75] 

NSO / Sp2/0 
Myeloma cells 

mouse 

Cancer cells or fusion with 

cancer cells 
rProteins [70] 

Hybridomas 
Hybridized murine 

cells 
Fusion with cancer cells 

Monoclonal 

antibodies 
[76] 

MRC-5 / WI-

38 

Human normal 

lung fibroblasts 
Normal diploïd cells Viral vaccines [68] 

DF-1 CEF 
Chicken embryo 

fibroblasts 
Spontaneous immortalization Viral vaccines  [68,77] 
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HEK cells 

The HEK immortalized cell line is extensively used in research for its abilities to be engineered 

or express recombinant proteins. Indeed, 90 % of transformed cells can easily be achieved 

thanks to transient transfection [78,79].  

The cell line originated from a human embryo's kidney in 1973. The human embryonic kidney 

cell was transformed with human adenovirus 5 DNA [69]. A fast-growing variant was isolated 

and called HEK293. Genetic characterization of the HEK variant on microarray demonstrated 

that such cells express a wide range of genes specific to neuronal lineage [80]. It suggests HEK 

originated from an immature neuronal cell in the embryonic kidney. HEK cells also present 

abnormal karyotypes with more than 46 chromosomes. Genetic characterization highlighted a 

wide diversity of karyotypes within each clone, with some chromosomal alterations and pseudo 

triploidy [81]. Human adenovirus 5 DNA transformation resulted in the expression of the 

adenovirus E1A and E1B genes inducing replication and oncolytic effects. In addition the 

expression of these adenoviral genes provides interesting characteristics for rProtein and viral 

vector productions, with enhanced efficiency of adenovirus transduction, replication and 

transgene expression [66,69,82]. 

Later, the HEK293T cell line was created by stable transfection of HEK293 with genes 

encoding for the simian virus 40 (SV40) temperature-sensitive large T antigen [69]. The 

expression of the SV40 gene enhances protein expression yield by allowing episomal 

replication of plasmids containing the SV40 origin of replication. It enables the maintenance of 

transient gene expression in HEK293T across several generations. The SV40 large T antigen 

protein can bind to its specific origin of replication (ori), recruiting the DNA replication 

machinery, thus promoting plasmid DNA replication of plasmids [69,80].  

HEK cells align with a broad range of tissue characteristics; they present both epithelial and 

mesenchymal characteristics [83], fibroblasts-like markers [84], genes specific to neuronal 

lineage [85] cancer stem cells [86], or adrenal gland [81]. This suggests that HEK kidney origin 

is uncertain and should not be used as a kidney cell model per se.  

HEK cell line is FDA-approved for therapeutic molecules manufacturing. It has been used to 

produce recombinant proteins and viral vectors and was adapted to serum-free and suspension 

culture conditions. If some HEK can be adapted to suspension culture, the recommended mode 

of culture is adherent. Cells are cultured in monolayers, in T-flask or Petri dishes at the lab 
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scale. HEK can be cultivated on a larger scale in a microcarrier bioreactor or aggregate 

suspension. The size of bioreactors is usually limited to 500 L [87,88]. 

HEK variants are especially interesting for producing human recombinant proteins due to their 

ability to generate human glycosylation. Such human-like glycosylation is less immunogenic 

than the ones provided by the gold standard CHO non-human mammalian cell [89].  

The counterpart is that HEK are more difficult to grow in large-scale serum-free culture. HEK 

present lower proliferation and production capacity than CHO cells. In fed-batch mode, they 

commonly reach ~ 3-5 x 106 cell/mL and 0.6 to 1 g/mL rProtein while CHO cells reach ~ 20 x 

106 cell/mL and 4 to 10 g/L rProtein [90–92]. Additionally, HEK cells raise safety concerns 

due to their high susceptibility to infection and propagation of human viruses [89]. Their genetic 

variability (see Figure 1.3) makes it challenging to have reproducible and GMP-grade 

production [81,93]. 

 

Figure 1.3: Karyogram of HEK cells. Figure adapted from Binz R L, Tian E, Sadhukhan R, Zhou D, Hauer-

Jensen M and Pathak R 2019 Identification of novel breakpoints for locus- and region-specific translocations 
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in  cells by molecular cytogenetics before and after irradiation Sci Rep 9 1–10, DOI 10.1038/s41598-019-47002-

0 [94] 

CHO cells 

CHO cell line was extracted from Chinese Hamster Ovary in the early ‘60s [95]. A variant of 

the original CHO cell line, the CHO DG44, was established in the '80s by exposing the original 

CHO cell line to gamma irradiation [71,72]. Cell clones generated were screened to select ones 

deficient for dihydrofolate reductase (DHFR) [23], an enzyme that converts folate into 

tetrahydrofolate, a precursor for synthesis in nucleotide bases (purines and pyrimidines) [96]. 

Such mutation allows for easy selection of the clones subsequently transfected with the 

plasmids expressing dhfr and the gene of interest [66]. The selection is performed by cultivating 

cells in media lacking hypoxanthine and thymidine, the nucleoside precursors. High-producing 

clones are selected by the addition of Methotrexate (MTX) in the culture medium [97]. The 

MTX is a drug similar to folate, which can bind to the DHFR enzyme and inhibit the formation 

of tetrahydrofolate. In the presence of MTX, CHO cells with insufficient levels of DHFR cannot 

synthesize nucleotides and die. On the contrary, the cells with many copies of the cassette 

survive as they possess a high level of expression of the DHFR and gene of interest.   

Due to the successive mutations and clonal selection, the CHO cell line has deviated from the 

original ovarian cells (see Figure 1.4). CHO cell lines have a fast growth rate and productivity 

in monolayer or suspension culture. It is due to the overexpression of proteins involved in DNA 

replication, transcription, translation, and control of apoptosis [98]. The protein expression of 

CHO DG44 has been compared to different Chinese hamster tissues. Proteomic analysis has 

shown significant differences between CHO DG44 cultivated in suspension and the native 

Chinese hamster ovarian tissue [98]. These proteome differences were equivalent to the 

differences measured between CHO DG44 and other hamster tissues (brain, heart, kidney, liver, 

lung and spleen). The CHO DG44 cell line cellular environment could explain such a difference 

in gene expression. They are cultivated in an agitated suspension culture with serum-free media, 

which differ significantly from the physiological conditions surrounding the native tissues. 

CHO cell line has long been the main host for the industrial production of monoclonal 

antibodies. Indeed, in 2022, CHO cells were used to produce 89% of newly approved 

recombinant antibodies produced in mammalian cells [2]. They can undergo transient or stable 

transfection, but stable transfection is often preferred. 

The cell line used in our study is the CHO DG44. The clone PTN1-CB-CC1/ LP16CLONE 38 

was used as a clone of stably transfected CHO DG44 expressing a transgene encoding for a 

therapeutic human IgG1 whose target will be kept confidential. This cell line is widely 
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employed in the biopharmaceutical industry to establish stable cell lines producing therapeutic 

antibodies [2,66]. The cell line was adapted to suspension and serum-free culture and is mainly 

cultivated in suspension in stirred tank bioreactors for large-scale mAb manufacturing [99].  

 

 

Figure 1.4: Karyogram of CHO DG44 cells. Figure adapted from Derouazi M, Martinet D, Besuchet Schmutz 

N, Flaction R, Wicht M, Bertschinger M, Hacker D L, Beckmann J S and Wurm F M 2006 Genetic 

characterization of CHO production host DG44 and derivative recombinant cell lines Biochem Biophys Res 

Commun 340 1069–77, DOI 10.1016/j.bbrc.2005.12.111 [100] 

 

MDCK cells 

The Madin Darby Canine Kidney cells (MDCK) were isolated from an adult female cocker 

spaniel (dog) kidney in 1958 by S.H. Madin and N.B. Darby [101,102]. They were 

spontaneously immortalized through long-term culture. The parental MDCK cell line has a 

stable pseudo-diploid karyotype [103]. However, some sub-clones, such as MDCK I and 

MDCK II, isolated from the parental line present more genetic variability over long-term culture 

[103].  

It was soon observed that MDCK had characteristic behaviour from renal tubule epithelial cells 

[104]. They were later confirmed to express markers from distal tubule epithelium [105,106].  

MDCK cells are widely used in research as a model to study polarized epitheliums, tissue 

morphogenesis and kidney development or diseases. Their high sensitivity to viral infection 

makes it a good tool for analyzing infection mechanisms. The polarity of the MDCK 

monolayers makes it a perfect model for viral infection targeting polarized epithelia such as 

influenza and other coronaviruses [107,108], herpes simplex virus 1 [109,110], simian virus 5, 

Sendai virus and stomatitis virus [111,112]. Indeed, infection and release of virions from 
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polarized epithelia happen preferentially through either the apical or basolateral membrane 

[107,111–113]. This phenomenon is primarily attributed to the infection mechanism, which 

depends on N-acetylneuraminic sialic acid as a membrane receptor [112,114]. This mechanism 

is significantly enhanced through the apical membrane, mainly because of the elevated 

concentration of sialic acid [115,116]. On the contrary, sialic acid-independent infection can 

occur on both apical and basolateral membranes. 

MDCK's sensitivity to infection makes it one of the most used cell lines for the industrial 

production of viral vaccines [117,118]. It is commonly used for the replication of influenza. To 

facilitate bioproduction, different cell variants have been developed to increase their sensitivity 

to infection and virus yield or even adapt to serum-free and suspension culture conditions [119–

123]. However, adaptation to suspension conditions was very complex. The only success was 

reported in 2009 thanks to MDCK transfection with the human siat7e gene playing a role in cell 

adhesion [124]. Thus, the adherent cell form remains the primary cultured MDCK cell type at 

a large-scale. Its culture is performed on microcarriers in stirred tank bioreactors, with 

maximum working volumes of 1,000 – 2,000 L [73,125–129].  

Vero cells 

The Vero cell line originated from an adult female African Green Monkey kidney epithelium 

[130,131]. It was established and registered to the Animal Cell Culture Collection (ACCC) in 

1962 [102,131]. The Vero cell line became immortalized after spontaneous mutations. Genome 

profiling of this cell line highlighted various abnormalities in chromosome number and 

depletion in several genes (see Figure 1.5). It includes genes regulating the cell cycle or coding 

for interferon I [131]. Interferon I is a cytokine involved in the onset of a non-immune cell's 

antiviral state. Such a process induces the transcription of several genes, interfering with 

multiple stages of the viral replication cycle and signalling to immune cells [132,133]. The 

described mutations provide high susceptibility of Vero cells to different viruses and 

microorganisms. Their sensitivity is thus attributed to their incapacity to generate type I 

interferon as a response to viral infections [131]. 

Vero cells' vulnerability to viruses is a main workhorse for viral vaccine production. It has been 

widely used and optimized for virus production at industrial scale. For example, during the 

COVID pandemic, the Vero cell line presented the highest SARS-CoV-2 replication rate 

compared to other cell lines [134]. This cell type originated from kidney epithelium and is 

adherent and challenging to adapt to suspension culture. Such adaptation only succeeded 

recently in 2019 [124]. However, Vero cells are still extensively used in adherent cultures on 

microcarriers. Large-scale microcarrier cultures have been reported up to 6,000 L bioreactors.  
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Figure 1.5: Karyogram of Vero cells. Figure adapted from Naoki O, Arihiro K, Toshiyuki Y, Noriko H, Fumio 

K, Suyoshi S, Makoto K, Kentaro H and Hattori M 2014 The genome landscape of the African Green Monkey 

kidney-derived vero cell line DNA Research 21 673–83, DOI 10.1093/dnares/dsu029 [131] 

 

1.1.6. Proliferation, metabolism and productivity of HEK, CHO, MDCK, Vero 

cell lines  

The main bioproduction cell line’s metabolism has been widely studied and described. The 

standard growth kinetic comprises an exponential growth phase of several days (~4-7 days) 

followed by a stationary phase (~2-3 days) and a death phase during which the culture is 

stopped. In industrial processes, they are known to enter the exponential growth phase soon 

after inoculation in the bioreactor [135].  

During the exponential growth phase, mammalian cell lines tend to favour aerobic glycolysis, 

with at least 45% of ATP generated from glycolysis [135]. In this period, 75% of the pyruvate 

generated from glucose is converted to lactate [135] (see Figure 1.6_A & C). It corresponds to 

the Warburg effect and is responsible for high glucose uptake and lactate secretion. This 

phenomenon has been reported in various fast-growing mammalian cell lines, including CHO 

[135,136],  HEK [137,138] and MDCK [127,139,140]. The exponential growth phase is also 

characterized by fast glutamine consumption to fuel the TCA cycle [141,142]. The principal 

substrates of mammalian cell lines are Glucose, Glutamine, and Asparagine. To a lesser extent, 

their metabolization results in Lactate, Ammonia and Alanine accumulations of main metabolic 

wastes [135]. During the stationary phase, ATP in mainly produced by glucose oxidation in the 

TCA cycle, resulting in more efficient energy production and reduced accumulation of 

metabolic wastes [135,142] (see Figure 1.6_B and C). The NADPH levels are maintained by 

glucose oxidation in the pentose phosphate pathway [142]. In the case of CHO cells, a metabolic 

shift can occur during the stationery and death phases, where glucose uptake is reduced, and 
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cells start consuming lactate as a substrate [135]. Such a shift from lactate production to its 

consumption is often observed in high-producing clones and has also been reported for other 

cells such as HEK [138] and Vero [143]. It is to be noticed that during their stationary phase, 

CHO cells have the highest mAb productivity [135].  

 

Figure 1.6: Typical metabolic fluxes of mammalian bioproduction cell lines (a) During exponential growth 

phase, the cells rely on aerobic glycolysis (Glucose) and Glutamine as main energy sources (b) During stationary 

phase, the energy is produced more efficiently by glucose oxidation in TCA cycle. (c) Major pathways of central 

carbon metabolism and key regulatory proteins that control enzyme expression and activation. Abbreviations of 

main metabolic pathways and intermediates: PPP: Pentose Phosphate Pathway, TCA: Tricarboxylic Acid cycle, 

OXPHOS: Oxidative phosphorylation, G6P: Glucose-6-Phosphate, Pyr: Pyruvate, GLUC: Glucose, LAC: 

Lactate, GLN: Glutamine, PEP: phosphoenolpyruvate, AcCoA: Acetyl-CoA, OAA: Oxaloacetic Acid, CIT: Citrate, 

AKG: Alpha-Ketoglutarate, SUC: Succinate, FUM: Fumarate, MAL: Malate, GLU: Glutamate. Credit: Young J. 

2013 Metabolic flux rewiring in mammalian cell cultures Curr Opin Biotechnol 24 1108–15, 

https://doi.org/10.1016/j.copbio.2013.04.016 [142] 

   

https://doi-org.docelec.univ-lyon1.fr/10.1016/j.copbio.2013.04.016
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These cell lines are commonly cultivated in batch or fed-batch cultures in stirred tank 

bioreactors. If all cell lines have been adapted to suspension, only CHO is almost exclusively 

grown in suspended cultures. Despite the growing interest in suspension cell processes, 

adherent cultures on microcarriers remain the preferred strategy for industrial bioproduction 

based on HEK, MDCK and Vero cells due to the challenges related to the adaptation to 

suspension condition. The maximal cell density and productivity achieved in such processes 

highly depend on the cell line, as presented in Table 1.4. The highest cell densities and 

productivities achieved in standard batch or fed-batch processes have been reported with CHO 

cell line (Table 1.4). 
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Table 1.4 : Commonly reported maximal values for different culture yields, in standard small and/or large scale cultures.*the value of 90 pg/cell/day in CHO cultures have been 

reported for cell clone enhanced by genetic engineering [144]. 

 

Batch/fed-batch cell 

density 

(106 cell/mL) 

Perfusion cell density 

(106 cell/mL) 
Growth rate (d-1) rProtein titer (g/L) 

Specific productivity 

rProt (pg/c/d) 
Virus / baculovirus titer 

CHO 
20 – 25 

[99,145,146] 

132 - 214 

[147] 

0.6 - 1.06 

[99,148] 

3 - 10 

[92,99,144,145,149] 

25 – 40 

(exceptionally 90*) 

[99,144,145] 

--- 

HEK 

1.5 – 5 

[88,150,151] 

 

10 – 12 

[152,153] 

0.62 - 0.84 

[88,150] 

 

0.7 - 1.1 

[91,151] 

4 – 22 

[91] 
--- 

MDCK 
2 - 5 

[126–128,154] 

10 – 40 

[155,156] 

0.69 – 0.96 

[157] 
--- --- 109 (TCID50/mL) [126] 

Vero 
2 - 3 

[88,158,159]. 

6 – 40 

[160–162] 

0.46 - 1.25 

[88,163,164] 
--- --- 

1010 (TCID50/mL) [165] 
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In conclusion, HEK, CHO, MDCK and Vero cells are widely used in the bioproduction 

field for recombinant proteins and viral vaccines. All these cell types have been extensively 

studied and characterized in standard monolayer or suspension cultures. Their main 

characteristics are recapitulated in Table 1.5. 

 

Table 1.5 : Main characteristics of the selected bioproduction cell lines for our study. 

Cell types 

Generates 

human-like 

glycosylation 

patterns 

Genetic 

stability 

Easy to 

transfect 

Sensitivity to 

infection 

Used for large-

scale rProteins 

production 

Used in viral 

products large-

scale 

manufacturing 

High 

titers 

Easy 

scale-

up 

Suitable 

for GMP 

production 

HEK ✓  ✓ ✓ ✓ ✓    

VERO ✓   ✓  ✓ ✓  ✓ 

MDCK ✓   ✓  ✓   ✓ 

CHO ✓ ✓   ✓  ✓ ✓ ✓ 

          

✓ High / Good  Medium/ Average  Low / Bad     

 

1.1.7. Current strategies for the densification of cultures and optimization of 

bioproduction yields 

Three strategies coexist to increase production yields: (i) one consists in densifying the cultures 

by optimizing culture conditions to favor cell proliferation, (ii) the second is to increase cell-

specific productivity, and (iii) improving product recovery. 

The physicochemical environment is the primary actuator on cell viability and proliferation. 

Parameters routinely finetuned to optimize mammalian cell culture processes are the media 

temperature, pH, dissolved oxygen (dO2) concentrations and carbon resource. Optimization of 

media composition, feeding strategy and process parameters allowed an increase mAb 

productivity from 4 g/L to 10 g/L in CHO cell culture [92,149]. Design Of Experiment (DOE) 

is a valuable tool for such targets [166]. It allows for screening many parameters and studying 

their effect on various responses [167,168]. It is thus possible to identify the parameters 

significantly impacting our biological targets (cell growth, productivity etc..). Data treatment 

with mathematical regressions (Partial Least Square (PLS), Multilinear linear regression 

(MLR)) permits the establishment of descriptive/prediction models, later allowing an estimate 

of the optimal cultivation conditions (temperature, pH, dO2, glucose concentration, etc). Such 
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methodology has been widely employed in the bioprocessing field to optimize bioproductions 

[167,168].  

Improving cell proliferation, production titers and product recovery 

Culture media composition is one of the first a major concern for large-scale cell culture 

improvement. Media supplementation with dedicated molecules such as amino acids, growth 

factors or lipids could play a strategic role in significantly improving growth and cell-specific 

production [169–172]. For example, it was reported that adding yeast hydrolysates or specific 

yeast peptones could enhance CHO maximal cell density by 70% and IgG production by 180% 

[173].  

Numerous cell-specific media and supplements have been developed to answer the needs of 

each cell line and maximize their proliferation and production rates [88,174,175]. Also, to 

ensure GMP production, bioproduct integrity and eased product recovery, multiple media have 

been developed, including serum-free media (SFM), animal component-free media, protein-

free media (for easier rProteins purification) and chemically defined media which entire 

formulation in known and controlled [169]. 

The choice of the bioreactor type and feeding strategy can also significantly impact cell 

proliferation and productivity. For example, it is known that fixed-bed perfused bioreactors can 

reach higher cell densities than standard fed-batch processes. Such systems allowed them to get 

adherent cell densities of 2.5 x 108 cells/mL [24]. Nowadays, a broad interest is given to 

perfusion bioreactor cultures, which increase the maximal reachable cell density over 108 

cells/mL, and volumetric production yields 10-fold higher than in standard fed-batch [176–

178]. New biomanufacturing strategies are also emerging based on hybrid culture methods. 

Some examples are the association of successive perfusion and multiple fed-batch cultures for 

cell amplification and bioproduction process, respectively [99], or serial fed-batch cycles with 

complete media removal between each cycle [179]. Such strategies have increased process 

productivity by up to 217% with reduced media consumption [179].  

However, increasing the final volumetric product titer is often limited as intensifying cell 

cultures is counterbalanced by an associated decrease in cell-specific productivity [180]. 

Therefore, complementary work must be done to increase cell-specific productivity in industrial 

processes. 

Increasing cell-specific productivity 

Current processes face two main obstacles: (i) the production volume and associated 

complexity and cost, which keep increasing, and (ii) the limited specific productivity, which 
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tends to decrease in densified cell cultures. Therefore, finding ways to increase cell-specific 

productivity is a major leverage to improve bioproduction performances and reduce the 

bioproduction volumes. Multiple studies focus on protocols to maximize cell-specific 

productivity in the long-term basis. Thus, in 2004, the highest mAbs-specific productivity of 

~90 pg/cell/day was reported by suspension culture of CHO cells in 10 L bioreactors [13]. Here, 

the culture was maintained for 20 days and reached 10 × 106 cells/ml which is below the 

maximal cell densities reported nowadays (see Table 1.4). This process reached a final mAb 

titer of 4.7 g/L. Similar values (76 pg/cell/day) had been reported earlier, in 1991, with the 

production of chimeric antibodies by SP2/0 myeloma cells in continuous culture [181]. In the 

current intensified bioproduction processes, the highest specific productivities usually range 

from 25 to 40 pg/cell/day in most cases [99,182]. Some innovative biomanufacturing processes 

based on serial-fed batch cycles have raised the specific productivity of CHO cells to 50 – 60 

pg/cel/day but remain 30 - 40% lower than the highest value reported 20 years ago [179].  

To increase the specificity, some additives can be added to the media to inhibit cell autophagy 

or induce cell cycle arrest. Indeed, the antibody and rProteins secretion was proved to be 

increased during the stationary phase. The 3-methyl-adenine is an example of an autophagy 

inhibitor, which was reported to increase by 4-fold the specific productivity in CHO cell 

cultures [183]. Valeric, butyric and valproic acids, as well as 4-(2,5- dimethyl-1H-pyrrol-1-yl)-

N-(2,5-dioxopyrrolidin-1-yl) benzamide, are examples of additives inducing cell cycle arrest 

by deacetylating and dephosphorylating histones. It then favour protein expression [99,184]. 

External stresses such as hyperosmolarity or pH variation were also proven to affect specific 

productivity [183,185,186]. 

Genetic engineering has optimised the cell lines in different ways [90]. Some examples are the 

enhancement of transcription factor synthesis for increased protein expression  and cell 

metabolism performances [187]. Targeting cell metabolism was a parallel strategy for 

improving specific productivity. CHO cells were, for example, transfected with a vector 

carrying small inhibitory RNAs (siRNA) for lactate dehydrogenase (LDH), which converts 

pyruvate into lactate, and pyruvate dehydrogenase kinases (PDHKs), which is an inhibitor of 

pyruvate dehydrogenase (PDH) which converts pyruvate to acetyl-CoA. Such a strategy 

allowed to favour oxidative respiration over lactic fermentation and increased specific 

productivity by 75% [136,188]. Similarly, HEK engineering targeting genes involved in 

different cellular processes (proliferation, apoptosis, metabolism, glycosylation, secretion, and 

protein folding) increased cell-specific productivity from 4 to 22 pg/cell/day [90,91]. In 2013, 

CHO cell's genetic engineering allowed the production of an IgG hybridized with a signal 

peptide facilitating its extracellular secretion. It allowed to reach the highest specific 
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productivity of 90 pg/cell/day reported up to now [144]. Interestingly, some studies have 

reported productivity increased from 0.62 to 11-fold in CHO and MDCK cell lines cultivated 

in adherent conditions compared to suspension (see Table 1.6) [189–193].   

In conclusion, over the past 60 years, the scientific community has put much effort into 

constantly increasing production levels, mainly focusing on cell densification within 

bioproduction processes or targeting the increase in cell-specific productivity. However, 

current processes and methods still face limitations, especially in unlocking the specific 

productivity in high cell-density cultures. Much progress was made by optimizing cell 

culture physicochemical environment, nutrient feeding, media composition and 

supplementation or cell engineering. However, standard production processes are still far 

from the specific productivities reported 20 years ago in lower cell density cultures. There 

is, hence, a need for new culture systems and methods to answer the need for culture 

densification while maintaining high productivity and escaping the limitations of current 

cell culture processes.  
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Table 1.6: Comparison of productivity and cell-specific productivity of production cell lines cultivated in adherent vs suspension conditions. The cell-specific productivity is noted “qp”. 

Cell 

line 

Type of 

culture 
Product 

Max prod 

suspension 

Max prod 

adherent 

Ratio prod 

adherent/ 

prod 

suspension 

Max qp 

susp 

Max qp 

adherent 

Ratio qp 

adherent/ 

prod 

suspension 

Reference 

CHO 

Monoleyer vs 

suspended 

aggregates and 

single-cell 

suspension 

rProtein ~10 - 15 ng/mL 
~25 - 30 

ng/mL 
2 

16 ng/105 

cells/h 

11-12 

ng/105 cells/h 
1.4 [189] 

CHO 

Microcarrier vs 

suspended 

aggregates and 

single-cell 

suspension 

rProtein 27 mU/L 300 mU/L 11 
20 mU/105 

cells 

3.5 mU/105 

cells 
5.7 [193] 

CHO 
Monolayer vs 

suspension 
rProtein 10.3 mg/L 6.5 mg/L 0.62 

~1 µg/106 

cells/d 

~4 µg/106 

cells/d 
4 [191] 

CHO 
Monolayer vs 

suspension 
rProtein ~13-19 mg/L ~12-17 mg/L  

2.82 mg/1010 

cells/h 

4.64 mg/1010 

cells/h 
1.64 [192] 

MDCK 

Microcarrier vs 

single-cell 

suspension 

Virus 
2.94 log10 

HAU/100 µL 

3.15 log10 

HAU/100 µL 
1.07 

11,000 

virions/cell 

23,000 

virions/cell 
2.09 [190] 
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1.2.  3D culture for bioproduction: which advantages? 

1.2.1. Generalities on 3D cell culture 

In vitro cell culture allows the growth of cells in an artificial environment to study their 

characteristics and functions. Cell culture has been performed on planar 2D culture support for 

many years. Two-dimensional models have been used for cellular biology disease studies and 

drug testing. This mode of culture presents the advantage of being a very simplified model with 

a homogenous cell population and repartition, few uncontrolled parameters, and is easy to 

perform. However, it lacks accuracy in representing in vivo mechanisms. For example, 2D 

models help understand cell mechanisms but do not fully represent in vivo function. In 

cancerology, among all drugs selected during 2D testing, only 5 % are successful during pre-

clinical trials in vivo [194,195]. In 2D culture, the cells usually present increased growth rates 

compared to in vivo conditions due to easy access to nutrients and growth factors and fast 

detachment and removal of dead cells from the support [196,197].  

Another culture method called 2.5D consists of plating the cells on a thick layer of the matrix 

(extracellular matrix compounds, Matrigel, hydrogels) [198–200]. In these cultures, the support 

is not perfectly flat and offers in vivo-like adhesion sites. However, the cells with topographic 

structures are still growing on one surface. It provides a more in vivo-like support but doesn't 

allow realistic 3D structuration of the cells. 2.5D cultures have been demonstrated to provide 

more adequate cell responses and functions [198,199]. For example, cancer cells resistance to 

anticancer drug is increased in 2.5D cultures compared to 2D cultures [198].  

For a few decades, 3D cell culture has raised attention as it better mimics the in vivo 

environment [196,201]. It is especially interesting in research to study tissues and organ 

functions, cell signalling, cell interactions, and disease modelling or drug testing. It allows the 

cells to grow and interact with their 3D surroundings and reproduce tissues and organ micro-

structuration [202–205]. However, three-dimensional cultures are usually more complex to 

perform. It presents a higher number of uncontrolled parameters that possibly affect cell 

behaviour. Namely, cell-cell and cell-matrix interactions (integrin and cadherin adhesion) are 

involved in multiple cellular signaling pathways [19,206,207]. Cell behaviour and 

differentiation is also affected by the 3D support nature [208–210], porosity and micro-pattern 

[211] and mechanical properties [19,212]. The 3D cell-matrix or cell-cell interactions and the 

hindering of nutrients, waste or drug diffusion can strongly affect the expression of multiple 

genes, including genes associated with controlling cell proliferation, apoptosis, survival, or 

differentiation. Thus, it has been reported on cancer cells that the cell growth rate in 3D culture 

is reduced compared to planar cultures and is more representative of in vivo proliferation 
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[196,213,214]. As an example, DU145 cancer cells proliferation rates were decreased by 20 to 

40% in 3D cultures compared to 2D condition [214]. 

On the contrary, cancer cells cultivated in 3D showed increased metabolic activity [215]. Thus, 

3D cell cultures present gene expression profiles closer to native tissue, increasingresistance to 

anti-cancerous drugs in tumour models [196,201] The shape, sensitivity to stimuli, gene 

expression, protein synthesis, and overall cell function of cells grown on 3D supports are 

commonly described as closer to the physiological state [195,213]. The reduced cell 

proliferation and metabolism in three-dimensional cultures are also responsible for the 

increased lifespan of the cultures [195].  

The main differences between 2D, 2.5D and 3D cultures are presented in Figure 1.7 and Table 

1.7.  
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Figure 1.7 : Classification and ambiguity of 2D, so-called 2.5D, and 3D culture systems. (a) Common examples 

of 2D, 2.5D, and 3D culture systems. 2D culture systems are perceived by the cell as flat substrates; so-called 

2.5D culture systems have topographical features that induce changes in the membrane curvature of the cell; 3D 

culture systems include those that completely and continuously encapsulate the cells to provide matrix contact on 

all sides. (b) Examples of cell culture systems with ambiguous dimensionality. Top panel micropillar systems could 

be classified as either 2D or 2.5D, depending on the size and spacing of the pillars concerning the basal cell 

membrane geometry (W). Middle panel, encapsulation systems can be classified as either 2.5D or 3D depending 

on the material's pore size diameter (D). Bottom panel, cell encapsulation within fibrous materials can be 

classified as 2.5D or 3D depending on the spacing between fibres (SF). Credit: De La Zerda A, Kratochvil M J, 

Suhar N A and Heilshorn S C 2018 Review: Bioengineering strategies to probe T cell mechanobiology APL 

Bioeng 2 1–27 [199]  
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Table 1.7: Comparison of 2D, 2.5D and 3D cultures 

 2D 2.5D 3D 

 

Low cost 
✓   

 

Easiness /simple protocols 
✓   

 

Reproducibility 
✓ N.A.  

 

In-vivo representative 

morphology  

  ✓ 

 

Numerous and representative 

cell-junctions 

  ✓ 

 

Cell interaction with support 

material 

 ✓ ✓ 

 

Complete differenciation 
 ✓ ✓ 

 

In-vivo representative 

proliferation 

  ✓ 

 

Tissue-like cell structuration 
  ✓ 

 

gene expression and cell 

functions representative of in 

vivo 

 ✓ ✓ 

 

Accurate response to stimuli 
 ✓ ✓ 

 

Resistance to drugs 
 

 ✓ ✓ 

    

N.A. 

Not Available 

✓ 

High / Good 

 

Medium/Average 

 

Low/Bad 
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1.2.2. State of the art of 3D cell culture of bioproduction cell lines 

Thus, cultivating primary cells in 3D conditions closer to in vivo modifies their phenotype. 

Interestingly, similar observations have been made for bioproduction cell lines despite these 

cells having undergone a long clonal selection process, spontaneous mutations, and, in some 

cases, heavy karyotype deviation and genetic engineering. 

CHO cells 

As mentioned previously, suspension cultures of CHO cells have been reported to present 

significant proteomic differences with native Chinese Hamster ovarian tissue [98]. Yet, CHO 

cell proteome has never been studied in 3D culture conditions. Less than five reports were found 

in the literature about 2.5D or 3D cultures of CHO cells [216,217]. Still, CHO cells have been 

reported to adhere and colonize bioprinted matrices composed of a mix of proteins and 

glycosaminoglycans (GAGs), containing 30% Hyaluronan [217].  Similar behaviour was 

observed for CHO aggregates ink-jetted on collagen type I scaffolds [218]. It was demonstrated 

that high-density CHO aggregate bioprinting could lead to the formation of intercellular 

junctions characterized by the expression of N-cadherin [219]. Such cellular junctions are 

encountered in native tissues and are essential to cell-cell communication. However, until now, 

no proteomic analysis has been carried out on CHO cells cultivated in conditions mimicking 

the native tissue, and it is not known if the gene expression profile differs from suspension or 

2D CHO cultures. 

Yet some studies report 3D printing of primary ovarian cells for ovary regeneration [220–222]. 

The 3D printing of ovarian follicles restored the reproductive endocrine function of sterile 

female mice by, enhancing the secretion of female hormones from bioprinted follicles [220]. 

Retrieving of the follicle cycle, maturation of oocytes and ovulation in 3D cultures of ovarian 

follicles in gelatin-methacryloyl (GelMA) scaffold has also been reported [222] (see Figure 

1.8). Hence, this demonstrates that ovarian cells can be grown in 3D and conserve in vivo-like 

characteristics.  

Such findings make one wonder if transitioning to an environment closer to in-vivo conditions 

would affect CHO cell physiology and its resemblance to ovarian, primary cells. 
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Figure 1.8. : Microscopic imaging on 3D cultures of primary ovarian follicles in GelMA: (A) Morphological 

observation of follicle growth and ovulation. (B) Representative images of oocytes of different stages. Scale bars 

= 50 µm. GV: germinal vesicle; GVBD: germinal vesicle breakdown; MII: metaphase II. Credit: Wu T, Gao Y Y, 

Su J, Tang X N, Chen Q, Ma L W, Zhang J J, Wu J M and Wang S X 2022 Three-dimensional bioprinting of 

artificial ovaries by an extrusion-based method using gelatin-methacryloyl bioink Climacteric 25 170–8, DOI 

10.1080/13697137.2021.1921726 [222] 

HEK cells 

In 2D cultures, HEK cells present markers of a kidney developmental stage between the 

condensed mesenchyme and epithelial S-shaped body but no features of later differentiated 

steps like tubular segments, proximal tubules or collecting ducts [84,223]. Very few studies 

report 3D culture of HEK cells, and even fewer have tried to describe their metabolism, 

phenotypes and proliferation kinetics in such conditions. Yet, a few studies have confirmed the 

growth capacity of HEK cells in 3D conditions as cell aggregates [224], encapsulated in 

collagen microbeads [225] or in 3D hydrogel structures [226,227]. They even reported high cell 

concentrations and viability in the hydrogel matrix of gelatin, alginate and fibrinogen [226]. 

Interestingly, a more substantial biomolecule productivity in collagen microbeads was observed 

than in monolayers [225]. Interestingly, a report of HEK grown in small 3D aggregates 

demonstrated increased expression of markers associated with kidney progenitor cells, 

especially from glomeruli and proximal tubule, and exhibited some characteristics like 

embryonic stem cells [84,224]. 

MDCK cells 

In 1982, the culture of MDCK monolayers with collagen overlay allowed the detection of the 

formation of circular and polarized cell monolayers encircling a lumen [228]. This observation 

was confirmed as a characteristic behaviour of MDCK cells in 3D cultures in collagen or 

matrigel matrices where monolayers of polarized cells form hollow spheres (see Figure 1.9). 

These structures are called "cysts" and are the first step of kidney distal tubule formation in 
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MDCK 3D cultures [229–232]. Their polarization is often identified by the homogenous 

location of GP135 (dog podocalyxin) in the apical membrane of polarized MDCK [233–235]. 

MDCK are typically not motile but can become motile if cell-cell junctions are inhibited by 

scattering factors or antibodies anti-E-cadherin. Hepatocyte Growth Factor (HGF) is a 

scattering factor that allows morphogenesis by cyst branching, leading to tubule formation 

[234,236–238]. MDCK cells undergo epithelial-to-mesenchymal transition (EMT) during 

morphogenesis. In fact, during morphogenesis, acquiring partial mesenchymal phenotype 

allows the cells to gain motility and branching ability [230]. Some proteins involved in cellular 

adhesion to extracellular matrix (ECM), such as 𝛼3𝛽1integrin, are known to play a role in 

tubulogenesis [239]. 

 

Figure 1.9: Cyst formation by MDCK cultivated in 3D collagen matrices. Illustration shows confocal sections 

with apical membrane (actin-red), basolateral membrane (p58 – green) and nuclei (DAPI – blue) stainings (a) 

and schematic representation (b) showing the steps of cyst formation in 3D culture of MDCK cells: A) formation 

of a cell aggregate, B) lumen formation after cells in the centre of aggregates undergo apoptosis C) mature cyst 

with a polarized structure formed of an apical membrane in the lumen and basolateral membrane in contact with 

the matrix. Adapted from: O'Brien LE, Zegers MM, Mostov KE. Opinion: Building epithelial architecture: 

insights from three-dimensional culture models. Nat Rev Mol Cell Biol. 2002 Jul;3(7):531-7. doi: 

10.1038/nrm859. PMID: 12094219. 

Vero cells 

Vero cells’ 3D models have been used essentially for infectivity or cytotoxicity studies due to 

the sensitivity of the cells to viral infection [240] and toxins [241]. A 3D Vero cell culture 

application establishes a 3D model for studying parasite infection and propagation [242]. In this 
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case, the cells were homogenously suspended in a collagen I matrix. In 3D cultures, the parasite 

spreading behaviour differed significantly from 2D cultures and was more representative of in 

vivo infection. In other studies, Vero cells were seeded over collagen or gelatin scaffolds 

[240,241,243]. 

Interestingly, in these cases, Vero cells formed monolayers on the surface of the matrix and did 

not colonize the inner volume, resulting in 2.5D cultures [240,243]. Here, Vero cells presented 

elongated morphology with cytoplasmic extensions and micro-vesicles visible at the cells' 

surface, testifying biosynthetic activity [243]. Cells cultivated onto such scaffolds demonstrated 

prolonged cultivation times, with increased cell viability over 20 cultivation days and a further 

constant maximal viability over 56 days [240]. Regarding the Vero cell proteome, when seeded 

over gelatin scaffolds, cells synthesized large amounts of collagen IV in only 7 days [240]. The 

apical and basolateral membrane markers were detected, demonstrating that Vero grown in 

2.5D onto collagen scaffolds were polarized, unlike standard 2D cultures.  Until now, no study 

has described Vero cells' proliferation and metabolic kinetics in 3D cultures. 

In conclusion, the use of 3D cell cultures is now widespread and still getting more interest 

in regenerative medicine and tissue engineering due to their better representation of in 

vivo cell physiology and environment [244–246]. Their applications are wide: research in 

tissue regeneration for medical applications (implantation) [247–249], in vitro 

modelization of tissue functions for the study and understanding of cellular behaviours 

and interactions [250–252] as well as organs dysfunctions, degeneration, diseases, and 

infection [253–257], and in vitro modelization of pathologic tissues or organs for testing of 

therapeutics such as drug or gene therapies [255,258,259]. 

On the contrary, the 3D culture of bioproduction cells is still poorly described in the 

literature. The few reports available are often limited to defining their morphology and 

survival ability in 3D conditions. In some situations, tissue-specific behaviours such as 

morphogenesis or secretion of ECM components have been described. However, less than 

10 studies have gone deeper to study the biomolecule or virus productivity in 3D 

production cell lines’ cultures. Yet, these studies provide high perspectives for potential 

bioproduction applications of 3D cell cultures. 

We should emphasize that actual culture methods used for bioproduction are far from 

the physiological environment in the cell's native tissue. But very little is known about the 

impact of the 3D biomechanical and environmental cues on cellular production capacities. 

Nevertheless, multiple studies suggest that mammalian cells, originally adherent, could 
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have 1.5 to 3-fold higher specific productivities in adherent cultures than after adaptation 

to suspension [189–192,260].  

Therefore, it would be interesting to evaluate how in vitro culture conditions closer to a 

physiological tissue-like environment can affect biomolecule productivity. Bioproduction 

cell lines’ behaviour, metabolism, characteristics, and adaptability in 3D environments 

are little known. Still, it is expected that such behaviour will be significantly different and 

allow the recovery of the physiological state of such cells. According to the scarce 

literature found up to now, it is hypothesized that growing bioproduction cells in 3D could 

be beneficial for their bioproduction capacity and could leverage some of the roadblocks 

faced by the biopharmaceutical industry. 3D cell culture is a high potential intermediate 

production strategy in this context.  

 

1.3. Bioprinting, a proposed biomanufacturing tool for encapsulated cell 

culture 

The use of 3D cell cultures is now widespread and still getting more interest in regenerative 

medicine and tissue engineering due to their better representation of in vivo cell physiology and 

environment [244–246]. Their applications are wide: research in tissue regeneration for medical 

applications (implantation) [247–249], in vitro modelization of tissue functions for the study 

and understanding of cellular behaviors and interactions [250–252] as well as organs 

dysfunctions, degeneration, diseases, and infection [253–257], and in vitro modelization of 

pathologic tissues or organs for testing of therapeutics such as drug or gene therapies 

[255,258,259].   

Bioprinting is currently mainly used for tissue engineering (bone, cartilage, skin, and other 

tissues/organs), regenerative medicine and tumour or tissue modelling for drug screening due 

to its ability to reproduce anatomically correct and patient-specific cell-laden structures [261]. 

Other applications are poorly developed, and the effect of bioprinting on production cell lines 

has yet never been described. 

 

1.3.1. What is bioprinting and its advantages for large-scale 3D cultures? 

Multiple techniques exist to produce 3D cell cultures. At small scale, non-encapsulated, 

scaffold-free cell spheroids can be used [197]. However, when scaling up the size of the 3D 

cultures, a scaffold or an encapsulating material must be used. The most basic methods consist 
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of using a 3D scaffold over which the cells are seeded. The scaffolds are commonly constituted 

of fibrous materials with interconnected porosity, principally made of collagen and other ECM 

compounds [262–265]. They provide support within which the cells can adhere and proliferate. 

Many materials and techniques are available for such scaffold manufacturing. They must be 

chosen wisely, depending on the final application. Another method incorporates the cells in a 

jellified matrix (gels and hydrogels). Contrarily to the 3D scaffolds, the cells are not seeded 

over but mixed and encapsulated inside the material. It provides more homogeneous cell 

repartition. The cellularized gel matrices can be produced either by moulding or by bioprinting. 

If moulding is a more straightforward manufacturing method, it gives less freedom in 

achievable shapes and architectures. 

Therefore, bioprinting, a more recent technology, has raised attention in recent decades due to 

its numerous advantages over molding. First is the high degree of freedom accessible for the 

construct's architecture. 3D bioprinting enables the production of a volume by superposition of 

successive layers. It is referred to as Additive Manufacturing (AM). The desired structure can 

be designed by Computer-Aided Design (CAD) software or from organ 3D scans (Computed 

Tomography / CT, Magnetic Resonance Imaging / MRI) [266]. The bioprinting process brings 

higher reproducibility and control of the 3D structure shape, macro-porosity and size with 

various patterning possibilities such as square pores, circular pores, gyroids or honeycombs.  
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Figure 1.10: The different types of 3D bioprinting. (A) Three main types of mechanisms for extrusion printing: 

mechanical (piston or screw) or pneumatic (air pressure) dispensing systems. (B) Jetting mechanisms used for 

inkjet printing: heated vaporization, piezoelectric-based vibration or microvalve controlling. Inkjet printers use a 

sequential ejection of small droplets containing cells and hydrogel materials to construct tissues. (C) Two main 

types of light- assisted printing: stereolithography (laser) or digital light processing (projector). Credit: Dufaud 

M, Solé L, Maumus M, Simon M, Perrier-Groult E, Subra G, Jorgensen C and Noël D 2022 3D bioprinting of 

articular cartilage: Recent advances and perspectives Bioprinting 28 [267] 

 

Numerous bioprinting technologies are available, each with its own distinct advantages and 

drawbacks, as illustrated in Figure 1.10 [268]. Micro-extrusion technology stands out as the 

most appropriate choice for producing large structures exceeding the size of cubic centimeters 

due to its ability to create substantial objects in a shorter timeframe with good shape fidelity 

and cell viability [267]. Nevertheless, it often sacrifices resolution compared to more precise 

techniques such as inkjet, laser-assisted printing, or stereolithography, which excel in small-

scale and precise bioprinting applications. Micro-extrusion involves mechanically extruding 

the material using either a worm screw system or a piston actuated by a motor or pneumatic 

pressure. This bioprinting technique allows the printing a wide range of viscous materials (30 

to 6×107 mPa.s). It is also gentler for the cells, more flexible and usually less expensive than 
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the other bioprinting methods [269,270]. The layer-by-layer formation of a structure capable of 

supporting its weight requires specific rheology from the 3D-printed material [271–273]. 

Materials with elastic behavior and a known yield point are necessary for the material to be 

extruded as a filament through the nozzle and maintain the printed shape after extrusion [274].  

Therefore, the materials must be wisely chosen based on their mechanical properties for 3D 

printing but also their biocompatibility, their effect on cell adhesion, proliferation and functions, 

their degradability and permeability to biomolecules, and their functionalization or bioactivity 

in specific applications (see Figure 1.11) [270]. These conditions result in a limited choice of 

biomaterials compared to other 3D culture methods. 

Microextrusion-based bioprinting is one of multiple techniques for producing large 3D 

cell cultures in the cm3 range. This method provides homogenous cell repartition in the 

construct with a cell-friendly, low-cost, fast and reproducible manufacturing process and 

controlled construct geometry. The choice of 3D bioprinting compounds involve various 

aspects, including bioinks, bioprinting parameters, and post-bioprinting processing 

(Figure 1.11). These factors significantly influence the viability and functionality of cells, 

and subsequently impact their behavior in 3D cultures, such as proliferation, 

differentiation, and tissue formation. 
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Figure 1.11: The crucial constituents and applications of 3D bioprinting and main requirements for bioink 

properties. (A) Bioinks, bioprinting parameters, and post-bioprinting processing are the main factors affecting 

cell viability and functionality. Credit: https://www.sigmaaldrich.com/DE/de/technical-documents/technical-

article/materials-science-and-engineering/3d-bioprinting/3d-bioprinting-tissue0. (B) Bioink requirements with 

(a) Biofabrication window for rational design of bioinks requires compromise between printability and 

biocompatibility, (b) Ideal bioink characteristics require interplay between different materials properties.(C) 

Bioprinting process including, bioink formulation, bioprinting and consolidation. (B) and (C) Credit: Chimene 

D, Lennox K K, Kaunas R R and Gaharwar A K 2016 Advanced Bioinks for 3D Printing: A Materials Science 

Perspective Ann Biomed Eng 44 2090–102 [262] 
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1.3.2. Biomaterials used for microextrusion-based bioprinting 

The bioprinting of mm3 to cm3 objects containing living cells requires specific bioinks 

properties [273]. Biomaterials must be chosen wisely to combine interesting properties for 

bioprinting, cell survival and proliferation. The best biomaterials can vary depending on the 

cell line and application. Numerous limitations are linked to the choice of biomaterial, including 

printability and resolution, resistance in time and degradability, ability to support cell 

proliferation, sterility or batch variability. 

The bioink should allow for high-precision 3D printing at a centimeter scale with shape 

conservation during the printing process. It should also protect the cells from shear stress to 

ensure their survival during the passage of the printing nozzle. These criteria are dependent on 

bioink rheological properties and nozzle diameter [271].  

Then, the bioink must also have optimal biocompatibility and mimic the natural cellular 

environment for cell adhesion to allow for cell survival and proliferation after printing. It should 

also exhibit biodegradability to support cell proliferation and complete colonization of the 

printed volume. Additionally, the components of the bioink should be capable of large-scale 

production with minimal variations across various supplier batches, and they should meet the 

criteria for medical-grade materials. These aspects are mainly dependent on the nature of the 

molecular network forming the biomaterial. 

Rheology 

The bioinks are characterized by rheological properties that will affect their printability and 

shape fidelity. Bioinks are usually described by their viscoelastic properties and yield stress 

[272]. The viscoelastic properties are characterized by the storage and loss modulus that 

respectively represent the energy stored (elastic behavior) or dissipated (viscous behavior) by 

the biomaterial during printing [272]. These are essential rheological parameters as they will 

affect the ability of bioink to flow in the nozzle during printing and to resist elastic deformation 

to maintain the printed shape. The yield stress represents the minimal stress necessary to induce 

bioink deformation and flow.  

In extrusion-based bioprinting, shear-thinning is a crucial characteristic extensively 

investigated in bioinks. This property eases the process of extruding the biomaterial and 

supports the preservation of the 3D structure of the printed construct. Shear-thinning is 

characterized by a reduction of bioink viscosity, naming its ability to resist flowing under 

constraint when exposed to increasing shear stress during the extrusion phase [272]. This 
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property provides the bioink a cell-protective effect against shear stress [271,272]. 

Subsequently, after exiting the printing nozzle, the shear rate decreases, resulting in a 

concurrent elevation in viscosity essential for preserving the printed shape. Notably, a higher 

zero-shear viscosity is beneficial to prevent the collapse of the printed structure before the 

consolidation of the molecules network.  

Bioink formulation 

Multiple biomaterials have been used for micro-extrusion-based bioprinting of live cells. These 

materials can be divided into two main categories: "synthetic" and "natural" (non-synthetic) 

compounds [270,273]. Synthetic materials characterized by well-defined properties are 

frequently better suited for bioprinting procedures, leading to enhanced reproducibility and 

controllable processes [273]. On the contrary, natural materials are predominantly ECM-based 

compounds and provide closer similarity with the physiological environment and superior 

properties for cell adhesion, proliferation, and interaction.  

In 3D cell cultures, collagen is the main material used for scaffold manufacturing due to its 

similarity to in-vivo ECM. However, its mechanical properties do not allow the printing of pure 

collagen solutions at concentrations under 20 mg/mL [275,276].  Such concentrated collagen 

solutions are complex to prepare, and therefore, less concentrated collagen solutions associated 

with other compounds, such as Gelatin or Alginate, are often preferred for bioprinting 

applications [276–278]. These additional biocompatible compounds provide improved 

rheological properties for collagen-based bioink printability. Gelatin is a valuable substitute for 

collagen because it maintains a triple helix structure at temperatures below 30 °C [275]. 

Additionally, it offers essential RGD peptides for promoting cell adhesion and exhibits 

intriguing rheological properties suitable for bioprinting [273]. 

 The most used natural materials for microextrusion-based bioprinting are commonly ECM-

based compounds, Matrigel® (Corning®), collagen mixtures, Gelatin and 

methacrylate/methacrylamide/methacryloyl-gelatin (GelMA), fibrin, silk fibroin, cellulose-

base materials, hyaluronic acid, chitosan, alginate, gellan gum and carrageenan [270]. Bioinks 

have been developed by mixing various compounds to optimize their printability and 

biocompatibility.  

For example, a bio-ink formulated with a mixture of gelatin, alginate and fibrinogen has been 

developed by the team and patented [202,279,280]. This bioink will be used in the present work. 

Bioinks with similar formulations have also been reported in the literature [202,226]. These 

compounds were chosen for their respective properties, providing suitable rheology for 
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bioprinting and a biocompatible environment favourable to cell proliferation [202,279]. 

Additionally, these compounds exist in medical-grade materials and resist several weeks of 

culture. The main characteristics of these three bioink components will be presented in the 

following sections.  

1.3.3.  Gelatin 

Gelatin is produced by denaturation and hydrolysis of collagen, usually from skin, bones, or 

tendons. In animals, collagen is the main structural component of connective tissues and 

represents up to 30% of total protein mass [281,282]. In mammal tissues, 28 types of collagens 

have been identified, the most abundant being collagen type I [281,283].  

Biochemical properties 

The hydrolysis of collagen to form gelatin results in a mixture of proteins and peptides forming 

a hydrogel with high water absorption [270]. The gelatin is extracted by boiling the tissues in 

water after the tissue's acidic (Type A gelatin) or alkaline (Type B gelatin) treatment. Type A 

gelatin has a mean of ~0.8 mmol/g of free carboxyl groups and an isoelectric point (pI) of 7.0-

9.5 [284]. Conversely, type B has ~1.08 mmol/g of free carboxyl groups and a pI of 4.7-5.3. 

The gelatin conserves a composition similar to collagen, with a high proportion of glycine, 

proline and hydroxyproline [282]. Interestingly, gelatin has a less organized composition than 

collagen, decreasing its immunogenicity. Such characteristics could be valuable regarding the 

biocompatibility and implantability of bioink made of gelatin [285]. 

Rheology 

Under 30°C, gelatin forms helicoidal structures and a 3D network, resulting in gelatin solution 

gelation [270]. Without gelatin crosslinking, this temperature-dependent gelation retains its 

reversibility, wherein heating the substance above 30°C disrupts the hydrogen bonds within the 

helical structures. Beyond 30°C, gelatin transforms into a fluid solution with viscosity 

determined by the gelatin concentration. Gelatin exhibits temperature-dependent rheological 

properties, making it challenging to 3D print as a pure solution. However, when combined with 

other biomaterials, it becomes a valuable component for creating adaptable bioinks [273]. 

Gelatin provides adjustable viscosity, yield stress and shear-thinning to the bioink, which are 

essential parameters for printability, shape fidelity and cell protection against shear stress [271–

273]. 
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Post-printing treatment for consolidation of molecular network 

Cellularized bioprinted constructs are commonly cultivated at 37°C. Thus, gelatin hydrogels 

can be crosslinked to conserve the 3D structure's shapes to form a covalently bound molecules 

network. The most common crosslinking method for gelatin hydrogel uses methacrylated 

gelatin (GelMA). GelMA contains methacrylamide and methacrylate groups; it is often referred 

to as  “gelatin methacryloyl” but can also be encountered in the literature as “gelatin 

methacrylate” or “gelatin methacrylamide” [286]. It is synthesized by substitution of the 

reactive amine and hydroxyl groups of the amino acid residues with methacryloyl [286,287]. 

The GelMA hydrogel is consolidated by photopolymerization thanks to a photoinitiator such a 

2-hydroxy-1-[4-(2-hydroxyethoxy) phenyl]-2-methyl-1-propanone, or lithium acylphosphinate 

salt (LAP) [286]. Light-induction will initiate a radical addition-type polymerization of 

methacryloyl molecules [288].  Although multiple studies have confirmed the biocompatibility 

of GelMA hydrogels [289–291], a concern remains for medical applications as unreacted 

methacrylate and photo-initiator are known to be cytotoxic [292]. 

Therefore, the use of native gelatin hydrogels is considered safer. More cell-friendly methods 

exist to consolidate gelatin networks without the need for the addition of methacrylate groups 

or photo-initiator. As an example, gelatin can be crosslinked enzymatically post-printing with 

transglutaminase (see Figure 1.12). Tissue transglutaminase, also known as type 2 

transglutaminase (TG2), is a calcium-dependent enzyme able to create an isopeptide bond 

between the ε-amino group of lysin residue and a γ-carbonyl group of a glutamine residue in 

proteins [293]. The formation of isopeptide bond releases ammonia. The transglutaminase-

crosslinked Gelatin provided adequate support for cell adhesion [203,293,294]. Crosslinking of 

Gelatin with microbial transglutaminase was demonstrated to reduce the hydrogel swelling 

when placed in a liquid medium, and the reticulation was more effective on Gelatin purified 
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from salts [293]. Recently, the team patented a transglutaminase crosslinked formulation of our 

in-house bioink [295]. 

 

Figure 1.12: Mechanism of gelatine crosslinking by the action of transglutaminase [296] 

 

Biocompatibility and cell proliferation 

Although denaturing collagen fibers form gelatinsome, specific sites are preserved, such as cell 

adhesion sites (RGD motif) or MMP-cleavable sites [297].  Collagen type I includes a structural 

matrix that supports cell adhesion and proliferation as it possesses multiple adhesion sites 

recognized by the cells. This adhesion process is mediated by integrins, a family of 

transmembrane proteins. They are the main actors of cell adhesion to collagen fibres, even 

though other cellular mechanisms can also intervene in this process [206,298,299]. Integrins 

can bind collagen-specific sites, laminin-specific sites, and RGD (Arginylglycylaspartic acid) 

peptide motifs also present in gelatin. Some signalling pathways involved in cell survival, 

control of transcription and proliferation, cell motility and cytoskeletal organization can be 

activated by integrin binding [206]. Therefore, gelatin is a biomaterial of choice in the 

formulation of a bioink. 

Degradability  

Gelatin conserves some Matrix Metalloproteinases-cleavable sites present in collagen fibres 

[297].  Therefore, it is sensitive to enzymatic degradation, especially by collagenases and 

gelatinases such as MMP-2 and MMP-9, which are secreted by a wide range of cells, including 

primary cells such as fibroblasts, myofibroblasts, myocytes, neutrophils, macrophages, vascular 

smooth muscle cells, and endothelial cell [300,301], but also cell lines such as HEK [302], CHO 

[303] and MDCK [304,305]. Commercial Collagenase A solutions have already been reported 

to allow for the degradation of gelatin-based hydrogels [203,294]. 

Hence, gelatin is widely used in extrusion-based bioprinting due to its favourable 

mechanical properties and biocompatibility. Its fast gelation at room temperature after 

printing, modulable viscosity, and shear-thinning behaviour make gelatin advantageous 
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for bioink printability, printed geometry conservation, and cell survival during 

bioprinting [306,307]. Also, it provides the appropriate yield stress necessary to ensure 

large object (>10cm3) printability [279].   

 

1.3.4. Alginate 

Alginate is a biomolecule widely used in microextrusion-based bioprinting due to its 

biocompatibility, low cost, printability, accessibility and controllable gelation [270]. It is a 

polysaccharide commonly extracted from brown algae (Phaeophyceae) [308]. Alginate is 

recovered by alkaline algae treatment, filtration, and precipitation. Afterwards, alginate is 

converted to alginic acid by HCl treatment. Some bacteria, such as Azotobacter and 

Pseudomonas, can also produce alginate in biofilms [309]. 

Biochemical properties 

The alginate chemical structure and physical properties can vary depending on the algae species 

and batch lots. Its molecular mass ranges from 32,000 to 400,000 g/mol [308]. Alginate is 

formed of L-guluronate and D-mannuronate residues forming linear copolymers containing 

blocks of (1,4)-linked β-D-mannuronate (M) and α-L-guluronate (G) residues, whose 

proportion varies depending on alginate source [308,310,311].  

Rheology 

Alginate is highly soluble in aqueous solutions, forming a viscous hydrogel. Alginate hydrogel's 

viscosity is affected by alginate's chemical structure and molecular weight and is inversely 

correlated to pH.  

Post-printing treatment for consolidation of molecular network 

Post-processing of the alginate hydrogels consists of hydrogel consolidation by chelation of the 

G blocks with divalent ions such as Mn2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Ca2+, Sr2+ and Ba2+. 

Such reticulation allows the formation of an "egg box" configuration as represented in Figure 

1.13 [310,312]. In bioengineering applications, Alginate is chelated with calcium ions from 

CaCl2 or CaCO3 solutions due to the low cytotoxicity of these solutions.  
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Figure 1.13: Complexation of alginate by calcium ions forming an “egg-box” configuration. Credit: Zhang X, 

Wang X, Fan W, Liu Y, Wang Q and Weng L 2022 Fabrication, Property and Application of Calcium Alginate 

Fiber: A Review Polymers (Basel) 14  [313] 

 

Biocompatibility and cell proliferation 

Alginate is a biologically neutral component as it is not cytotoxicity nor immunogenic and does 

not present any adhesion site for cells [270,308]. Therefore, it is commonly formulated with 

other molecules offering cell adhesion sites like Gelatin, Collagen or Fibrinogen [314].  

Degradation 

Alginate hydrogels are commonly degraded with sodium citrate treatments [315–317] or 

incubation in alginate lyase [318,319]. Sodium citrate buffer acts as chelating agents of the 

divalent ions involved in electrostatic interactions with alginate molecules, thus disrupting the 

hydrogel structure without altering the alginate molecules. On the other hand, Alginate lyase is 

an enzyme able to lyse the alginate polymers [320]. 

1.3.5. Fibrinogen and fibrin 

Fibrinogen, or clotting factor I, is a glycoprotein in blood plasma involved in hemostasis and 

platelet aggregation. This protein is synthesized in the liver [321]. In humans, fibrinogen 

average concentration in blood plasma ranges from 2 to 5 mg/mL. The hemostatic process 

converts fibrinogen to insoluble fibrin by the Thrombin enzyme.  

Biochemical properties 

Fibrinogen is a 340-kDa homodimeric glycoprotein composed of 6 chains (2Aα, 2Bβ, and 2γ 

polypeptide chains) linked by 29 disulfide bridges [321]. 

Rheology 
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Fibrin is an elastic fibers that may provide hydrogel elasticity depending on the concentration. 

Yet, bioprinting of pure fibrinogen solutions is impossible due to its low viscosity and 

Newtonian behavior that prevents 3D printing and conservation of the shape [265,322]. 

Additionally, fibrinogen and fibrin do not have shear thinning properties to protect the cells 

from shear stress [273]. 

Post-printing treatment for consolidation of molecular network 

Fibrinogen can be crosslinked into fibrin by the action of Thrombin to form a hydrogel. Indeed, 

fibrinogen glycoprotein contains a cleavage site recognized by Thrombin; cleavage of the N-

terminal fibrinopeptide converts fibrinogen to a fibrin monomer (see Figure 1.14). Multiple 

fibrin monomers assemble themselves to form fibrin fibres, also called protofibrils. It has been 

reported that the thrombin concentration affects the fibrin fibres' thickness. High Thrombin 

concentrations lead to thinner fibres with denser and more branched networks [321]. The fibrin 

fibers can also be crosslinked covalently with the FXIII factor, an enzyme from the 

transglutaminase family, or directly by tissue transglutaminase (TG2) [323].  

 

Figure 1.14. : Fibrinogen  polymerization by Thrombin to form fibrin fibers. Fibrinogen is cleaved by thrombin, 

releasing fibrinopeptides (FpA & FpB) that allow the knob-hole interactions, forming protofibrils. Protofibrils 

interact through α chains binding, leading to the packing and formation of fibrin fibers. Credit: from de Melo B 
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A G, Jodat Y A, Cruz E M, Benincasa J C, Shin S R and Porcionatto M A 2020 Strategies to use fibrinogen as 

bioink for 3D bioprinting fibrin-based soft and hard tissues Acta Biomater 117 60–76 [265] 

 

Biocompatibility and cell proliferation 

Fibrin is a component of ECM secreted within a tissue injury site to promote fibroblast 

proliferation and migration [324,325]. Thus, fibrinogen and fibrin provide great adhesion sites 

and an environment favourable to cell proliferation [203,294]. 

Degradation 

Fibrinolytic enzymes, such as some MMPs or plasmin, can degrade fibrin fibers [326–328]. 

Yet, fibrin hydrogel cohesion is weak, and its structural rule in multiple-compound hydrogels 

is generally limited. Therefore, degrading the other compounds in these hydrogels’ structure is 

usually enough to disrupt the objects [203,294]. Thus, in multi-compound hydrogels, fibrin is 

rarely targeted for gel degradation.  

 

1.3.6. Current challenges for the scale-up of large bioprinted tissues  

When attempting to scale up bioprinting cultures, the viability and integrity of larger bioprinted 

cellular constructs, particularly those in the cubic centimeter (cm3) range, are compromised due 

to the restricted diffusion of culture medium and oxygen within the construct. Moreover, as the 

sizes exceed 1 cm3, finding suitable and sterile culture vessels becomes increasingly 

challenging, with limited options available in the commercial market. The lack of control over 

crucial culture parameters further hinders establishing an optimal cell environment. 

To enhance the culture process for large 3D cultures, the following strategies should be 

considered: 

1. Enhancing the diffusion of nutrients, oxygen, and cellular products within the 3D 

structure. 

2. Developing specialized vessels designed for sterile culture to accommodate larger 

constructs. 

3. Regulating environmental parameters to maintain optimal conditions tailored to the 

specific cell type and intended application. 
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Increasing molecules diffusion with adapted culture vessels 

When the scaffold separating the cells from the culture medium exceeds 300 µm thickness, 

nutrient and oxygen transfer is restricted, leading to cell death [329]. Numerous studies have 

demonstrated the efficacy of dynamic culture systems in enhancing the renewal of culture 

medium, cell viability, and proliferation in 3D cellularized constructs. These systems promote 

the movement of culture medium, facilitating the transfer of nutrients and oxygen within the 

tissue and the removal of metabolic waste products. To induce fluid movements in 3D cultures, 

various strategies have been employed. One approach involves fixing a culture chamber at the 

bottom of a spinner flask [330]. However, the most commonly utilized techniques are 

specialized "bioreactors" designed for specific applications. The standard bioproduction 

bioreactors inspire these systems and have been developed in regenerative medicine for the 

engineering of 3D tissues [331–334].  

In the existing literature, these systems have been successfully applied to 3D cellular constructs 

up to several cubic centimeters while maintaining culture sterility [279]. The most extensively 

reported methods are perfused bioreactors and rotative wall bioreactors (RWB). Rotative wall 

bioreactors consist of a cylindrical chamber containing a culture medium, with a tissue holder 

positioned within it. The chamber's wall can be rotated at a chosen rate, creating convective 

movements of the fluid inside [335]. In some variations of this bioreactor, the external wall 

remains fixed while the tissue holder rotates, allowing for the rotation of the tissue itself [336]. 

The positive impact of RWB on cell viability, tissue architecture, and preservation of tissue 

integrity has been demonstrated in various tissue types, including cartilage [336,337] and 

prostate [335]. 

 

On the other hand, perfusion bioreactors comprise a culture medium container that feeds a 

culture chamber [279]. Such system has already been implemented in our team with a culture 

chamber designed to fit the specific nature and shape of the tissue, and supplied with a culture 

medium through a pump [279]. In this work, the culture chamber and media reservoir were 

placed in an incubator to maintain the temperature to 37°C and media buffering with 5% CO2. 

Computational Fluid Dynamic (CFD) simulations were employed to model the fluid flow 

within the culture chamber and through the tissue, similar use of CFD have also been reported 

by other research teams [279,338–340]. This technique was used to increase the level of control 

over the structure, understanding and mastering media flow and diffusion in the construct to 

reach adequate perfusion flow rate and cell feeding [279]. In some cases, it was also applied to 

estimate the diffusion rate of dissolved gas and metabolites in the tissue scaffold [341,342]. 
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Therefore, flow simulation and mass transfer studies can be performed to characterize the 

diffusion kinetics in the 3D constructs [279].  

Hence, perfusion bioreactors enabled the controlled flow of culture medium through the 

construct, significantly enhancing the diffusion of nutrients and oxygen to the cells [279,343]. 

Numerous studies have shown the effectiveness of this technique in promoting cell proliferation 

and viability in different tissues, including dermis and connective tissue [279,344], hypodermis 

[345], liver [341], and lungs [346]. By improving mass transfer compared to static cultures, 

perfused conditions help preserve better cell morphology and function [347]. Some systems 

incorporate specific features, such as multiphase cultures with an air/liquid interface [338] or 

mechanical stimulations like shear stress [340], tensile forces [348], or vibrations [349]. 

However, the cultures are usually performed in incubators in conditions lacking monitoring and 

control capacity over the culture parameters. 

 

Regulation cell environmental conditions 

Oxygen, pH, and temperature are critical parameters in cell culture, yet in most studies 

examined in this review, these culture parameters are not measured or regulated with precision. 

The bioreactors are commonly placed in incubators set at 37°C, 5% CO2, and 90% relative 

humidity. While the systems described in the literature lack complete control over these 

parameters, they demonstrate significant potential for automation and integration of online 

sensors. 

In currently existing systems, the culture medium's pH and dissolved oxygen concentration are 

not precisely measured nor controlled. Only a few research teams have monitored the pH 

evolution [350,351] or the oxygen concentration in the gas supply during their processes 

[336,341,342,350]. Lovett et al. (2010) and Schmelzer et al. (2010) have even utilized a dO2 

probe to monitor the partial pressure of dissolved oxygen in the culture medium [342,350]. 

Nevertheless, despite the growing interest and advances in this field, none of these studies have 

precisely monitored and controlled pH, dO2, and temperature in the culture medium feeding. 

Yet, the similarity of these technologies with the highly controlled bioreactors used in the 

bioproduction field for suspension and microcarrier cell cultures offers great potential for 

increasing the level of control by automation and integration of analytics. 

 

Hence, custom bioreactor systems can be adapted to the culture of large bioprinted 

constructs and provide a sterile environment. Although the current technologies provide 
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limited capacity for monitoring and controlling the main culture parameters, they offer 

promising potential for improvement to overcome the limitations of large-scale bioprinted 

cultures. 

 

1.4. In situ transfection of 3D cell cultures 

In the field of 3D cell cultures, a new technology is gaining interest for transient cell 

engineering. Indeed, in situ transfection is a method allowing insertion of genetic material into 

cells growing in 3D culture conditions or even in live tissues [352]. This method is mainly used 

in regenerative medicine or gene therapy to induce the expression of target factors to enhance 

tissue maturation or disease treatment with gene silencing [353–355]. 

In the field of bioproduction, the use of in situ transient transfection could provide an  

alternative approach to the laborious task of generating stably transfected cell lines and to 

overcome the limitations of standard transient transfection in dense culture. In fact, in situ 

transient transfection is identified as a viable method to extend the transfection of rapidly 

dividing cells throughout the entire culture process.  

The innovative methods and applications of in situ transfection have been the object of a 

literature review published in the journal Biotechnology Advances (DOI: 

10.1016/j.biotechadv.2023.108211). This review is presented below. To facilitate the reading, 

the Material and Methods of the article was integrated to the Chapter 2 of this thesis. The 

abbreviations and references of the review were reported to the “Abbreviations” and 

“References” sections of the thesis. The numeration of the Figures was adapted on the model 

of the thesis format and the supplementary data were inserted as Figures in the article and in 

the manuscript. 
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ABSTRACT 

 

Various research fields use the transfection of mammalian cells with genetic material to induce 

the expression of a target transgene or gene silencing. It is a tool widely used in biological 

research, bioproduction, and therapy. Current transfection protocols are usually performed on 

2D adherent cells or suspension cultures. The important rise of new gene therapies and 

regenerative medicine in the last decade raises the need for new tools to empower the in situ 

transfection of tissues and 3D cell cultures. This review will present novel in situ transfection 

methods based on a chemical or physical non-viral transfection of cells in tissues and 3D 

cultures, discuss the advantages and remaining gaps, and propose future developments and 

applications. 
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1.4.1. Introduction – Context  

 

Since the 1970s, molecular biology and cell genetic engineering have been essential tools for several 

scientific fields. Genetic modification of mammalian cells was used to understand cell biology 

[356,357], to propose novel cell therapies [358] or production of therapeutics [359], and later to 

develop novel regenerative medicine strategies [360–363]. Mammalian cell genetic engineering 

involves transferring a gene of interest (transgene) into a target cell. The aim is to confer to cells new 

expression abilities and is named cell transfection. The first successful chemical-mediated introduction 

of genetic material in mammalian cells was performed in 1962 by Szybalska and Szybalski. They 

transfected a bone marrow cell line to express the Hypoxanthine Phosphoribosyl Transferase (HPT). 

This gene was initially extracted from an HPT-positive cell line [364,365]. From here, the work of Paul 

Berg’s team in 1972 was a second major milestone. They produced the first recombinant DNA [366] 

which was successively used in 1973 by Cohen et al. to build a genetically modified bacteria [367] and 

then in 1980 by Gordon et al. to create the first mammalian cell transfection using recombinant DNA 

[357]. Several transformation methods were tested. This first genetic modification was chemically 

mediated, but during the early ’80s, physical transfection methods were also reported on mammalian 

cells [368–372].  A decade later, DNA transfer using viral vectorization was deployed, leading 

to the current cell and gene therapy boom. Nowadays, for medical applications, nucleic acids 

(plasmid DNA or strand RNA) delivered by chemical or physical methods are preferred to viral 

vectors.  Concerns regard safety purposes, while viral vectors are more likely to induce 

immunogenic reactions or mutagenicity. The use of viruses can also limit the cargo size of large 

genes [373,374].  

 

In the last decade, the need and interest for new tools for the in situ transfection of tissues and 

3D cell cultures were raised by the increasing number of applications of new gene therapies 

and tissue engineering strategies for regenerative medicine. Indeed, for both application fields, 

efficiently modifying cells within a biocompatible matrix could leverage their therapeutic 

efficiency and relevance. This review will present novel in situ transfection methods based on 

a chemical or physical non-viral transfection of cells in tissues and 3D cultures. 
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Figure 1.15: Overview of the main methods and applications of in situ transfection. 

 

1.4.2. Principles of cell genetic engineering  

The nucleic acids (plasmid DNA or stranded RNA) must overcome multiple biological barriers 

to reach efficient transgene integration and expression into the cells [369,375,376]. Indeed, it 

needs to cross the cell membrane and, in the case of DNA, get into the cell nucleus to be 

transcribed and further handled by cell machinery to be translated into proteins (Figure 1.16).  

 

Cellular uptake is the first and foremost barrier to efficient transfection. Indeed, the negatively 

charged cell membrane repulses phosphate groups of nucleic acids (DNA and RNA). The 

probability of spontaneous uptake of a naked plasmid is very low. Nevertheless, Tsoncheva et 

al. (2005) could transfect up to 30% of cells by spontaneous uptake of naked DNA. It was 

achieved in 2D adherent or suspension cultures using a high DNA-to-cell ratio of 5µg plasmid 

DNA (pDNA) for 8x105 cells/ml [377]. Since the '80s, transfection reagents have been 
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developed to facilitate plasmid entry into the cell [378–386]. Transfection reagents are 

complexing agents that can induce nucleic acid condensation, thus facilitating cell penetration 

by forming smaller complexes with positive charges or lipidic membranes [387]. The 

mechanisms described for the uptake of such complexes are either endocytosis [388–391] or 

fusion with the cell membrane in the case of some lipidic complexes [392]. However, the fusion 

mechanism is contested, suggesting that endocytosis is the primary mechanism for complexed-

nucleic acid uptake [393,394].  Endocytosis of complexes formed of nucleic acids and cationic 

polymers, also called polyplexes, can happen through several mechanisms. They can be 

classified into either clathrin-dependent mechanisms [385,395] or clathrin-independent 

mechanisms, like micropinocytosis or caveolar internalization [385,396]. During endocytosis 

and micropinocytosis, polyplexes penetrate the membrane by entrapment into endosomes and 

macropinosomes. 

Physical methods have been explored to disrupt cell membranes temporarily and favor naked 

nucleic acid uptake while avoiding using chemical reagents [397–399]. These methods use 

physical stress to create transient pores in cellular membranes [369]. Such a strategy proved 

efficient for both in vivo studies and in vitro 3D culture transfection. Transfection rates reaching 

5% of tissue transfected were reported on in vivo applications using sonoporation [400]. In 3D 

in vitro cell cultures, efficiencies reaching 15% (electroporation) [401] to 31% (shear stress) 

[402] were reported. Nevertheless, physical stresses can damage tissue during the processes 

[403]. 

Endosomal escape is the next critical bottleneck for efficient transfection. Endosomes carrying 

complexes evolve into late endosomes and fuse with lysosomes. In the lysosomes, nucleic acids 

undergo enzymatic degradation in acidic conditions, leading to poor transfection efficiency. 

Caveolae-mediated endocytosis of polyplexes has demonstrated better transfections 

efficiencies than clathrin-dependent internalization. Indeed, the caveolae are directly 

transported to the Golgi apparatus by traveling along microtubules [385,386,404,405]. 

However, in other studies, Pelkmans et al. (2004) demonstrated that caveolae could be directed 

to early endosomes, leading to polyplexes degradation in lysosomes [406,407]. While 

endosomal escape mechanisms are not fully understood, several studies suggest that protonable 

polyplexes with buffering characteristics could have a protective effect against the endosome’s 

pH gradients. This mechanism is the "proton sponge effect" [387,395]. The lysosome 

acidification is delayed by the buffering effect of the polyplexes and their capture of protons. 

The osmotic imbalance is then compensated by lysosome swelling and subsequent lysis 

[387,408]. Some other escape mechanisms discussed in the scientific community are based on 
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polyplex interaction with endosome membrane. A comprehensive review recently described 

these mechanisms [376].  

Multiples hypothesis exists to explain lipoplexes endosomal escape. The main processes 

detailed in the literature are their direct fusion with endosome membrane, the membrane 

destabilization by detergent-like effect, or the flip-flop movements of the membrane induced 

by charge interaction between cationic lipids and negative phospholipid bilayer [395,409–411]. 

Fusion and flip-flop mechanisms induce the release of solely the plasmids into the cytoplasm. 

On the contrary, membrane destabilization can release intact lipoplexes from the endosomes.  

After entering the cell, escaping from endosomes and the complexes, RNA molecules will be 

directly translated by the cell machinery. On the contrary, plasmid DNA (pDNA) still needs to 

reach the nucleus to be transcribed. Thus, an additional step is DNA trafficking within the cell 

cytoplasm to reach the nucleus while avoiding degradation by nucleases [412]. Lechardeur et 

al. have shown that encapsulated pDNA are protected from cytosolic nucleases [413]. DNA 

molecules larger than 1000 bp cannot freely travel thanks to diffusion within the cytoplasm due 

to cytoskeleton hindrance [414–416]. Some studies investigating intracellular trafficking of 

transfection complexes suggest that plasmids may be directed toward the nucleus by traveling 

along microtubules [405,416]. However, microtubules participate in lysosome motility [417–

419]. Thus, the transportation of transfection complexes along microtubules can lead to the 

fusion and degradation of pDNA in lysosomes [420,421]. Unlike other methods, Cardarelli et 

al. (2016) showed that lipofectamine-DNA complexes could travel toward the nucleus by 

diffusion with Brownian movements. Consequently, this avoids transport along microtubules 

and lysosome entrapment [420]. Such lipofectamine-mediated transfection prevents 90% of 

lysosomal degradation of the lipoplexes when other lipoplexes (DOTAP/DOPC/DNA) were at 

70% entrapped in lysosomes [415].  

Nuclear entry of pDNA occurs mainly through nuclear pores [391]. However, some studies 

also suggest that endosomes could directly deliver pDNA to the nucleus, Golgi apparatus, or 

endoplasmic reticulum [404]. It is still unknown if pDNA release from the complexes occurs 

before entering the nucleus, during the endosomal escape, or after entering the nuclear 

compartment. Once inside the nucleus, pDNA can be handled by the cell machinery and 

undergo the transcription and translation processes similarly to host-cell genes. 
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Figure 1.16: Basic transfection methodologies adapted for applications to in-vivo and in-situ transfection. The 

common routes for standard transfection complexes delivery to the nucleus with polyplexes or lipidic reagents (A) 

and the three main physical transfection methods (B, C & D): B- Electroporation, cell membrane charges are 

destabilized by an electric field, creating temporary disruption of the membrane. C) Sonoparation, cells are 

subjected to ultrasonic waves creating local stress and permeation of the membrane. D) Shear stress 

(microextrusion), cells are exposed to shear stress creating pores in the cell membrane. 

 

1.4.3. Standard transfection methods as a starting point for 3D transfection 

protocols 

 

The know-how developed for several years to transform mammalian cells is presently targeting 

the development of protocols for in vivo or 3D cellularized model transfection. 
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A large variety of transfection reagents have been evaluated since 1962. They have been mainly 

developed for 2D adherent or suspension cell cultures. Thus, the standard strategy is direct 

transfection, where nucleic acid complexes are directly added to 2D cultures supernatants to 

induce contact via diffusion in the liquid medium [384]. 

Such transfection protocols allow now to reach high transfection efficiencies. Even hard-to-

transfect cells such as HUVECs were transfected with efficiencies up to 77% by Hunt et al. 

(2010) using the Effectene reagent [384]. For easy-to-transfect cell lines, such as HEK cells 

(Human Embryonic Kidney cells 293T), transfection efficiencies commonly exceed 90 % 

[422]. Most of the time, these transfection protocols were only effective in an optimized serum-

free culture medium since nucleic acids are sensitive to degradation by serum nucleases [423]. 

Interactions with charged serum proteins negatively impact protocols based on cationic 

polymers or cationic-lipidic molecules. Nevertheless, few cationic-lipid-based reagents still 

show good transfection efficiencies with high transgene expression in the presence of serum 

[424]. Transgene expression usually happens 48 to 72 hours following contact with the 

transfection complexes.  

The second type of protocol, reverse transfection, was developed to transfect 2D adherent 

cells on microarrays at the beginning of the 2000s [425–427]. It involves coating the culture 

plate with the plasmids by freeze-drying [428] or cationic polymer-DNA complexes deposition 

[429]. This technique enhanced and prolonged gene expression with maximal transgene 

expression after five days of culture, lasting up to 8 days. Standard direct transfection has a 

maximal expression after two days [429]. Spermine-pullulan [429], bovine serum [430], gelatin 

[431] and collagen [432] are examples of coating materials used for reverse transfection. This 

technique was the premise of the 3D in situ transfection protocols.  

3D transfection tools are based on either direct transfection [433] or reverse transfection 

protocols. Direct transfection relies on a cell transfection step before cell seeding onto the 3D 

scaffolds or hydrogels. On the contrary, in reverse transfection, the 3D scaffolds or hydrogels 

carrying the transgenes allow for in situ and progressive tissue transfection. They were named 

gene-activated matrices (GAMs). Some physical transfection techniques were also adapted to 

3D cultures. This review presents these different methods and their applications for in situ 

transfections (Table 1.8; Figure 1.17). 

1.4.4. Methods of chemical in situ transfection 

 

The use of large 3D cell cultures is now widespread and still getting more interest in 

regenerative medicine and gene therapies. They are preferred over 2D cultures because they are 
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more representative of in vivo cell physiology and environment [244–246]. Such 3D cell 

structures are commonly used to produce engineered tissues. Their applications are wide: 

research in tissue regeneration for medical applications (implantation) [247–249], in vitro 

modelization of tissue functions for study and understanding of cellular behaviors and 

interactions [250–252] as well as organs dysfunctions, degeneration, diseases, and infection 

[253–257], and in vitro modelization of pathologic tissues or organs for testing of therapeutics 

such as drug or gene therapies [255,258,259].   

With the rise of gene therapies, tissue engineering, and regenerative medicine since the end of 

the 90s, the interest in developing new transfection tools suitable for transforming 3D cell 

models and tissues has increased [434–437].  

With a target of producing in vitro specialized tissue models, it has been of interest to either 

express a transgene of interest [363,438–445] or to silence specific genes [353,354].  

However, when inserted in vivo or in a serum-containing culture medium, the nucleic acids are 

more vulnerable to serum nucleases. Consequently, transfection only happens locally and 

briefly [429]. In 3D culture conditions mimicking the physiological environment and in vivo 

applications, serum proteases can strongly limit cell transfection. When the plasmids or 

transfecting complexes are added to the culture medium or liquid environment in the case of 

chemical or physical transfection, the diffusion of DNA in the 3D cell structure is limited. The 

limitation of nucleic acid diffusion in the matrix or tissue leads to poor transfection efficiency 

and transfection occurring mainly on the superficial layers [446]. For such applications, in situ 

transfection, based on the principle of reverse transfection applied to 3D cell cultures, is highly 

interesting (Figure 1.18). Embedding plasmids in a hydrogel or a scaffold protects against 

enzymatic DNA degradation by nucleases and offers more stability to the plasmids in time 

[429,447]. Moreover, the nucleic acids are already embedded in the matrix and concentrated 

around the cells, ensuring better accessibility to transforming factors. Finally, the cells are 

progressively transfected when invading the support, thus allowing an extended transfection 

period [429,448] (Figure 1.18). This strategy gave primary cells and hard-to-transfect cell lines 

higher transfection efficiencies [428,449].  

 Innovative scaffolds and hydrogels for in situ gene delivery  

 

Many commercially available transfection agents are known for inducing cytotoxicity and 

reducing transfection efficiency in 3D cultures compared to 2D (Table 1.8) [450,451]. 

Therefore, developing new and less toxic complexing agents for transfection of 3D-engineered 

tissues has been an intense field of research and innovation. Among the most reported agents, 
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we find chitosan [452,453], chitosan-linked-polyethyleneimine (PEI) [450], alginate-grafted-

PEI [454], cationized alginates [455], and other polyamide materials or extracellular matrix 

(ECM) compounds, with already validated transfection efficiency in 2D cultures. 

These materials are now the base for formulating gene-activated matrices (GAMs). GAMs are 

3D matrices complexing nucleic acids and enabling transfection during 3D culture. To obtain 

GAM, nucleic acids or complexes are formulated with the 3D matrix [448] or impregnated in 

the preformed 3D matrix [456–458]. Different mechanisms exist to stabilize nucleic acids in 

the GAM (Figure 1.18). 

 

Gene-Activated Matrices (GAM) based on ECM compounds 

 

Extracellular Matrix proteins are the most used biomolecules to create GAMs. Collagen, 

one of the most represented molecules of the ECM, is extensively employed for scaffold 

biofabrication and 3D cell cultures. It is due to its properties of enhancement of cell adhesion 

and proliferation while mimicking the native cell environment. It is thus the material of choice 

for GAM conception for in situ transfection strategies.  Other ECM molecules than collagen, 

like fibronectin or glycosaminoglycans (GAGs), were also proved to provide excellent support 

for cell adhesion, proliferation, and transfection thanks to their in vivo-like adhesion motives 

[459]. In the following described studies, 3D ECM-based scaffolds were soak-loaded with 

either naked plasmids, transfecting agents, polyplexes, and lipoplexes. Such practice questioned 

the homogeneity and reproducibility of the transfection complexes' repartition in the 3D matrix. 
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Table 1.8: Table summarizing the most relevant papers in the litterature in the field of in situ transfection of 3D cultures and tissues. Involved cell type, applications, context, transfecting 

reagents, mechanism, main outcomes, efficiency, lasting of transgene and literature source are given. CG: cationized gelatine; GAG: Glycosaminoglycan; HA: Hydroxyapatite; HyA: 

Hyaluronic acid; nHA: Nanohydroxyapatite; PET: Polyethylene terephthalate; PGA: Poly(glycolic acid); PLG: Poly(lactide-co-glycolide); PU: Polyurethane 
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Figure 1.17:  Methodologies applied for in-situ and in-vivo transfection both chemically and physically 

mediated. 

 

Collagen-based scaffolds' interaction with nucleic acid was enhanced thanks to their 

association with various cationic polymers and particles [460,461]. Collagen was impregnated 

with complexes formed with PEI [461], acetylated PEI (PEI-Ac80) [440], dextran-spermine 

cationic polysaccharide [462], modified cyclodextrin nanoparticles [463], 

polyamidoamine dendrimer (dPAMAM) [456,464], cationized gelatin [465], or chitosan 

[466]. 

Chitosan demonstrated interesting properties for in situ transfection when combined with 

collagen-based scaffolds [437,444,466]. Chitosan is a natural cationic polysaccharide derived 

from chitin [467]. It was proved to have lower cytotoxicity than PEI, poly-L-lysine (PLL), or 

Lipofectamine [451,452,468,469] achieving viabilities of 60-90 % compared to viabilities > 

40% with Lipofectamine in HEK cells [452]. Chitosan-DNA complexes favor cellular uptake 

and protect plasmids from DNase I degradation [451,466] . They demonstrated good 

transfection efficiency in 2D and in vivo [470,471]. Using collagen-based scaffolds soak-

loaded with chitosan-plasmid complexes proved its efficiency in vitro, with transfection 

sustained for up to 4 weeks [466]. Complexes' charge, diameter, and zeta potential have to be 
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wisely chosen as they impact transfection efficiency [453,466]. Chitosan molecular weight and 

deacetylation degree strongly affect these parameters [453].  

 

Collagen sponges have also been formulated with nano-hydroxyapatite (nHA) particles 

[457,463,472–475]. The role of nHA was to offer better support for cell adhesion and 

proliferation, inducing improved cells to polyplexes contacts [472]. Additionally, pDNA 

complexation by nHA was already demonstrated in 2D cultures [476]. It was mainly used in 

bone tissue engineering to transfect MSC or pre-osteoblast cells [461,473,477,478]. In these 

cases, nHA particles were demonstrated to have a leveraged activity on the transfection 

efficiency. Indeed, 20% to 88% of interference on the GAPDH reporter gene was measured 

over 7 days on 3D collagen-nHA scaffold cultures containing micro-RNA (miRNA) nanomiR-

mimics and nanoantagomiRs [478]. Nevertheless, cytotoxic effects were demonstrated for nHA 

particles diameters higher than 70 nm, both in 2D [479] and 3D cultures [457,478].  

 

Collagen-based scaffolds were then associated with lipidic transfection reagents. Two 

commercial lipidic reagents, 3DFect, and 3DFectIN, were explicitly designed for in vitro 3D 

transfections [480]. These reagents can complex pDNA or small interfering RNA (siRNA) to 

form lipoplexes later incorporated into hydrogel formulations or loaded on scaffolds. Several 

3D cultured cell lines reported efficient transfection on collagen-based scaffolds with these two 

lipidic reagents. All cell lines expressed transgenic alkaline phosphatase above 75 pg/µL, while 

expression was sustained over 5 days [480].  

Gene-Activated Matrices combined with penetration peptides is a novel strategy 

incorporating synthesized penetration peptides in collagen-based scaffolds. Such penetration 

peptides have also been reported for in situ transfection in other matrices, such as alginate-

methylcellulose hydrogels [481]. They are highly promising as they allow the GAM 

formulation with biocompatible and non-cytotoxic materials while avoiding chemicals. Such 

penetration peptides are small peptides of less than 30 amino acids, rich in arginine groups 

[482]. The arginine residues confer a positive charge to the peptides, favoring interactions with 

negatively charged nucleic acids and cell membranes. Penetration peptides can cross the cell 

membrane by different mechanisms to travel through the cytoplasm and enter the nucleus [483]. 

The interaction of arginine groups with cell membranes enhances the internalization mechanism 

by micropinocytosis. Direct translocation through the cell membrane is also possible [484,485].  

This ability is not altered when binding with small molecules such as pDNA or siRNA 
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[482,483,486,487]. Since 2019, literature has reported three types of penetration peptides 

evaluated for in vitro transfection of 3D cultures: star-shaped polypeptides [488], GAG-binding 

Enhanced Transduction peptides (GET peptide) [482,489], and RALA peptide (Arg-Ala-Leu-

Ala repeats)  [458]. It is worth mentioning that the RALA peptide was developed and optimized 

based on previously synthesized penetration peptides GALA (Glu-Ala-Leu-Ala repeats) and 

KALA (Lys-Ala-Leu-Ala repeats) [490,491]. In this peptide sequence, the presence of cationic 

hydrophilic arginine and hydrophobic leucine residues gives an amphipathic character to the 

peptide. These allow penetrating and fusogenic properties [492]. This peptide was used to form 

RALA-siMMP-9 complexes incorporated within a collagen/GAG scaffold. It was evaluated in 

vitro as a potential matrix-metalloproteinase 9 (MMP-9) downregulating treatment for diabetic 

ulcer healing [458]. This scaffold demonstrated good cytocompatibility and an efficient MMP-

9 downregulation of 40-60 % in 3D cultures [458]. Other penetration peptides, such as HALA 

(His-Ala-Leu-Ala repeats), have been optimized to increase transfection efficiency in 2D. They 

could be good candidates for in situ transfection of 3D cultures [375,491].  

 

Numerous applications of collagen-based GAMs for in vivo transfection have also been 

reported.  First in-vivo and in situ transfections using GAMs were performed with collagen 

scaffolds containing plasmids to repair bone defects [493,494]. In these conditions, pDNA 

entrapped in collagen sponges allowed efficient transfection in vivo after implantation (30 to 

50 % of transfected cells) [493,494].  Bone and cartilage repair as well as enhancement of 

angiogenesis are the most reported applications for in vivo transfection with GAMs. In this 

purpose, collagen matrices were used for in vivo transfection associated with naked plasmids 

[493,494], dPAMAM-plasmid complexes [464] or even with penetration peptides-nucleic acids 

complexes. An interesting example of in vivo application of GAM incorporating penetration 

peptides used GET/pBMP2/pVEGF complexes coding for Bone Morphogenetic Protein 2 

(BMP 2) and Vascular Endothelial Growth Factor (VEGF). This GAM demonstrated efficient 

in vivo transfection leading to faster regeneration of large bone defects within four weeks [482]. 

Other examples of efficient in vivo transfection used collagen-based GAMs combined with 

RALA or star-shaped poly(˪-lysine) penetration peptides [481,488]. Then, broadening to ECM 

biomolecules, De Laporte et al. (2009) screened different ECM proteins to coat polylactide-

co-glycolide (PLG) scaffolds for plasmid delivery in vivo to treat spinal cord injury [459]. 

Lipoplexes made of transfast® reagent and pDNA coding for luciferase were efficiently 

delivered to cells thanks to surface coating with collagen I, fibronectin, or laminin [459]. The 

highest transfection efficiency was obtained with fibronectin-coated scaffolds with 10- or 100-

times increased luciferase activity (RLU/mg protein) than in collagen-or laminin-coated 
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scaffolds. Other studies evaluating the DNA-PEI complexes uptake by cells growing on 

collagen or fibronectin-coated surfaces in 2D cultures confirmed such results [460,495].  

In every in vivo transfection procedure, prolonged transgene expression was detected for at least 

3 to 6 weeks, depending on the specificities of the scaffold. 

 

 

Figure 1.18: Principle of in situ transfection in GAMs (Gene Activated Matrix). The cells get progressively 

transfected while growing in the matrix in which they are encapsulated. The figure presents several options to 

immobilize nucleic acids: stabilizing polyplexes, lipoplexes, or complexes formed with penetrating peptides within 

the matrix and the direct immobilization of nucleic acid or polyplexes thanks to electrostatic bonds with the 

charged biomatrix carrying either cationic or anionic groups. 
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Charged synthetic GAM as complexing agents 

 

Another type of GAM was developed for in situ transfection to prevent the use of complexing 

agents impregnated or formulated in the matrix. Modified hydrogels were prepared to present 

cationic charges, thus allowing the hydrogel to act as a condensing agent itself. Few studies 

demonstrated that cationic hydrogels and scaffolds could retain nucleic acids [455,496]. 

 

Cationic scaffolds formulated from cationized gelatin (CG) were used for in vivo transfection 

[447,448,496]. Cationized gelatin (CG) is produced by covalent bonding between the 

carboxyl group of gelatin and a primary amine to form an amide bond. The activation of gelatin 

carboxyl groups can be performed with 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide 

hydrochloride salt (EDC) and a successive hybridization with an amino group, such as 

ethylenediamine [448,496–498], putrescine, spermidine or spermine [498]. Consequently, the 

amino groups provide positive charges to the scaffold, forming electrostatic bonds with 

negatively charged phosphate groups from nucleic acids. The physicochemical environment of 

the interaction between DNA and cationized gelatin (CG) was proved to impact the 

complexation of the pDNA significantly. The formation of CG-pDNA complexes in either 5% 

glucose or phosphate-buffered saline solution (PBS) strongly influenced the particle's zeta 

potential and the transgene expression [496]. Indeed, CG-pDNA polyplexes formed in 5% 

glucose had ten times higher zeta potential, leading to a 5-fold increase of transgene expression 

compared to complexes formed in PBS [496].  

 

In 2002, proof-of-concept studies demonstrated the stabilization of plasmid encapsulated in 

cationized gelatin (CG) over seven days post-implantation in vivo [448,496]. Then, the pDNA 

was progressively released during the hydrogel degradation. Plasmid content in CG hydrogels 

decreased over time, stabilizing at 40% after 20 days. This nucleic acid’s release rate was 

demonstrated to depend on CG hydrogel water content and its crosslinking degree. Indeed, 

DNA release was faster when crosslinking with a reduced amount of glutaraldehyde, thus 

inducing an increased hydrogel water content. Other examples of successful in vivo 

implantation of gene-activated cationic gelatin leading to local cell transfection in mice and 

rats can be found in the literature [448,496,498]. In 2011, cationized gelatin transfected rabbit 

chondrocytes in 3D in vitro cultures [497]. Here, the authors modified the surface of an 

electrospun poly(L-lactic acid) (PLLA) scaffold nanofibers with cationized gelatin. They 
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demonstrated that rabbit articular chondrocytes' viability, proliferation, and differentiation 

increased compared to non-modified PLLA nanofibers.   

 

Similarly to cationized scaffolds, anionic scaffolds were used to bind nucleic acid-cationic 

polymer complexes to perform 3D cell culture transfection in vitro. In 2011, a study presented 

negatively charged gelatin to bind luciferase coding plasmid DNA complexed with cationic 

polymers [447]. The gelatin was prepared by covalent bonding with succinic anhydride. It was 

first evaluated on 2D cultures by reverse transfection on anionic gelatin-coated plates with the 

tracking of luciferase activity. The plasmid-pullulan/spermin cationic complexes bound to 

negatively charged gelatin exhibited a 10-fold increase in luciferase activity compared to the 

conventional transfection method in the presence of serum. In 3D cultures the negatively 

charged scaffold acted as immobilization support for cationic complexes. Luciferase expression 

levels equivalent to those measured in 2D reverse transfection were also measured in 3D PET 

and collagen scaffolds coated with anionic gelatin and pullulan/spermine-pDNA complexes, 

demonstrating the applicability of this method for in situ transfection [447]. The enhanced 

transfection efficiency was suggested to be due (i) to a better immobilization of cationic 

complexes by electrostatic interactions with negatively charged matrix and (ii) to a facilitated 

release of plasmids thanks to the destabilization of electrostatic interactions between the 

plasmid and cationic complexes by anionic groups of gelatins.  

Based on the same principle, co-electrospun scaffolds of polycaprolactone (PCL) coated with 

anionic alginate were used to immobilize PEI-pDNA complexes [499]. Cationic polyplexes 

were here forced to interact with the anionic alginate under a direct current electric field. These 

scaffolds supported cell proliferation and were used for in situ gene delivery to HEK cells. 

Various innovative scaffolds can be used for chemical in situ gene delivery. Even though 

GAMs are up-and-coming tools for in situ transfection and have shown promising results, 

the transfection efficiency in 3D cultures and tissues is still way lower than what can be 

reached in 2D or suspension cultures. Indeed, in conventional 2D transfection protocols, 

transfection efficiencies are usually considered satisfactory when getting over 60 to 70% 

of transfected cells and can easily reach more than 90% with negligible cytotoxicity. On 

the contrary, for 3D cultures and tissues in situ transfection, the transfection efficiency 

rarely exceeds 20%, which is already considered a high transfection rate. Papers 

reporting over 30% of cells transfected in situ are less than a dozen, and none reached 

60% transfection.  Thus, favoring cell adhesion and proliferation on the scaffolds might 

increase transfection efficiency. Here, synthesized cationic scaffolds are identified as a real 
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advantage. They are characterized by an increased cationic amino groups content which 

offers better cell adhesion and increased proliferation, as well as improved stabilization 

of naked plasmids by electrostatic interactions [500–504]. However, it is essential to note 

that the zeta potential of cationic polymers must be optimized as zeta potentials under 10 

mV or over 17 mV can respectively reduce cell adhesion and cause cytotoxicity 

[453,501,503]. In vitro, it is well known that cell growth in 3D macroscopic structures is 

limited. Such limitation is mainly due to poor diffusion of nutrients and oxygen in the 3D 

scaffold and poor elimination of metabolic waste. Little cell growth could prevent in situ 

transfection in 3D cultures. Optimized addition of growth and signaling factors have been 

tentatively used to enhance cell proliferation in 3D cultures. The use of bioprocess and 

perfusion bioreactors has also been a promising strategy. Thus, many custom culture 

systems have been developed to culture 3D cellularized scaffolds, aiming to either increase 

the dynamic diffusion of nutrients and oxygen in the scaffolds or provide optimized 

culture parameters (temperature, pH, oxygen) [505,506]. Such tools would be interesting 

for cells cultured on GAMs as increased cell proliferation would surely lead to increased 

and sustained transfection, with cells getting in contact with the plasmids as they spread 

and colonize the matrix. 

 

1.4.5.  Physical in situ & in vivo transfection 

 

Physical transfection methods have been used since the mid-‘80s to generate mechanical, 

electrical, thermic, or magnetic stresses on the cell membrane and induce the formation of 

transient pores [369,507], favoring naked nucleic acid uptake [397–399]. Electroporation 

(electric field) or sonoporation (ultrasonic waves) are the two most common physical 

transfection methods for unspecific gene transfer in large cell amounts (mass transfection). 

Physical transfection techniques for medical applications present the advantage of avoiding the 

introduction of chemical reagents into the body. Thus, the first in vivo transfection trials using 

such an approach were reported at the end of the ‘90s [400,508–512]. Ten years later, the first 

physical transfections were applied to 3D cell culture models [513,514].  

Electroporation, sonoporation, and electro-sonoporation 

Transfection by electroporation, also called electro-transfection, consists in exposing the cells 

to an electric field and creating transient pores in the cell membrane. The electric field 

perturbates negatively charged membrane tension [515]. The membrane is then destabilized 
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with local and temporary disruption. Two hypotheses co-exist to explain DNA uptake during 

electroporation.  First, pDNA entry occurs through the cell’s permeated membrane via an 

electrophoresis phenomenon which is favored due to nucleic acids charge. Second, the 

endocytosis pathway is electro-stimulated [516]. Sonoporation uses ultrasonic pulses to create 

microbubbles pulsating near cells and mechanically increasing membrane permeability. Thus, 

small molecules such as nucleic acids can enter the cell membrane [517,518]. Electro-

sonoporation combines electroporation and sonoporation while cells are simultaneously 

subjected to ultrasounds and an electric field [519]. 

In the last 20 years, numerous works have presented electroporation and sonoporation for in 

vivo applications [400,508–512,520–524]. Nevertheless, only a few have reported physical 

transfection of 3D macroscopic cell cultures in vitro [401,513,514,525–527]. In vivo, 

electroporation was assessed on multiple tissues such as muscles [508], liver [511], or skin 

[512]. In vivo, tissue transfection by electroporation achieved very low transfection efficiency, 

reaching less than 6% of cells transfected [446,527]. Additionally, concomitant tissue damage, 

inflammation, and necrosis by exposition to a voltage above 50 V with 16 rectangular pulses of 

50 ms width and 75 ms interval were observed by histological staining of tissue sections 

[508,528,529].  The damages can also be evaluated by measurement of tissue thinning and 

fibrosis, testifying of tissue degradation, and scaring  [529]. In this case, it was reducing the 

frequency of electric pulses from 150 kHz to 100 kHz, which allowed to decrease damages by 

half. Electric pulse duration was identified as another key parameter to be optimized to avoid 

tissue damage and maximize the transfection rate. Indeed, shorter pulses demonstrated less 

cytotoxicity and reduced transfection efficiency [527].  Higher electro-transfection efficiencies 

reaching up to 15% of the cells transfected with high viability (85%) were achieved in vitro 

with a 3D printed system for electroporation of 3D cell cultures [401]. The matrix comprised a 

commercial peptide hydrogel (PGmatrix from PepGel company) in which the cells and 

plasmids were embedded. The 3D printed chamber allowed micro-perfusion of the tissue. Four 

flat electroporation electrodes could be inserted into the chamber to generate multidirectional 

electric frequency scanning. A multidirectional electric field was shown to favor transfection 

by efficiently permeating the cell membrane.  

Higher in vivo transfection efficiency was achieved by electro-sonoporation [403]. This 

comparative study evaluated electroporation, sonoporation, or electro-sonoporation for in vivo 

mice muscle transfection with luciferase coding plasmid. In the optimal transfection conditions, 

electro-sonoporation showed better results than electroporation alone, with more than a 2-fold 

increase in luciferase activity after 3 days, or sonoporation alone, which did not allow to 

transfect mice muscles (no luciferase activity detected). Tissue damage due to electric pulses 
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was evaluated by Hematoxylin-Eosin staining of muscle sections and significantly reduced in 

the case of electro-sonoporation. However, some superficial tissue damages caused by the 

electric pulses were still visible and could be problematic for medical applications. A novel in 

vivo transfection strategy was developed in 2011 to reduce the tissue damage caused by physical 

transfection. This method uses a degradable micro-needle filled with pDNA and an 

electroporation electrode [530]. This technique demonstrated promising results in mice with 

local subcutaneous transfection leading to interleukin-12 expression and tumor regression, with 

minimal damage to the tissue (micron scale holes). 

 

Shear stress  

Several studies describing the impact of shear stress on cell physiology demonstrated that it 

could generate transient cell membrane permeability, enabling plasmid uptake [402,531–533] 

and enhancing endocytosis pathways [534]. Recently, one proof of concept allows transferring 

such behavior to 3D cell culture through bioprinting [402]. However, the physical and 

mechanical stresses suffered by the cells are also resulting in lower cell viability.  

Exploiting the effect of shear stress on membranes, efficient cell transfection during inkjet 

bioprinting of CHO cells, reaching 31.5% of cells expressing transgene with low apoptosis 

(3.5%), was reported in 2010 [402]. Only three years later, even higher transfection efficiencies 

were reported by micro-extrusion with alginate hydrogels for transfection of mesenchymal 

stem cells with naked BMP-2 encoding plasmids [436]. Micro-extrusion-based bioprinting 

induces shear stress thanks to flow rate, nozzle geometry, and hydrogel mechanical properties 

[532,535]. This process allowed up to 46% of transfected cells [436]. Later, in 2018, micro-

extrusion-based 3D printing was used to transfect fibroblasts [533]. Fibroblasts were 

successfully transfected during the bioprinting process with naked Fox3D plasmids, coding for 

the genes Sox2, Sox10, Oct4, and Nanog. The fibroblasts were then further reprogrammed into 

neural crest-associated cells. In this case, the micro-extruded matrix was a polyurethane 

hydrogel (PU). An optimal shear stress of 190 Pa was identified, generating transfection 

efficiency and cell viability of 15.6% and 65%, respectively. Based on the same principle, in 

2020, human umbilical cord-derived mesenchymal stem cells (hUC-MSCs) were transfected 

by micro-extrusion in PU hydrogels containing naked GATA binding protein 4 (GATA4) 

plasmids [536]. 

 

This literature review supports that physical transfection methods allow local transfection 

in vivo and in vitro on 3D cell cultures. The procedures are commonly close to standard 
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transfection protocols applied to suspension cultures. These procedures present the 

advantage of avoiding chemical use. However, they are generally responsible for 

significant cell/tissue damage from exposure to physical/mechanical stresses. These 

damages can be limited when optimizing the procedure’s parameters like 

frequency/duration of electrical pulses, field voltage for electroporation, ultrasounds 

frequency/flow rate for sonoporation, nozzle geometry/hydrogel mechanical properties 

for micro-extrusion [532,535].  

Physical transfection methods have several drawbacks regarding in vitro 3D cultures or 

in vivo applications. First, the transfection efficiency is commonly very low (< 15%) and 

localized. Current tools target the superficial scaffold layers, with very few to no cells 

transfected in deeper layers. Then, when trying to reduce the cell damage by adjusting 

the protocol parameters, the transfection efficiencies are also reduced.  

 

1.4.6. Future applications for in situ transfection 

 

In situ transfection studies reviewed in the literature have mainly targeted gene therapy 

applications in regenerative medicine. These studies applied primarily for in vivo or in vitro 

transfection of engineered tissues with signaling factors for growth, differentiation, or 

angiogenesis [442,443,445]. They used in situ transfection for the evaluation of treatment for 

diseases or cancers thanks to the expression of proteins of interest or gene silencing [353–355]. 

However, in situ transfection shows excellent potential for other application fields, such as 

studying tissue morphogenesis or cellular physiology in 3D.  

Among the different methods proposed in the literature, gene-activated matrices seem the most 

promising approach for future applications of in situ transfections. It offers the localizable, 

progressive, and continuous transfection of cells in 3D macroscopic tissues (Figure 1.19). These 

advantages are precious in the case of sizeable 3D cell cultures > cm3 or in vivo cell transfection.  

First, it could support research and development for tissue engineering and regenerative 

medicine. Indeed, the comprehension of cell growth and spreading in 3D matrices are still 

minimal. They are commonly evaluated at the end of the culture, thanks to destructive histology 

slicing. No other non-destructive monitoring tools for depth detection within 3D structures are 

available. We believe that gene-activated matrices could support the understanding of tissue 

morphogenesis. Indeed, cell transfection occurs in the activated matrix while cells are 

spreading, allowing for progressive gene release and transfection [448,494] (Figure 1.19). 
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GAM could be applied as a research tool to study and monitor cell proliferation in their 3D 

environment if cells are transfected with genes coding for reporter proteins such as fluorescent 

or luminescent proteins. While cells colonize and spread within their matrix, their progressive 

transfection and detection would allow cell proliferation and organization monitoring. Also, 

while the 3D matrix retains both cells and DNA segregated in a single location, this strategy 

allows for very localized transfection. Such very local transfection can enable the creation of 

complex structures which bring together different types of cells (transfected/untransfected) to 

study their biological interactions. It is particularly true for GAM matrices that could be 3D 

precisely localized thanks to 3D bioprinting. We could also imagine producing GAM with 

multiple targeted genes for local expression of biochemical cues for cell organization. Such a 

strategy would allow scientists to screen the effect of numerous factors in a 3D culture and 

accelerate tissue engineering research strategies.  



103 

 

 

Figure 1.19:  Prospects for implementing and using in situ 3D transfection strategies in biomedical, 

morphogenesis, and tissue engineering research. A- Application to understanding cell proliferation, cell 

migration, and cell-to-cell communication B- Application to the in situ tissue morphogenesis and cell organization 

monitoring.  

Second, such tools aim at extending the duration of cell transfection. Such a strategy has direct 

applications for protein expression and fundamental research allowing for more extended 

experiments (> 48h transfection), but it is also valuable for biopharmaceutical industries.  

Recently, in vivo, transfection to produce therapeutic molecules within patient host cells has 

gained substantial interest. The most recent proof of concept is the production of anti-covid 

vaccines based on intramuscular injection of lipoplexes of messenger RNA (mRNA) coding for 

the viral spike protein of SARS-CoV-2. Such a breakthrough in vaccine application paved the 

way for other viral antigen introduction for their expression by the body [537–540]. Similarly, 
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considering the therapeutic field of monoclonal antibody-mediated treatments, Andrews et al. 

(2017) provided a proof-of-concept of a therapeutic approach using in vivo electroporation 

transfection. In this approach, in vivo transfected mice expressed L and H antibody chains of 

anti-Influenza and anti-Ebola monoclonal antibodies. Mice then demonstrated significantly 

high survival rates compared to control groups after exposition to the viruses, with up to 90% 

(anti-Influenza) and 95% (anti-Ebola) survival [541]. The main limitation to such therapeutic 

approaches remains the nucleic acid stability within the body and their short-expression period 

[540]. Here, the GAMs could enable prolonged DNA/RNA stability in vivo for a more durable 

and progressive transgene expression and attenuated immunogenic reactions.  

 

This review describes how in situ 3D cultures and tissue transfection presents great 

promise for gene therapies and regenerative medicine. However, we still lack some 

understanding of the phenomenon underlying cell transfection in 3D configuration, 

especially in the presence of GAMs. Additionally, available analytical tools lack the 

precision to evaluate transfection efficiency. Indeed, in standard 2D or suspension 

protocols, transfection efficiency is commonly assessed by measuring the percentage of 

transfected cells in the whole population thanks to microscopy or cytometry tools. In 3D 

cell structures and tissues, evaluating the number of transfected cells is often complicated, 

especially in a non-destructive way. Most in situ transfection studies do not provide 

quantitative data on the percentage of transfected cells (see Table 1.8). The transfection 

efficiency is mainly evaluated by measuring the transgene's expression level by 

comparison with control levels. In the case of tissue repair applications, transfection 

efficiency was assessed thanks to qualitative aspects of the tissue compared to non-

transfected protocol. It is thus challenging to compare the protocol's efficiency presented 

in the different published studies where the in situ transfection protocols, transgene, cell 

type, and cell density can differ. To further investigate the efficacy of the reported in situ 

methods, strategic work of the scientific community has to be done to develop better 

analytical tools enabling standardized, reproducible, and comparable evaluations of 3D 

cell culture transfection. 

 

1.4.7. Conclusion 

1.  

In the frame of gene therapy and regenerative medicine, three-dimensional cell culture models 

are preferred over two-dimensional models as they better represent cell behaviors and 

interactions observed in vivo [244]. Consequently, to provide relevant models, the transfection 
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of cells in 3D cellularized structures is of high interest since it can enable a local, progressive, 

and continuous modification of the cells while colonizing the 3D system. It offers interest for 

local therapies as the host cells will be transfected with the therapeutic gene of interest. In situ, 

transfection would be a valuable method for progressive gene delivery in 3D cell cultures for 

tissue engineering. Still, it could also be a useful analytical tool for analyzing cell spreading in 

3D structures. Finally, in situ, transfection offers great perspectives in biopharmaceutical fields 

for new bioproduction methods in vivo or personalized biomolecule production in 3D cell 

cultures. Using Gene-Activated Matrices seems particularly promising among the different in 

situ transfection methods. However, the transfection efficiencies in 3D and in vivo are still far 

from what can be achieved in 2D cultures. Critical optimization work must still be carried out 

to increase the efficiency of such protocols and the GAMs formulation. The following strategic 

and missing step will describe the mechanisms of nucleic acid uptakes, protection, and transport 

during 3D in situ transfection. 
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OBJECTIVES 

This project introduces an innovative bioproduction strategy based on 3D bioprinted cell 

cultures, with the aim of evaluating their potential for recombinant protein production and their 

capacity to overcome current biomanufacturing challenges. The project has four primary 

objectives: 

1) Contextualization: To identify the context, state of the art, and challenges relevant to 

this project. 

2) 3D Bioprinted Cultures: To develop, describe, and optimize 3D bioprinted cultures with 

various production cell lines. 

3) Bioreactor Setup: To develop a dedicated bioreactor setup for scaling up bioprinted 

cultures and recombinant protein production. 

4) In Situ Transfection: To establish an efficient in situ transfection protocol. 

The contextualization and state of the art were presented in the bibliography (Chapter 1), 

covering the evolution and advances in biopharmaceutical production, 3D cell culture / 

bioprinting, and in situ transfection. This chapter aims to provide insight into the current 

limitations of biomanufacturing that this project seeks to address and the key advantages of 3D 

bioprinting and in situ transfection. 

The project's primary technical focus is on establishing and characterizing a 3D bioprinted 

culture model with various bioproduction cell lines. This development requires specialized 

analytical tools and will be conducted at a small scale to screen cultivation conditions. This will 

be detailed in the first two results chapters (Chapter 3 & 4). 

Subsequently, to assess the potential of 3D bioprinted cultures for "large-scale" production, we 

aim to scale up the cultures and transition to an "industrial-like" process condition. This will 

involve customizing two traditional bioreactor systems and developing a novel setup suited for 

the culture of 3D bioprinted constructs. We will also investigate the capacity for recombinant 

protein production using this technology (Chapters 5 and 6). 

Finally, the last chapter of results (Chapter 7) will focus on the exploration of in situ transfection 

potential for prolonged insertion of genetic material in cells entrapped in the bioprinted 

constructs. 

The project will conclude with a general discussion of the results and proposals for future 

investigations and advancements in the developed technology. 
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Figure 1.20: Graphical Abstract presenting an overview of the main steps of the project 
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CHAPTER 2. MATERIAL & METHODS 

2.1. Culture media and cell lines  

2.1.1. Culture media preparation 

Dulbecco’s Modified Eagle Medium (DMEM) already supplemented with glucose at a 

concentration of 4.5 g/L, GlutaMAX™  and pyruvate (31966-021, Gibco, Thermo Fisher 

Scientific, United States) was further supplemented with 10% FBS (A3160802, Gibco) and 

used as the standard medium for amplification of adherent mammalian cell cultures in 2D and 

in 3D bioprinted constructs. This medium will be designated as DMEM(+) to highlight the 

presence of calcium ions, in opposition to DMEM(-) which will be used to label a DMEM 

medium depleted from calcium ions. DMEM(-) was prepared with calcium-free DMEM 

supplemented with 10% FBS, 250 U/mL Penicillin/Streptomycin (15140122, GIBCO) and 5 

µg/mL Amphotericin B (15290026, GIBCO) and was used for the preparation of bioinks. 

CHO cells were amplified in 4Cell® Xtra CHO Stock and Adaptation Medium (SAM) 

(CQP3FA1114, Sartorius) serum-free medium. The 4Cell® Xtra CHO Production Medium 

(PM) (CQP3FA2115, Sartorius) was used for bioreactor cultures of CHO cells. Bioreactor 

cultures were regularly fed with 4Cell® Xtra CHO Feed Medium A (FMA) (CQP3FA3120, 

Sartorius) and 4Cell® Xtra CHO Feed Medium B (FMB) (CQP3FA4119, Sartorius). All 

4Cell® Xtra CHO media were purchased in powder form. The media reconstitution protocol is 

detailed in Table 2.1.  

The powdered media were quickly reconstituted in a demineralized water volume equivalent to 

75 - 97% of the final volume. SAM and PM were supplemented with 6 mM GlutaMAXTM 

(35050061, Gibco). After media reconstitution pH was adjusted by measuring with pHmeter 

(HI 2221 Calibration Check pH/ORP meter ; Hanna Instruments). Finally, the media volume 

was adjusted to desired volume with a volumetric flask before sterile filtration on a 0.22 µm 

sterile PES membrane (Stericup Quick Release-GP, S2GPU05RE, Merck-millipore). All media 

were stored at 4 °C, protected from light. Sterility of filtered media was tested by incubating 

2mL of media in a multiwell plate at 37°C for 2 days followed by microscopic observation for 

potential contamination detection. For sterility testing, FMA and FMB media were diluted in 

PM at 4%v/v and 0.4%v/v to avoid precipitation of concentrated feed solutions. 
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Table 2.1: Detailed phases of the 4Cell® Xtra CHO media system reconstitution for 1 L of medium. The expected osmolality of culture media (SAM and 

PM) are indicated for non-diluted media.  The expected osmolality of  feed media (FMA and FMB) are indicated for media solutions diluted to 1/5. 

Medium 

Mass of 

medium 

powder 

(g) 

1st 

stirring 

duration 

(min) 

2M 

NaOH 

Addition 

(mL) 

5M 

NaOH  

Addition 

(mL) 

2nd 

stirring 

duration 

(min) 

Mass of 

buffering 

agent 

NaHCO3 

(g) 

3rd 

stirring 

duration 

(min) 

pH 

adjusted 

with 

Targetted 

pH range 

Expected 

osmolality 

(mOsmol/kg) 

GlutaMAXTM 

Supplementation 

(mM) 

SAM 20.0 60 3.0 0 30 1.8 15 
2M 

NaOH 

6.90 - 

7.30 
270 - 330 6 

PM 22.3 60 0 6.2 30 1.8 15 
2M 

NaOH 

6.90 - 

7.35 
275 - 330 6 

FMA 154.1 60 0 15.7 30 0 0 
2M 

NaOH 

6.50 - 

6.80 
208 - 268 0 

FMB 94.6 60 0 160 30 0 0 
5M 

NaOH 

11.00 - 

11.40 
218 - 266 0 
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2.1.2. Cell lines 

The experiments used four production cell lines: HEK, CHO, MDCK and Vero. The HEK cells 

were kindly provided by Dr. C. Maisse-Paradisi (INRA-UCBL-EPHE "Viral Infections and 

Comparative Pathology," Lyon, France) and MDCK cells were provided by the academic 

laboratory VirPath (Centre International de Recherche en Infectiologie U1111 INSERM - UMR 

5308 CNRS - ENS Lyon - UCBL1). The CHO DG44 (PTN1-CB-CC1; Cellca-Sartorius), 

VERO (CCL-81™; ATCC®) were acquired from manufacturers.  

The HEK cells are a HEK293T adherent clone. The CHO cells are a CHO-DG44 host. It is a 

dihydrofolate reductase (DHFR)-deficient line co-transfected with an exogenous dhfr gene and 

a transgene coding for a recombinant protein of interest [100]. It is widely used for recombinant 

protein production due to the easy selection of high-producing clones with methotrexate (MTX) 

[100,542]. The clone PTN1-CB-CC1/ LP16CLONE 38 was used in the present project as a 

clone of stably transfected CHO DG44 expressing a transgene encoding for a therapeutic human 

IgG1. The IgG1 target will be kept confidential.  

Cell lines characteristics and culture conditions are presented in Table 2.2.
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Table 2.2 : Characteristics, culture conditions and application of each cell lines 

 Species of 

origin 

Species 

classification 

Tissue of 

origin 

Type of 

cell 

Recommanded 

culture mode 

Temperature 

(°C) 

CO2 

(%) 

Humidity 

(%) 
Agitated 

Agitation 

Speed  (rpm) 

– orbital 

diameter 

(mm) 

Culture 

medium 
Characteristics 

HEK  Human Mammalian 
Kidney 

(Embryo) 

Fibro-

blastic, 

Endothelial, 

Epithelial 

or Neuronal 

Adherent 37 5 80 No N.A. 
DMEM 

(+) 

Immortalized 

Expresses 

SV40 large T 

antigen 

VERO 

Monkey 

(African 

green 

monkey) 

Mammalian 
Kidney 

(Adult) 
Epithelial Adherent 37 5 80 No N.A. 

DMEM 

(+) 

Immortalized 

Sensitive to 

viral infection 

MDCK 

Dog 

(Cocker 

Spaniel) 

Mammalian 

Kidney 

tubule 

(Adult) 

Epithelial Adherent 37 5 80 No N.A. 
DMEM 

(+) 

Immortalized 

Sensitive to 

viral infection 

CHO 
Chinese 

hamster 
Mammalian 

Ovary 

(Adult) 
Fibroblastic Suspension 37 7.5 80 Yes 130 - 25 

DMEM 

(+) 

SAM 

PM 

FMA 

FMB 

Immortalized 

DHFR-deficient 

Expresses 

human IgG1 
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2.1.3. Cell lines amplification 

Adherent cultures 

CHO DG44, HEK, MDCK, and VERO were always amplified in 2D cultures in previously 

described DMEM(+) medium.  CHO DG44 sub-culture was performed by two means ; 

similiraly to  the other cell lines in 2D cultures for 3D bioprinting qualification (Chapter 4) and 

in suspension cultures with specific serum-free media for larger scale culture and experiments 

aiming to compare bioproduction in 3D with standard bioreactor processes (Chapter 6).  

The cells were cultivated in T75 flasks (Corning) in an incubator with 5% CO2, 80% humidity, 

and 37°C. All cells were split twice a week. All cell types were tested mycoplasma-free. Sub-

culture protocols used for adherent cell lines are presented in Table 2.3. The supernatant was 

discarded (HEK, MDCK, VERO) or collected to harvest suspended cells (CHO), as detailed in 

Table 2.3. Flask bottoms were gently rinsed with PBS (phosphate buffer saline, 14190169, 

Thermofisher Scientific) before adding Trypsin. The MDCK cell line being particularly tough 

to detach from the flasks, so a 1-hour incubation in PBS at 37°C was required before adding 

trypsin. Trypsin (15400054, Thermofisher scientific) was added to the flasks at a concentration 

of 0.5 g/L (1X) for all adherent cell lines except for HEK for which a 0.25 g/L (0.5X) 

concentration was used due to the sensitivity of this line to enzymatic damages. Cells were 

incubated with Trypsin at 37°C for 2 min (HEK, VERO, CHO) or 5 min (MDCK), and then a 

volume of DMEM(+) was added for Trypsin inactivation by serum proteases. The cell 

suspension was recovered in a 50 mL sterile tube and centrifugated according to conditions 

detailed in Table 2.3, to eliminate the Trypsin-containing supernatant. Cells were resuspended 

in 10 mL of fresh DMEM(+). Then viable cell density (VCD) was evaluated on a Malassez 

Hemocytometer with Trypan blue (15250061, Gibco) exclusion method. Targeted cell seeding 

concentration was adjusted by sampling the appropriate volume of cell suspension to add in a 

T-75 flask with an adapted volume of fresh media.  

Suspension cultures 

 CHO cells were amplified in suspension with SAM serum-free medium prepared as described 

in section 2.1.1. Working cell banks were thawed in 10 mL fresh Stock & Adaptation Medium 

supplemented with 15 nM methotrexate (MTX) (M8407, Sigma-Aldrich) at 4°C and 

centrifuged at 190g for 3 min. Cell pellets were resuspended in 10 mL pre-warmed SAM 

supplemented with 15 nM methotrexate at 37°C. Viable cell density (VCD) was evaluated by 

cell counting on a Malassez Hemocytometer with Trypan blue (15250061, Gibco) exclusion 

method. Cells were seeded at a concentration of 0.2 x106 cell/mL in 250mL shake flasks 
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(431144, Corning) with 50mL working volumes or in 500 mL shake flasks (431145, Corning) 

with 150mL working volumes.  

Cultures were grown in shaker incubator at 37°C with 7.5% CO2 and agitated at 130 rpm with 

25 mm orbital shaking. The medium was supplemented with 15 nM MTX for high-producing-

clone selection for the first 3 splittings. Methotrexate was then removed from the medium until 

the end of the culture. Cells splitting was performed two-times a week, VCD was determined 

as previously described and an appropriate volume of cell suspension was used to inoculate a 

new flask at a concentration of 0.2x106 cells/mL. If the cell volume to use for inoculation was 

over 1/3 of working volume, cell suspension was centrifugated and concentrated in fresh 

medium before inoculation. CHO cells were used at the fifth passage for bioreactor 

experiments. Cells were used at the fourth or sixth passage for small-scale experiments
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Table 2.3: Protocol for recovery of cells in 2D or suspension cultures during splitting for amplification  

 Type of 

culture 

Type 

of 

flask 

Suspended 

cells harvest 

from 

supernatent 

Incubation in 

PBS at 37°C 

 Yes/No - 

duration (hr) 

Trypsinization 

Volume (mL) - 

concentration (g/L) 

- time (min) 

Volume of 

media for 

Trypsin  

inactivation 

(mL) 

Centrifugation 

Time (min) - 

speed (g) 

Cell seeding 

density 

Volume of fresh 

media (mL per T75 

or 500 mL SF) 

HEK 2D T-flask No No 2.5 - 0.25 - 2 5 5 - 300 
12,000 

cells/cm2 
10 

VERO 2D T-flask No No 2.5 - 0.5 - 2 5 5 - 300 
30,000 

cells/cm2 
8 

MDCK 2D T-flask  No Yes - 1 hr 5 - 0.5 - 5 10 5 - 300 
5,000 

cells/cm2 
8 

CHO 2D T-flask  Yes No 2.5 - 0.5 -2 5 3 - 190 
200,000 

cells/mL 
12 

CHO Suspension 
Shake 

Flask 
Yes No N.A N.A 3 - 190 

200,000 

cells/mL 
100 
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2.2. Small-scale 2D and bioprinting experiments for cell line characterization 

2.2.1. Bioink formulation 

Formulation of stock bioink components  

Stock solutions were prepared the day before bioprinting for better component dissolution and 

kept in an incubator at 37°C. Fibrinogen stock solution was prepared by dissolving 8% w/v 

Fibrinogen from bovine plasma (F8630-1G, Merck) in DMEM (-) medium. Alginate stock 

solution was prepared by dissolving 4% w/v Alginate (Alginic acid sodium salt with very low 

viscosity, A18565.36, Alfa Aesar) with DMEM(-), vigorous agitation after addition of the 

medium allowed to prevent formation of large aggregated alginate powder blocks which are 

difficult to dissolve. Gelatin stock solution was prepared by dissolving 20%w/v Gelatin from 

porcine skin (Sigma Aldrich, G1890) in DMEM (-) medium. 

Standard bioink formulation 

Targeted cell concentration was adjusted by pelleting the appropriate volume of cells at 300g 

(HEK, MDCK, VERO) or 190g (CHO) for 5 min. The pellet was resuspended in the appropriate 

volume of Fibrinogen solution. The proper volumes of Alginate and Gelatin solutions were 

further added to reach a final concentration in the bioink of 2%w/v Fibrinogen, 2%w/v Alginate, 

and 5%w/v Gelatin (Formulation A) or 2%w/v Fibrinogen, 1%w/v Alginate, and 10%w/v Gelatin 

(Formulation B). The cells and the three components of the bioink were mixed and 

homogenised by carefully pipetting with a viscous-liquid pipet. The bioink was then incubated 

for 10 min at 37°C before being poured into a sterile printing syringe. The bioink was then 

incubated for 30 min at 21°C (Formulation A) or at 28°C (Formulation B) before cellularized 

structures 3D bioprinting. 

2.2.2. 3D Bioprinting 

3D modelling of bioprinted structures geometry 

The bioprinted structures were designed by Computer Aided Design (CAD) using 3D 

modelling software TSIM (Advanced Solutions, Inc). The small-scale construct was drawn as 

parallelepipedal geometry of 0.2 cm3 volume of bioink (1x1x0.2 cm), with or without porosity. 

The large-scale constructs geometries were designed with defined trajectories to guide the 3D 

printing process’s path. They were shaped as meshed parallelepipedal volumes to create macro-

porous structures, with a one-layer perimeter to ensure the structure maintain and cohesion. The 

design of large construct geometry and porosity has been the object of multiple optimizations 

that will be further detailed in Chapter 5. 
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Examples of bioprinted constructs’ CAD models are presented in Figure 2.1. 

 

 

Figure 2.1. : Examples of 3D CAD model of bioprinted constructs at (A) small-scale (0.2 cm3)and (B) large-

scale (10.8 cm3) 

 

Bioprinting procedure 

Thanks to a heating syringe holder, bioprinting was performed at 21°C for formulation A, 

corresponding to the ambient thermoregulated atmosphere, or 28°C for formulation B. The 

bioink structures were bioprinted by pneumatic micro-extrusion using a BioAssemblyBot 3D 

printer (Advanced Solutions, Inc). Pneumatic pressures ranging from 20 to 50 psi resulted in 

the formation of a smooth, continuous filament. The printing speed was set at 8 mm/s, and the 

acceleration of the printing nozzle was set at 300 mm/s2. 

Hydrogel consolidation 

The bioprinted constructs were consolidated with solutions of different compositions. All 

solutions contained CaCl2 (C5670-500G, Merck) from 0.026 %w/v to 3 %w/v and 

transglutaminase (TAG) (ACTIVA WM, Ajinomoto) from 0.04 %w/v to 4 %w/v. Some 

solutions were supplemented with 10 U/mL thrombin (Thrombin from bovine plasma, t4648-

10KU, Merck). The solutions were prepared in demineralised water, or DMEM medium 

(equivalent to 0.026 %v/w CaCl2), and sterilized by filtration. The composition of each solution 

used is reported in Table 2.4. The consolidation process was carried out at 37°C, 21°C, or 4°C 
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for 15 min or 60 min (Table 2.4). The cellularized structures were then rinsed twice with 0.9% 

NaCl sterile solution (Versol, PharmaService). 

The complete procedure for bioprinting process is schematically presented in Figure 2.2. 

 

Figure 2.2: Micro-extrusion-based bioprinting protocol for cellularized bioprinted constructs manufacturing 

 

2.2.3. Parameters screened  for bioprinting & DOE Analysis  

A Design Of Experiment (DOE) was realized to study the impact of bioprinting parameters on 

cell growth and metabolism. It includes the bioink formulation and several reticulation and 

micro-extrusion process parameters. The parameters matrix was designed using a fractional 

plan with central points on MODDE13® software (Sartorius). The data extracted from 

proliferation, metabolism and hydrogel properties studies were analyzed on the same software 

with Poly Least Square analysis to establish predictive models and identify optimized 

conditions. The different conditions tested are presented in Table 2.4. The quality of predictive 

PLS model fitting was evaluated on three variables. First, the regression coefficient R2 

represents the variation of the response explained by the model. The second indicator Q2, is the 

predictive ability of the model, also known as model predictive power. It represents the ability 

to generalize to new, unseen data. According to the recommendation of MODDE13® software 

user guide, a Q2 tends to underestimate the model; it should be over 0.1 to have a significant 

model and a Q2 over 0.5 with (R2 - Q2) < 0.3 indicates a good model [543]. The last indicator 

is reproducibility, representing the response variation in replicates of the same condition 

compared to the total response variation. This parameter is expected to be superior to 0.5.  

The different conditions tested are presented in Table 2.4.
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Table 2.4: DOE experiment design (parameters) and their associated growth rate when available. SUPPLEMENTARY 1 from our submitted paper presented in Chapter 4 (no DOI). 

 Bioprinting parameters Crosslinking parameters Proliferation 

Exp number Bioink Formulation Macro-porosity (µm) Filament diameter (µm) Temperature (°C) Time (min) Transglutaminase (%w/v) Thrombine (U/mL) CaCl2 (%w/v) DMEM (%) Growth rate (day-1) 

1 A 400 400 21 60 0.04 0 3.000 0 N.A 

2 A 0 400 37 15 0.04 0 0.030 0 N.A 

3 A 0 200 21 60 4 0 0.030 0 N.A 

4 A 400 200 37 60 0.04 10 0.030 0 N.A 

5 A 400 200 37 15 4 0 3.000 0 N.A 

6 A 0 400 37 60 4 10 3.000 0 N.A 

7 A 0 200 21 15 0.04 10 3.000 0 N.A 

8 A 400 400 21 15 4 10 0.030 0 N.A 

9 A 400 800 37 15 4 10 3.000 0 N.A 

10 A 400 800 37 15 1 10 3.000 0 N.A 

11 A 400 800 37 60 0.40 10 3.000 0 N.A 

12 A 400 800 37 60 4 10 0.026 100 N.A 

13 A 400 800 37 15 1 10 0.026 100 N.A 

14 A 400 800 37 60 0.40 10 0.026 100 N.A 

15 A 0 400 37 60 4 10 1.400 0 -0.01 

16 A 0 400 37 60 0.40 10 1.400 0 0.01 

17 A 0 400 37 60 4 10 0.026 100 0.04 

18 A 0 400 37 60 0.40 10 0.026 100 0.03 

19 A 0 400 37 60 4 10 0.026 0 0.05 

20 A 0 400 37 60 0.40 10 0.026 0 0.05 

21 A 0 400 37 60 0.40 10 1.400 0 0.08 

22 B 0 400 37 60 0.40 10 1.400 0 0.09 

23 A 0 400 21 60 0.40 10 1.400 0 0.13 

24 B 0 400 21 60 0.40 10 1.400 0 0.04 

25 A 0 400 4 60 0.40 10 1.400 0 0.05 

26 B 0 400 4 60 0.40 10 1.400 0 0.11 

27 B 0 800 37 60 0.04 10 0.026 0 N.A 

28 B 0 800 37 15 4 0 3.000 0 0.00 

29 B 0 800 37 60 4 0 0.026 100 0.03 

30 B 0 800 37 15 0.04 10 0.026 100 N.A 

31 B 0 800 37 15 0.04 10 3.000 100 0.11 

32 B 0 800 37 60 4 10 3.000 100 -0.06 

33 B 0 800 37 37.5 2.02 5 1.513 50 0.02 

34 B 0 800 37 60 4 0 0.026 0 0.04 

35 B 0 800 37 15 4 10 0.026 0 0.01 

36 B 0 800 37 15 0.04 0 3.000 0 N.A 

37 B 0 800 37 60 4 0 3.000 100 0.11 

38 B 0 800 4 60 0.77 7.5 2.500 100 0.07 

39 B 0 800 21 37.5 2.02 5 1.513 50 0.11 

40 B 0 800 4 60 0.77 7.5 1.300 10 0.09 

 



119 

 

2.2.4. Monitoring and characterization of cell proliferation in 2D and 3D 

bioprinted cultures 

Standard cultivation protocol of 3D bioprinted constructs was performed in 12-well plates at 

37°C in 5% CO2 incubator within 2 ml of DMEM(+). Culture medium was renewed three times 

a week, every two to three days. Before every medium renewal, old supernatants were 

recovered and stored at -20°C for further analysis of metabolites. 

Evaluation of cell proliferation from 2D cell cultures 

Each cell line was seeded in 12 well plates at a concentration of 0.03 x 106 cell/cm2 with 1 mL 

of DMEM(+) medium per well, resulting in a 0.1 x 106 cell/mL concentration. The cells from 

three wells were trypsinized every day for four days for a discrete assessment of cell number in 

triplicates. Trypsinization and cell counting were performed as described for cell amplification 

in section 2.2.1. 

Cell harvest from bioprinted constructs with hydrogel dissociation: protocol optimization 

Cell proliferation trends were described by cell counting after bioprinted construct dissociation. 

For the first experiments characterizing the cell behavior in 3D of the four cell lines, presented 

in Chapter 4 section 4.2.1., cells were harvested by dissociation with 3% collagenase A  in PBS 

(14190169, Thermofisher scientific). A 3% w/v collagenase A (10103586001, Merck) (4.5 

U/mL) was prepared in PBS 1X (Gibco) solution and warmed at 37°C in a water bath. The 

tissues were rinsed once with 2mL PBS, then weighted before being immersed in the 

collagenase solution (0.5 mL for a 0.2 cm3 tissue). Cellularized structures were then incubated 

at 37°C in a water bath with vigorous agitation every 10 to 20 minutes until complete 

dissociation (~40 min – 1h for a 0.2 cm3 tissue). The tubes were centrifugated, and the cell 

pellets were resuspended in 1mL PBS. Tubes were weighted to estimate the exact suspension 

volume before cell counting on Malassez Hemocytometer with Trypan blue exclusion. For the 

following experiments, presented in Chapter 4 section 4.2.5, the dissociation protocol was 

improved by screening multiple dissociation procedures and selecting the one leading to the 

best cell recovery, reducing hydrogel debris and higher cell viability. Various protocols were 

evaluated in Chapter 3 section 3.1: 

GentleMACS 

The tissues were rinsed once with PBS 1X (Gibco), then weighted before being immersed in 5 

mL PBS in a gentleMACS™ Dissociator tube. The tube was placed in the gentleMACS™ 

Dissociator (Miltenyi Biotec), and the program Lung_02 was used 3 times simultaneously. The 

cell mixture was recovered from the spinning tube which was rinsed twice with 5 mL PBS. The 
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PBS used for rinsing the spinning tube was retrieved in the same tube as the cell mixture. The 

tubes were centrifugated and the cell pellets were resuspended in 1mL PBS, tubes were 

weighted to estimate the exact suspension volume before cell counting. 

Collagenase A 3% in calcium-free DMEM  

A collagénase A 3% w/v solution (4.5 U/mL) was prepared in calcium-free DMEM 

supplemented with 10% FBS. The tissue dissociation process was then carried out as described 

previously in section 2.4.1. 

Collagenase dispase 

A collagenase/dispaseR (COLLDISP-RO Roche) 1mg/mL (Collagenase: 0.1U/mL, Dispase: 

0.8U/mL) in PBS was heated at 37°C in a water bath. The tissues were rinsed once with PBS 

1X (Gibco), then weighted before being immersed in the collagenase/dispase solution (1 mL 

for a 0.2 cm3 tissue) and incubated at 37°C in a water bath with vigorous agitation every 10 to 

20 minutes, during 2h. The tubes were then incubated overnight at 4°C. The tubes were 

centrifugated, and the cell pellets were resuspended in 1mL PBS; tubes were weighted to 

estimate the exact suspension volume before cell counting. 

Human Platelet Lysate (HPL) 

HPL was pre-heated at 37°C in a water bath. The tissues were rinsed once with PBS 1X (Gibco), 

then weighted before being immersed in 1.5 mL of HPL and incubated à 37°C in a water bath 

until complete dissociation. The tubes were centrifugated, and the cell pellets were resuspended 

in 1mL PBS; tubes were weighted to estimate the exact suspension volume before cell counting. 

Pepsin 

A Pepsin solution (Pepsin/HCl cleaning solution, Mettler Toledo, 51350100) was used at pH  

1,82  and with a pH adjusted to 8,5 with NaOH. The tissues were rinsed once with PBS 1X 

(Gibco), then weighted before being immersed in the Pepsin solution (1 mL for a 0.2 cm3 tissue) 

and incubated at 37°C in a water bath with vigorous agitation every 10 to 20 minutes. 

TrypLETM 

TrypLETM Express 1X solution (TrypLE™ Express Enzyme (1X), no phenol red, 12604013, 

GibcoTM) was heated at 37°C in a water bath. The tissues were rinsed once with PBS 1X 

(Gibco), then weighted before being immersed in the TrypLE solution (1 mL for a 0.2 cm3 

tissue) and incubated at 37°C in a water bath with vigorous agitation every 10 to 20 minutes.  

Trypsin-EDTA  
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Trypsin-EDTA 1X (Trypsin: 0.25 g/L, 0.0105mM ; EDTA 4Na 2H2O : 0.038 g/L, 0.09130226 

mM) (GibcoTM, Trypsin-EDTA (0.5%), no phenol red, 15400054) was heated at 37°C in a 

water bath. The tissues were rinsed once with 2mL PBS 1X (Gibco), then weighted before being 

immersed in the trypsin solution (1 mL for a 0.2 cm3 tissue) and incubated at 37°C in a 

waterbath with vigorous agitation every 10 to 20 minutes.  

EDTA 

A EDTA (EthyleneDiamine Tetraacetic Acid, tetrasodium – dihydrate– MW : 416.2 g/mol - 

CALBIOCHEM - 34103) 50 mM solution was prepared by dissolving 0.4162g in 10 mL PBS 

1X (Gibco), pH was then adjusted to 7 with HCl (pH 7.15) and the volume was completed to 

20 mL with PBS. The solution was heated at 37°C in a waterbath. The tissues were rinsed once 

with PBS 1X (Gibco), then weighted before being immersed in the EDTA solution (0.5 mL for 

a 0.2 cm3 tissue) and incubated at 37°C in a waterbath with vigorous agitation every 10 to 20 

minutes.  

Sodium citrate 

Multiple solutions of varying sodium citrate concentration were evaluated for bioprinted 

constructs dissociation. The solutions were prepared with 55mM or 100 mM sodium citrate 

(Sodium citrate monobasic anhydrous – MW: 214.11 g/mol - Sigma – 71497) in deionized 

water or in PBS. 

The sodium citrate  55 mM and 100 mM solutions were prepared by dissolving 0,235g and 

0.428g respectively of sodium citrate, in 10 mL of deionized water or PBS. pH was then 

adjusted to 7 by addition of 2M NaOH, and the volume was completed to 20 mL. The solutions 

were heated at 37°C in a water bath. The tissues were rinsed once with PBS, then weighted 

before being immersed in the sodium citrate solutions (1 mL for a 0.2 cm3 tissue) and incubated 

at 37°C in a water bath with vigorous agitation every 10 to 20 minutes.  

EDTA / sodium citrate 

A solution was prepared by mixing 2 mL EDTA and 2 mL sodium citrate 100 mM solution and 

pre-heated at 37°C. The tissues were rinsed once with PBS, weighed before being immersed in 

1.5 mL of this solution, and incubated à 37°C in a water bath. 

Alginate lyase / EDTA / sodium citrate 

A solution was prepared by mixing 0.5 mL of Alginate lyase (5 U/mL) solution, 0,5 mL EDTA 

and 0.5 mL sodium citrate 100 mM, and pre-heated at 37°C. The tissues were rinsed once with 
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PBS, weighed before being immersed in 1.5 mL of this solution, and incubated à 37°C in a 

water bath. 

Alginate lyase followed by collagenase A 

A solution of Alginate lyase 5 U/mL was prepared by dissolving 0.5 mg/mL of Alginate lyase 

(A1603-100MG, Sigma Aldrich) in PBS 1X (Gibco). A collagenase A (10103586001, Merck) 

3% w/v in PBS 1X (Gibco) solution (4.5 U/mL)  was prepared. Both solutions were heated at 

37°C in a water bath. The tissues were rinsed once with PBS 1X (Gibco), then weighted before 

being immersed in the Alginate lyase solution (0.5 mL for a 0.2 cm3 tissue) and incubated 15 

min at 37°C in a water bath. After 15 min, the tissues were still in one piece but seemed fragile. 

The tubes were then centrifugated to remove de Alginate lyase solution, and the tissue was 

rinsed with 1 mL PBS before being centrifugated again to remove the PBS. The tissue was then 

immersed in the collagenase solution (0.5 mL for a 0.2 cm3 tissue) and incubated at 37°C in a 

water bath until complete dissociation. The tubes were centrifugated, and the cell pellets were 

resuspended in 1mL PBS; tubes were weighted to estimate the exact suspension volume before 

cell counting. 

Alginate lyase / Collagenase A 

A collagenase A (10103586001, Merck) 3% w/v (4.5 U/mL) in PBS 1X (Gibco) solution was 

prepared. A collagenase A / Alginate lyase solution was prepared by dissolving 0.5mg/mL of 

Alginate lyase (A1603-100MG, Sigma Aldrich) in 3% collagenase solution (Alginate lyase 5 

U/mL; Collagenase 4.5 U/mL). The collagenase A / Alginate lyase was heated at 37°C in a 

waterbath. The tissues were rinsed once with PBS 1X (Gibco), then weighted before being 

immersed in the collagenase/alginate lyase solution (0.5 mL for a 0.2 cm3 tissue) and incubated 

at 37°C in a waterbath with vigorous agitation every 10 to 20 minutes, until complete 

dissociation. The tubes were centrifugated and the cell pellets were resuspended in 1mL PBS, 

tubes were weighted to estimate the exact suspension volume before cell counting. 

Sodium citrate followed by Alginate lyase / Collagenase A 

The tissues were rinsed once with PBS 1X (Gibco), then weighted before being immersed in 

1mL of 100mM sodium citrate solution (section 6.9) pre-heated at 37°C, and incubated 15 

minutes at 37°C in a waterbath. The tubes were then centrifugated to remove de sodium citrate 

solution and the tissue was rinsed with 1 mL PBS before being centrifugated again to remove 

the PBS. The tissue was then immersed in 0.5 mL of a solution containing 0.5 mg/mL Alginate 

lyase and 3 %w/v Collagenase A in demineralized water and incubated at 37°C in a waterbath 

until complete dissociation (~35 min). 
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Later, an alternative method allowed the elimination of the first centrifugation step and, thus, 

reduced cell loss and experiment duration. For this protocol, the alginate lyase/Collagenase A 

solution was prepared with the respective concentrations of 1 mg/mL and 6 %w/v (designated 

as “2X” Alginate lyase/collagenase A solution). The weighted tissues were immersed in 100 

mM sodium citrate solution (0.5 mL for a 0.2 cm3 construct) and incubated for 5 min at 37°C. 

Then, an equal volume of alginate lyase/Collagenase A (2X) solution was added, without 

removal of sodium citrate, to reach a final concentration of 50 mM sodium citrate / 0.5 mg/mL 

alginate lyase / 3%w/v Collagenase A. Tubes were further and incubated at 37°C in a water 

bath until complete dissociation (~10-15 min). The tubes were centrifugated and the cell pellets 

were resuspended in 1mL PBS, tubes were weighted to estimate the exact suspension volume 

before cell counting. 

 

Evaluation of cell viability after dissociation 

After dissociation and counting on hemocytometer, the cell suspension was centrifugated and 

the cell pellet was resuspended in FACS Buffer at a minimal concentration of 1 x 106 cell/mL. 

A BD Pharmingen™ FITC Annexin V Apoptosis Detection Kit I (556547, BD Biosciences) 

was used to stain apoptotic and necrotic cells. Apoptosis is a programmed cell death process 

which involves, during its early stage, the translocation of a phospholipid called 

phosphatidylserine (PS) from the intracellular compartment to the outer layer of the plasma 

membrane. Annexin V, a protein specifically binding to PS, can be conjugated with 

fluorochromes such as FITC. It labels Annexin V a highly sensitive probe for flow cytometric 

analysis, enabling the identification of cells undergoing apoptosis. Propidium iodide (PI), a 

fluorescent dye, is employed to stain DNA. PI selectively stains the DNA of cells that have lost 

plasma membrane integrity, such as those in the late stages of apoptosis or necrotic cells. Viable 

or early apoptotic cells, which still possess intact membranes, do not allow the entry of PI. The 

detection of PI fluorescence occurs in the orange range of the spectrum, utilizing a 562-588 nm 

band pass filter. PI is detected with a 562-588 nm band pass filter. 

A volume of  2µL of FITC Annexin and 2µL of PI were added per 0.1 x 106 cells. The tubes 

were homogenized and incubated in the dark for 30 min at 4°C. The cells were then rinsed twice 

with FACS Buffer (centrifugation 1200 rpm, 5 min), resuspended in 300 µL of FACS Buffer 

and analyzed by flow cytometry. The data were analysed with Cyflogic software, which 

allowed the identification of four different populations: live cells (no staining), early apoptotic 

cells (Annexin staining), late apoptotic cells (Annexin and PI staining) and necrotic cells (PI 

staining). 
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Osmolality measurement 

The osmolality of different dissociation and reticulation solutions was measured with 

OsmoTouch 1 Osmometer (Astori Tecnica). This device is designed to assess the cryoscopic 

point variation and determine the osmolality of liquid samples. Freezing point depression 

osmometers use the relationship between the number of moles of solute in a solution and the 

change in freezing point [544]. The approximate number of moles of solute can be determined 

by comparing the freezing point of a solution to that of a pure solvent.  

The device was calibrated by evaluating the osmolarity of several calibration standard solutions, 

namely 100 mOsm/kg (STD2101, Astori Tecnica), 900 mOsm/kg (STD2109, Astori Tecnica), 

2,000 mOsm/kg (STD2120, Astori Tecnica), 2,500 mOsm/kg (STD2125, Astori Tecnica), 

3,000 mOsm/kg (STD2130, Astori Tecnica), and a verification solution of 323 mOsm/kg 

(63225/OSM, Astori Tecnica). The measure of sample osmolality was assessed by filling the 

sample in a plastic tube and placing the tube in the assigned location into the osmometer. The 

measure-head of the osmometer, composed of a thermistor to measure the temperature, was 

plunged into the sample. The program initiated the sample freezing to measure the cryoscopic 

point after supercooling, thanks to a cooling unit composed of a bath with Peltier cells 

controlled by the device’s software. The osmolality is then automatically calculated by the 

OsmoTouch 1 Osmometer. 

 

Determination of cell growth kinetics in 2D and 3D cultures 

Growth curves were obtained by dissociating triplicated constructs every 2 to 3 days (3 times a 

week). The data were used to calculate the cells' global or maximal growth rate along the 

culture. First, the Integral Viable Cell Concentration (IVCC) was calculated with the 

trapezoidal rule method as the area under the curve of the viable cell concentration (cells/mL) 

represented as a function of time (days). The Integral Viable Cell number (IVC) was calculated 

with the same method as the area under the curve of the total viable cell number (cells) 

represented as a function of time (days). IVCC and IVC were calculated with the following 

formulas: 

 

𝐼𝑉𝐶𝐶 = ∫ 𝑋 𝑑𝑡
𝑡

𝑡0

=  ∑
(𝑋𝑖 + 𝑋𝑖+1). (𝑡𝑖+1 − 𝑡𝑖)

2

𝑖=(𝑛−1)

𝑖=0
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𝐼𝑉𝐶 = ∫ 𝑥 𝑑𝑡
𝑡

𝑡0

=  ∑
(𝑥𝑖 +  𝑥𝑖+1). (𝑡𝑖+1 − 𝑡𝑖)

2

𝑖=(𝑛−1)

𝑖=0

 

 

Where, 

𝑛 is the number of points on the growth curve, 

𝑋 is the cell concentration measured per milliliter of hydrogel for 3D cultures or milliliter of 

supernatant for 2D cultures (cell/mL) at a time 𝑡 (days), 

𝑥 is the total cell number (cells) measured in the whole bioprinted construct at a time 𝑡, 

𝑡0 is the starting time of the studied period (days). 

 

During non-exponential growth phases, the growth rate is not constant, it is then possible to 

estimate a global growth rate with the following equation : 

µ =  
∆𝑋

∆𝑡 .  𝑋𝑎𝑣 
=  

𝑋𝑡 − 𝑋0

𝐼𝑉𝐶𝐶
 

Where, 

∆ represents a variation of parameter over the studied period,  

µ is the growth rate (day-1), 𝑋 is the cell concentration measured per milliliter of hydrogel for 

3D cultures or milliliter of supernatant for 2D cultures (cell/mL) at a time 𝑡 (days), 

𝑋0 is the cell concentration (cell/mL) measured at time 𝑡0, 

 𝑋𝑎𝑣 is the average cell concentration during ∆𝑡  (cell/mL),  

𝑡0 is the starting time of the studied period (days). 

 

During exponential growth phase, the growth rate is constant and maximal. It can be calculated 

as the slope of the Napierian logarithm of cell concentration represented as a function of time: 

ln( 𝑋) = 𝑓(𝑡). The maximal growth rate (µ𝑚𝑎𝑥) is thus given by the following equation : 

µ𝑚𝑎𝑥 =  
∆ ln( 𝑋)

∆𝑡 
=  

ln (𝑋𝑡) −  ln (𝑋0)

(𝑡 − 𝑡0)
  

The error on the cell concentration measurement was estimated by calculating the standard 

deviation between triplicate at each point. The mean error is of 64% The error on growth rate 

calculation was calculated by propagation of relative errors: 
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𝛿µ = √(
𝛿 𝑋0

 𝑋0
)

2

+ (
𝛿 𝑋𝑡

 𝑋𝑡
)

2

 . µ  

Where 𝛿 represents the error. 

 

Cell 3D organization 

Cell 3D organization was observed through histology analysis. For histological staining, 

samples were fixed using paraformaldehyde for one night at 4°C. They were then dehydrated 

in a gradient of increasing ethanol concentrations and embedded in paraffin. Samples were cut 

into 5 µm thick sections. Before histological staining, sections were deparaffinized and 

rehydrated by successive incubations in Toluene and ethanol solutions of decreasing 

concentration. 

 Live cells staining 

Calcein green staining (Invitrogen, Thermo Fisher Scientific, C1430) was used to observe the 

live cell network in the 3D structure. The Calcein-AM is a non-fluorescent molecule formed of 

calcein, covalently bond to acetoxymethyl ester (AM) [545]. This molecule can cross the cell 

membrane and enter the cytoplasm. In live cells, esterase enzymes are active and hydrolyse the 

acetoxymethyl ester bond to calcein [545]. The calcein molecule freed from the acetomethyl 

group emits green fluorescence. Detection of green fluorescence from cells incubated in 

calcein-AM is thus indicative of living cells. 

The bioprinted constructs were incubated for 30 minutes at 37°C with 2 μM Calcein AM 

(Invitrogen, Thermo Fisher Scientific, C1430) before being observed under a fluorescence 

microscope (Nikon Eclipse Ts2R). In some experiments, DAPI (4',6-Diamidino-2-

Phenylindole, Dilactate) (D3571, Invitrogen) was used to simultaneously staining dead cells. 

Indeed, DAPI is a DNA intercalant which can cross permeated membranes of dead cells and is 

often used to dye cell nuclei. 

Observation of cell morphology and repartition with histological staining 

For histological staining, samples were rinsed in PBS and fixed using paraformaldehyde 

solution (Antigenfix ; DiaPath ; P0014) overnight at 4°C. They were then rinsed in PBS, 

followed by dehydration in a gradient of increasing ethanol concentrations from 30% to 70% 

and stored at 4°C in 70% ethanol until paraffine embedding. For paraffine embedding, the 

samples were first incubated in 90% ethanol at 35°C followed by successive incubations in two 

100% ethanol baths at 55°C. The samples were then transferred successively to two 
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Methylcyclohexane baths at 55°C. Each incubation lasted for 10-15 min. Then, the samples 

were incubated in paraffine for 28 min at 60°C for paraffine impregnation. It was followed by 

a second incubation in fresh paraffine at 60°C for 5 min in the mould to form the paraffine 

block. Samples were sliced into 5 µm thin sections. For Hematoxylin-Eosin (HE) or DAPI (4',6-

Diamidino-2-Phenylindole, Dilactate; Invitrogen D3571) staining, sections were deparaffinized 

and rehydrated by successive incubation in Toluene followed by decreasing gradients of ethanol 

from 100% to 70% and finally PBS. The Hematoxylin Eosin Fast Quick kit (Diapath 010263) 

was used to stain the sections. The slides were dipped in toning solution and then immersed for 

5 min in Hematoxylin solution. Then, the slides were rinsed with water until wastewater was 

clear and dipped again in toning solution and then in 30% ethanol. Then, the slides were 

immersed for 30 seconds in Eosin. Sections were finally dehydrated in ethanol gradient 

increasing from 70% to 100% and mounted using Bioumount DPX (Biognost BM500). For 

DAPI staining, the slides were deparaffined and rehydrated with the same protocol. The 

sections were then covered with 0.3 µM DAPI solution for 15 min in the dark, rinsed twice with 

PBS and mounted using FluoromountTM (Sigma Aldrich, F4680). Image acquisition was 

performed on light and fluorescent microscope (Nikon Eclipse Ts2R). 

 

Monitoring of cell central carbon metabolism in 2D and 3D cultures 

Spent media were recovered in triplicate three times a week at 2 to 3 days intervals and were 

stored at -20°C. These samples were used to quantify the lactic acid secreted by cell metabolism 

and evaluate glucose consumption. 

The lactic acid concentration was quantified using the L-Lactic Acid Assay from Megazyme 

(L-Lactic Acid (L-Lactate) Assay Kit, K-LATE, Megazyme) for auto-analyzer procedures. The 

assay was performed according to the manufacturer's instructions. Each sample was deposited 

in triplicate in the 96-well plate. The plates were incubated at 25°C in the dark for 10 min before 

measurement of the absorbance at 340 nm with a spectrophotometer (TECAN infinite For 

highly concentrated samples, dilutions were performed in deionized water, and a commercial 

fresh medium was used as a negative control. 

The L-Lactate assay kit principle is based on two enzymatic reactions, as illustrated in Figure 

2.3. In the first reaction, L-lactate is oxidized to pyruvate by the enzymatic action of L-lactate 

dehydrogenase (L-LDH) using NAD+ as a cofactor (equation (1)). However, it should be noted 

that the conversion of lactate to pyruvate is reversible.  To prevent the occurrence of the reverse 

reaction and enable the total conversion of lactate and NAD+ to pyruvate and NADH/H+, a 
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second enzymatic reaction was used to consume the pyruvate produced by the first reaction. 

This reaction involves the conversion of pyruvate (in excess of D-glutamate) to D-alanine and 

2-oxoglutarate, catalyzed by the enzyme D-glutamate-pyruvate transaminase (D-GPT) (2). 

Since the first reaction involves a stoichiometric conversion of lactate and NAD+ to pyruvate 

and NADH/H+, NADH's molar concentration is equal to lactate's initial molar concentration.  

Consequently, the absorbance of NADH can be measured at its maximum absorbance 

wavelength of 340 nm using a spectrophotometer. The absorbance value is directly proportional 

to the concentration of NADH within a specified concentration range of 0 to 0.30 g/L, as 

specified by the manufacturer and validated through measurements obtained from a calibration 

curve with lactate concentrations ranging from 0 to 0.5 g/L. The use of a standard solution of 

known concentration of lactate allows for the determination of the initial lactate concentration 

in the samples. 

 

Figure 2.3: The two enzymatic reactions required for quantification of L-lactic acid. L-LDH: L-lactate 

dehydrogenase ; D-GPT: D-glutamate-pyruvate transaminase. 

 

The glucose concentration was measured by NMR analysis of the culture supernatants. The 

analysis used a Bruker Avance III spectrometer with a 500MHz 1H resonance frequency and a 

BBFO probe. A single pulse sequence was used for the acquisitions. Before the acquisitions, 

the supernatant samples were lyophilized and the dry mass was dissolved in Deuterium Oxide 

(D215F; Eurisotop). Quantifying glucose was possible by adding, as an internal reference, 3-

(Trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt (TMSP) at a concentration of 1,285 g/L 

in the sample. The characteristic pic of TMSP at 0 ppm was used as a reference for glucose 

quantification.  

The discrete production of lactate and consumption of glucose measured in supernatant before 

medium renewal were summed to assess total lactate production and glucose consumption over 

the culture. The error on cumulated productions and consumptions were calculated with the 

propagation of relative errors as previously described for the growth rate. 
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Determination of global cell-specific metabolic kinetics in 2D and 3D cultures 

To further characterize cell metabolism, the average cell-specific lactate production or glucose 

consumption rate, respectively qlact and qgluc, were calculated as the slope of the graph of the 

cumulative metabolite production or uptake (in mmol) as a function of IVC over the whole 

culture. The following equation gives this:  

Mt − M0 = qM ∫ x dt
t

t0

 ↔  qM =
Mt − M0

∫ x dt
t

t0

 

qM =
Mt − M0

IVC
 

 

Where, 

Mt and M0 represent the total production (mmol) of the studied metabolite (lactate or glucose) 

at a time t or t0, respectively,  

qM is the specific production rate of the studied metabolite. In case of molecule consumption 

(substrate), the calculated qM was inferior to zero (consumption = negative production), 

therefore we used the value of (-1) × qM to indicate a positive consumption rate. 

 

The glucose-to-lactate conversion yield (Ylact/gluc) representing the number of moles of lactate 

produced per glucose consumed, was calculated with the following equation: 

Ylact/gluc =  
qlact

qgluc
 

This ratio was indicative of the efficiency of cell metabolism as a Ylact/gluc < 1 indicates an 

oxidative (respiratory) metabolism and Ylact/gluc > 1 is characteristic of a fermentative 

metabolism. 

2.2.5. Hydrogel characterization 

Dynamic Mechanical Analysis (DMA) 

The viscoelastic behavior of consolidated hydrogels were evaluated at days 1 and 10 of culture 

after bioprinting on 0.2cm3 constructs. It was characterized by frequency sweep experiments in 

dynamic mechanical analysis (DMA) in compression mode. These experiments were conducted 

with a rotational rheometer (DHR2, TA Instruments, Guyancourt, France) with a DMA mode 

(torque = 0 N) and a parallel plate geometry (8 mm). Thanks to a Peltier plate, the samples were 

maintained at 37°C during the acquisitions. A preliminary study defined the linear viscoelastic 

domain, corresponding to the displacement range where the material properties are assumed to 

be constant. This domain is determined using oscillatory compression experiments with 
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constant frequency and varying displacement. Then, dynamic compression tests were 

performed with a frequency range of 0.1–10 Hz (i.e. 0.628–62.8 rad/s) at a constant 

displacement within the linear viscoelastic regime. In these dynamic compression tests, bioink 

undergoes a periodical mechanical strain ε of minimal amplitude ε0 amplitude 𝜀0 (< 1%) and 

of angular frequency 𝜔 following the equation (1): 

ε =  ε0 𝑠𝑖𝑛(ωt) Equation (1) 

In the case of the generalized Maxwell model, the storage E′(ω) part of the complex modulus 

is expressed by the equations (2): 

E′(ω) =  E0 [1 + ∑
βαω²τα

²

1 + ω²τα
²

m

α=1

] Equation (2) 

η =  E0 ∑ βατα

m

α=1

 Equation (3) 

where 𝐸0 is Young’s modulus of the isolated spring. The relaxation times, 𝜏𝛼 , and the 

dimensionless reference parameters 𝛽𝛼 stand for the contribution of each branch to the global 

modulus. The overall viscosity  𝜂 can be defined as Equation 3. The time-constant values were 

regularly distributed between the reciprocals of the highest (62.8 rad/s) and the lowest (0.628 

rad/s) angular frequencies of the experimental dynamic modulus. The chosen number of modes 

was sufficiently high to obtain accurate fitting, but not too large to avoid inconsistent results 

(e.g., negative values of 𝛽𝛼). Practically speaking, this led to three-time constants (m = 2), 

regularly spaced on a logarithmic scale between 5 × 10−2 s and 5 × 10−1 s. 

 Identification was achieved by solving the following minimization problem described by 

equation (3): 

fobj(E0, β1 … βm) = ∑ [
(E′i − E′i

mes)²

E′i
mes ]

k

i

 (3) 

where 𝐸′𝑖
𝑚𝑒𝑠 is the storage modulus obtained from the measured data and  𝐸′𝑖 is the one 

computed with viscoelastic parameters. 𝑘 is the number of measurements acquired during the 

frequency sweep compression test. The optimization procedure was performed by using the 

Microsoft Excel Solver (version 2016) with the Generalized Reduced Gradient (GRG) 

nonlinear solving method. 

The measured Young’s Modulus was used to compare the elastic behavior of different hydrogel 

formulations and consolidations.  
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Transmission Electron Microscopy (TEM) 

TEM imaging was performed at the “Centre d'Imagerie Quantitative Lyon-Est” (CIQLE) for 

the ultrastructural study. Before image acquisition, bioprinted constructs were fixed with 2% 

glutaraldehyde (Electron Microscopy Sciences EMS) in PBS at 4°C for 15 min. They were then 

stored at 4°C with 2% glutaraldehyde (EMS) in 0.1 M sodium cacodylate (pH 7.4) for 1 to 7 

days before preparation for TEM imaging. After washing three times in 0.2 M sodium 

cacodylate buffer, printed pieces were post-fixed with 1% aqueous osmium tetroxide (EMS) at 

room temperature for 1 hour. Samples were then dehydrated in an ethanol gradient at room 

temperature and embedded in Epon epoxy resin. After polymerization, ultrathin sections (100 

nm) were cut on a UC7 (Leica) ultramicrotome and collected on 200 mesh grids. Sections were 

stained with uranyl acetate and lead citrate before observations on a Jeol 1400JEM (Tokyo, 

Japan) transmission electron microscope equipped with an Orius 1000 camera and Digital 

Micrograph. TEM images were analyzed on ImageJ for determination of the hydrogel 

microporosity.  

Image analysis 

Image analysis acquired on calcein-stained constructs, DAPI-stained histological slices and 

TEM imaging of the hydrogel microstructure were analyzed on ImageJ software. The images 

were converted to 8-bit binary images. To measure the percent of void (porosity) a threshold 

was set to a binary value of 140-150 (TEM), corresponding to the light zones in the images (see 

Figure 2.4). To estimate the percent of surface occupied by the cells, the threshold was manually 

adjusted for DAPI and calcein, depending on the initial image intensities, and in a range of 24-

32 for calcein images and 40-70 for DAPI images. 

The percent of the surface with binary values over the threshold was measured and estimated 

to correspond to the percent of micro-porosity (TEM) or the percent of surface colonized by the 

cells (calcein/DAPI). The values were used to compare the microstructure of different 

hydrogels or evaluate cell proliferation (calcein) and distribution (DAPI). It is important to note 

that TEM image analysis provides only comparative information about global microporosity. 

Indeed, the quantification of micro-pore's average diameter was not accessible due to the 

irregular porosity shape. Thus, quality of the microporosity, either interconnected channels 

opened to the external environment or to enclosed void spaces in the hydrogel was not 

described. 
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Figure 2.4: Procedure for hydrogel micro-porosity quantification. Example of image analysis on TEM images. 

A.1 and B.1 show the TEM imaging of two different hydrogels microstructures. A.2 and B.2 show the threshold 

setting to evaluate the percent of void surface (in green).SUPPLEMENTARY 4 extracted from our submitted 

paper presented in Chapter 4. 

 

Parameters screened for bioprinting with Design of Experiment (DOE) 

A Design Of Experiment (DOE) was realized to study the impact of bioprinting parameters on 

cell growth and metabolism. It includes the bioink formulation and several reticulation and 

micro-extrusion process parameters. The parameters matrix was designed using a fractional 

plan with central points on MODDE13® software (Sartorius). The data extracted from 

proliferation, metabolism and hydrogel properties studies were analyzed on the same software 

with Poly Least Square analysis to establish predictive models and identify optimized 

conditions. The different conditions tested are presented in Table 2.4. The quality of predictive 

PLS model fitting was evaluated on three variables. First, the regression coefficient R2 

represents the variation of the response explained by the model. The second indicator Q2, is the 

predictive ability of the model, also known as model predictive power. It represents the ability 

to generalize to new, unseen data. According to the recommendation of MODDE13® software 

user guide, a Q2 tends to underestimate the model, it should be over 0.1 to have a significant 

model and a Q2 over 0.5 with (R2 - Q2) < 0.3 indicates a good model [543]. The last indicator 

is reproducibility, representing the response variation in replicates of the same condition 

compared to the total response variation. This parameter is expected to be superior to 0.5.  
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2.3. Scale up and bioreactor culture of bioprinted constructs 

2.3.1. 3D printing of the construct’s culture chamber 

A culture chamber was designed by Computer Assisted Design (CAD) using 3D modelling 

software Autodesk® Fusion 360™ to fit the bioprinted construct geometry. This vessel was 

designed to allow for media flow circulation inside the chamber through connection with 

perfusion tubings. The position of media flow entry and exit were chosen according to flow 

simulations that will be presented in the next paragraph section.  

The vessel was printed in acrylate-based material (VeroClear® ; Stratasys) using the Object 30 

Pro inkjet printer (Stratasys). As part of the printing procedure, the material was 

photopolymerized by exposition to UV. Support and un-polymerized material were removed 

by scraping, rinsing with high-pressured water and overnight washing in by immersion in 70% 

ethanol bath or 0.2M NaOH according to the manufacturer’s recommendations. After 

washning, the printed chamber was rinsed in demineralized water.  

The design and washing procedure of the 3D printed chamber have evolved along the duration 

of this Ph.D and the different geometries and procedures will be detailed in Chapter 5. 

2.3.2. Liquid flow simulations with Computational Fluid Dynamic (CFD) 

Fluid dynamic simulations were performed by the « Laboratoire Réactions et Génie des 

Procédés » (LRGP _ Pr. Eric Olmos) using ANSYS Fluent solver. Generated data was treated 

with CFD Post software (ANSYS Inc., version 16.1). Fluid properties were assimilated to those 

of water at 37 °C (density ρ = 993 kg.m−3 and dynamic viscosity μ = 6.92 ×10−4 Pa.s−1). The 

simulations were performed for a parallelepipedal construct of 2x2x2.7 cm size with 12x12 

square-shaped pores of 1.2 mm side. CFD was used to identify homogenous and heterogenous 

flow path conditions according to the location of fluid entry and exit on the culture chamber.  

 

2.3.3. Measurement of fluid residence time in the culture chamber 

Residence time was determined according to Dirac method. It was measured in the 3D printed 

culture chamber containing an acellular 3D printed hydrogel structure. The hydrogel structure 

geometry was that of a parallelepipedal construct of 2x2x2.7 cm size with 12x12 square-shaped 

pores of 1.2 mm side. The culture chamber containing the tissue was continuously perfused 

with demineralized water. Just after exiting the chamber, water was recovered in a becker. The 

fluid contained in the becker was drained at the same flow rate than water perfusion to keep a 

constant volume (20 mL) and maintained homogenous by magnetic agitation. A conductivity 

probe was immersed in the liquid contained in the becker. A standard range of NaCl solutions 
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at concentrations of 0.0 ; 0.10 ; 0.15 and 0.20 M NaCl was measured with the conductivity 

probe to generate a standard curve.  

 At a time t0, a solution of 0.2 M NaCl was injected at the entry of the chamber while 

maintaining continuous perfusion with deionized water. At the same time, a timer was started 

to record the elapsed time. Evolution of conductivity was continuously measured in the flow 

exiting the chamber until the conductivity reached a peak and then decreased and stabilized 

back at 0 mS/cm. The residence time (Rt) was calculated with the following equation: 

𝑅𝑡 =  
∫ 𝐶(𝑡) . 𝑡 𝑑𝑡

∫ 𝐶(𝑡) 𝑑𝑡
 

Where C(t) represents the concentration of NaCl measured at a time t. The integrals were 

calculated as the area under the curve of C(t) as a function of time and (C(t).t) as a fonction of 

time with the trapezoidal rule presented previously.  

Multiple flow rates and entry/exit location were evaluated. 

The setup used for the experiment is presented in Figure 2.5. 

 

Figure 2.5: Schematic representation of the setup used for residence time determination in 3D printed 

culture chamber. 

 

2.3.4. Measurement of pressure drop in the culture chamber outlet pipe 

Two diameters of tubing were used for the outlet flow of the perfused culture chamber. The 

regular pressure drop, ∆𝑃 (𝑃𝑎), was calculated for 1 meter of tubing with Hagen-Poiseuille 

equation: 

∆𝑃 =  
128 𝜂. 𝐿. 𝑄

𝜋 𝐷4
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Where, 

𝜂 is the dynamic viscosity of the fluid (Pa.s) 

𝐿 is the pipe length (m) 

𝑄 is the injection flow rate (m3/s)  

𝐷 is the tubing diameter (m) 

The equation of Hagen-Poiseuille is applicable only for laminar flows which can be 

characterized by calculating the Reynolds number (Re) as follows: 

𝑅𝑒 =  
𝜌. 𝑣. 𝐷

𝜂
 

where 𝜌 is the fluid density (kg/m3), and 𝑣 is the mean velocity of flow (m/s).  

In our case, we used tubing with diameters 𝐷 = 2 and 4 mm and maximal flow rate of 10 

mL/min. Hence, the average velocity were respectively 𝑣 = 5.30 and 1.32 mm/s. The fluid 

density and dynamic viscosity were considered equal to those of water with 𝜌 = 1000 kg/m3, 

𝜂 =  0.89 mPa.s.  

In these conditions, the Reynolds number was always inferior to 120 and 60 respectively which 

testifies of a laminar flow.  

Hence, the equation Hagen-Poiseuille was applied to calculate the pressure drops in our 

experiments for diameters 2 and 4 mm and a maximal flow rate of 10 ml/min of media. 

 

2.3.5. Bioreactor systems and settings  

In-house customed system 

The first developed bioreactor setup was performed using a customed Cytosys controller 

(Ipratech, Belgium) to control and regulate culture parameters (pH, dO2, temperature). The 

controller comprised three peristaltic pumps, a gas injecting port connected to air, CO2 and 

nitrogen feedings. The control systemalso included connecting ports for a heating jacket, a 

stirrer motor as well as dissolved oxygen (dO2), pH and temperature probes. A DASbox® 

250mL tank (Eppendorf, Hambourg, Allemagne) was used as culture medium container and 

culture parameters were monitored inside the tank using a temperature probe (DASGIP 

DASbox Platinum RTD Temperature Sensor ; Eppendorf) and probes for online assessment of 

pH (EasyFermPlus PHI K8 120 ; 238633-1513 ; Hamilton Company) and dO2 (OxyFermFDA 

120 ; 237450 ; Hamilton Company). 

 Temperature of the medium was maintained at 37°C with a heating jacket. Injections of air and 

nitrogen were used to regulate the dissolved oxygen concentration. An injection of gaseous CO2 
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or NaOH 0.2M solution were used as pH actuators. The pH probe was calibrated using a 2 

points calibration with pH 4 and pH 7 buffer solutions.  

The secretion of lactic acid in the culture medium was monitored by daily sampling of culture 

supernatant and subsequent lactate quantification with enzymatic assay kit (K-LATE, 

Megazyme) as described in section 2.2.4. A complementary method was developed for online-

monitoring of metabolites with a Rxn2 Raman analyser (Kaiser) and a Raman spectroscopy 

probe (Rxn-40 ; Kaiser) placed in the DASbox® tank. 

The bioreactor culture system composed of the DASbox®, probes and tubing, as well as the 

printed perfused vessel were sterilized by autoclaving 20 min at 121°C. 

The culture medium was sterile-introduced in the DASbox®  one day before the start of the 

bioreactor culture and dO2 probe calibration was performed in the media regulated at 37°C, by 

overnight injection of air until reaching saturation.  

HEK and CHO cells were used to bioprinting large constructs up to 10.8 cm3 cultivated in 

bioreactors (see Figure 2.1). The bioink preparation and bioprinting processes were conducted 

according to the procedures described in sections 2.2.1 and 2.2.2. Tu reduce the total duration 

of the process, the diameter of the printing needle was increased from 400µm to 800µm.  

After consolidation, the bioprinted cellular construct was introduced in the culture vessel under 

laminar flow. The vessel was sterile-closed and connected to the perfusion tubing for media 

circulation. A peristaltic pump of the controller was used to create the perfusion flow by 

pumping the regulated media from the DASbox® through the bioprinted tissue at 10mL/min. 

 

Transfer to commercial Ambr®250 system 

The previously developed setup was transferred to a the commercial Ambr®250 HT 

demonstration unit kindly provided by Sartorius. The single-use Ambr®250 vessel was used as 

container for culture medium and allowed pH, dO2 and temperature regulation.  

The culture steps and settings were executed through the Ambr® Runtime control software, 

thanks to a program scripted with the Ambr® Definition software.  

The 3D printed culture chamber and tubing were sterilized by autoclaving 20 min at 121°C. 

The Ambr®250 pumps were sterilized with a 6% hydrogen peroxide (H2O2) solution (516813-

500ML, Merck), according to manufacturer recommendations and following the Cleaning in 

place (CIP) and Sanitization in place (SIP) procedures.  Bioreactors were filled with production 

medium (PM) the day before inoculation. Temperature and Dissolved oxygen (DO) regulations 
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were started shortly after bioreactor filling and pH regulation was started the day of inoculation. 

In this system, pure O2 gasing was used instead of air gasing to improve the dO2 regulation. 

This bioreactor setup was used to study bioprinted CHO cell cultures and production of 

monoclonal antibodies (mAb). A CHO suspension culture was used as reference for comparison 

of cell proliferation and mAb production with the bioprinted cultures. 

The adaptation of the bioreactor setup and regulation settings for the culture of large bioprinted 

construct has been the object of numerous optimizations that will be presented in detail in 

Chapter 5. 

 

Reference suspension bioreactor culture 

A reference bioreactor run was performed with CHO cells grown in suspension fed-batch mode, 

in Ambr®250 system. The cells were amplified in suspension cultures as described in section 

2.1.3, and inoculated in the stirred tank at a concentration of 0.3 x 106 cell/mL. Prior to 

bioreactor inoculation, the system was sterilized and prepared as previously described by 

following the Cleaning in place (CIP) and Sanitization in place (SIP) procedures and filling the 

stirred tank with production medium (PM) the day before inoculation. The start of temperature, 

dissolved oxygen (dO2) and pH regulations were carried out as previously described for 

bioprinted constructs cultures. Here also, O2 gasing was used instead of air gasing to improve 

the dO2 regulation. 

 

2.3.6. Magnetic Resonance Imaging (MRI) macrostructural analysis 

At the end of the culture, the cellularized structure was fixated by incubation in Antigenfix 

(DiaPath, P0014) overnight at 4°C. The construct was then rinsed and kept in ethanol 70% 

before MRI analysis to study the 3D macrostructure of the construct. 

The MRI protocol was performed utilizing a seven Tesla Bruker BioSpec MR system (Bruker 

Biospin GbmH, Germany) equipped with a 400 mT/m maximal amplitude gradient set. The 

system was controlled using a Bruker workstation connected to ParaVision5.1 software for data 

acquisition and post-processing. In order to obtain in vitro MR images, a transmit-receive radio-

frequency body coil with an outer diameter of 112 mm and an inner diameter of 72 mm was 

utilized. 

The sample was then positioned inside the transmit-receive body coil, which was placed at the 

center of the 7T MRI system. For the acquisition of high-resolution 3D MR images of the 
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printed bio-tissue, a tridimensional T2-weighted MR sequence based on the Rapid Acquisition 

with Relaxation Enhanced (RARE) method was employed in the transversal orientation. The 

acquisition parameters were as follows: Echo Time (TE) of 35.8 ms, Repetition Time (TR) of 

600 ms, bandwidth of 75 kHz, RARE accelerator factor of 8, and a number of averages of 2. A 

total of 256 slices with a slice thickness of 273 µm were acquired within a 3.50 x 3.50 x 3.50 

cm3 field of view. The in-plane matrix size was 256 x 256 x 128, which was interpolated to 

256 x 256 x 256 pixels, resulting in a final in-plane isotropic resolution of 137 x 137 x 137µm. 

The total acquisition time for this process was 1 hour, 1 minute, and 26 seconds. 

A 3D image of the structure was modelled from the DICOM files using 3DSlicer software. 

2.3.7. Detection of IgG retained in hydrogel 

Monoclonal antibody quantification in supernatent 

Quantification of IgG1 production in CHO cell cultures was performed by ELISA assay. A dark 

96 plate (C8 LOCKWELL FLUORO BLACK MAXISORP, 446471, Thermo Scientific) was 

coated with a 100µg/mL protein A (RPA-100 (Ultra pure r Protein A, RC7278, RepliGen) in 

0.1M carbonate buffer pH 9 solution (potassium carbonate, PROLABO, 26 726.297), overnight 

at 4°C. The plate was then rinsed 3 times with PBS and saturated for 1h with 3% BSA (Sigma 

Aldrich, A2153 – 10g) in PBS referred to as “PBSA” solution at 37°C. After saturation of the 

support, the plate was rinsed as previously described, then diluted samples and standard range 

were deposited in the wells. The standard range was prepared by successive dilutions of a 7.21 

g/L human IgG1 stock solution in PBSA to achieve a concentration range between 0 to 1000 

ng/mL. The plate was incubated with the samples for 2h at 37°C. Then the plate was rinsed 

again and incubated 2h at 37°C with secondary antibody solution prepared by 1/105 dilution in 

PBSA of Alkaline phosphatase conjugated affiniPure Goat Anti Human IgG (Jackson 

Immunoresearch, 109-055-003). After rinsing of the plate, the chemoluminescent substrate 

solution (11685627001, Sigma Aldrich) diluted at a 1% v/v in  0.1 M Tris-HCl, 0.1 M NaCl, 

pH 9.5 buffer was added in each well and incubated 10 min in the dark. Luminescence was 

measured with a Berthold whith 10s exposure per well. 

This method was cross-validated by quantifying the IgG1 of a sample set with HPLC (Dionex 

UltiMate 3000 HPLC system; Thermo Scientific) on a Yarra 3 μm SEC 3000 column 

(Phenomenex). The HPLC assessment of mAb concentration was kindly performed by Moritz 

Speckenbach from Sartorius Stedim Biotech Gmbh (Goettingen, Germany). 

Detection of IgG retained in the hydrogel 
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Immunohistochemistry was used on CHO bioprinted construct histological slices to observe the 

presence of IgG retained in the hydrogel. The slices were deparaffined and rehydrated as 

previously described. Then sample unmasking was performed by incubating the slides for 30 

min à 37°C in 800 U/mL Hyaluronidase in PBS solution, in a humid chamber to avoid sample 

drying. The slides were then rinsed 3 times for 5 min in PBS and saturated with 5%w/v BSA 

solution (BSA standard fraction V, Euromedex 04-100-812-C) for 1h at RT to bloc unspecific 

affinity sites. Finally, a FITC-conjugated secondary antibody solution at a 1/100 dilution was 

deposited on the slides to cover the sample slides. The samples were incubated with the 

secondary antibody for 2h at 37°C in a humid chamber. Then, the slides were rinsed 3 times in 

deionized water and mounted using FluoromountTM (Sigma Aldrich, F4680). Imaging was 

performed with a fluorescent microscope (Nikon Eclipse Ts2R). 

Then hydrogels were dissociated after the 14 days of culture with the optimized dissociation 

protocol described in section 2.2.4 with Sodium citrate 100mM followed by 0.5 mg/mL 

Alginate lyase – 3% Collagenase A. After complete dissociation of the hydrogel, the solution 

was centrifuged to remove the cells. We analyzed the recovered supernatant, including the 

enzymatic cocktail from the dissociation solution and dissolved hydrogel, for mAb 

quantification using the ELISA assay described in above. 

 

2.4. In situ cell transfection & transgene expression 

2.4.1. Production and extraction of plasmids extraction and validation 

To easily evaluate the feasibility of in situ transfection inside the bioprinted construct, we 

decided to used fluorescent marker genes. Two plasmids were evaluated in this study, the first 

one pEGFP-C1 encoded for the enhanced Green Fluorescent Protein (eGFP or GFP) while the 

second encoded for the mCherry (red fluorescent) protein (pEGFP-C1 or pmCherry-C1 – 4.7 

kpb). Both plasmids presented the SV40 promoter (see Figure 2.6). Plasmids stock preparation 

were performed by replicating and extracting the plasmids from producing E.coli strains. 

Bacteria were cultured overnight (15 to 24h) in a Luria Broth medium (Sigma – L3022-1KG). 

Bacteria were recovered by centrifugation 15 min at 3220 g. Plasmids were extracted using the 

Qiagen Plasmid Maxi Kit (10) ref : 12162) and  resuspended in sterile deionized water and 

stored at -20°C prior use. Plasmid concentration and purity were determined by absorbance 

measurements at 230, 260 and 280 nm with a Nanodrop (Thermofischer Scientific, USA).  

When looking at the ratio of absorbances measured at 260 nm and 280 nm (A260/A280), a 

value of 1.8 or more is considered to indicate the absence of RNA contamination in the sample. 
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The A260/A230 ratio is used to evaluate the presence of other contaminants such as proteins. 

It is usually comprised in a range of 2.0 – 2.2 and values under 2.0 may indicate the presence 

of a contaminant. For all the plasmid extractions performed in this work, the A260/A280 and 

A260/A230 were always over 1.8 and 2.2 respectively which confirmed that the extracted 

plasmids had high purity. 

Then the plasmids were linearized by digestion with a restriction enzyme (BamHI) and 

migrated by electrophoresis on an agar gel with a DNA ladder as molecular-weight size marker 

(1 kb Plus DNA Ladder, BioLabs Inc.). A loading dye was used for visual tracking of DNA 

migration during electrophoresis. The migration was conducted by application of an electric 

field with maximal intensity and power. A 50V tension was applied for 10 min followed by 

100V for 50 min. The gel was then recoverer, immersed in Ethidium bromide (DNA intercalant) 

for 20 min and rinsed 3 times with demineralized water and DNA was revealed under UV 

exposure. The reveled gels only presented one line at the 4.7 kb location (see Figure 2.6) 

confirming the correct size of both plasmids and the absence of RNA or DNA contaminants.  
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Figure 2.6: Plasmids maps and qualification. Genes mapping of (A) the plasmid pEGFP-C1, image extracted 

and adapted from “Addgene.org” (plasmid discontinued from provider) and (B) the plasmid pmCherry-C1, image 

extracted and adapted from provider website “Takarabio.com”. (C) DNA revelation with BET after 

electrophoresis on agar gel with: (A) the DNA ladder (molecular weight marker from 0.1 to 10 kb), (B) the sample 

from pEGFP-C1 extraction and (C) is the sample from pmCherry-C1 extraction 

 

       

 

  
 

 
 

 
      

 

 

   

   
 

   

              

          

   

 



142 

 

 

2.4.2. Verification of plasmids integrity 

Plasmids were digested with restriction enzyme BamHI, and deposited on a gel of 

polyacrylamide. A molecular weight ladder was used as to determine the size of the plasmids. 

They were migrated by electrophoresis by application of an electric field with maximal intensity 

and power. A 50V tension was applied for 10 min followed by 100V for 50 min. The gel was 

then recoverer, immersed in Ethidium bromide (DNA intercalant) for 20 min and rinsed 3 times 

with demineralized water and DNA was revealed under UV exposure. 

2.4.3. Synthesis of cationized gelatin  

Cationic gelatin (CG) was synthesized based on literature protocols [546,547]. Cationic gelatin 

(CG) was prepared by dissolving gelatin (Sigma Aldrich – G1890-500G) in a pH 5.8 phosphate 

buffer at a concentration of 40 g/L. After complete dissolution at 37°C, diaminohexane (Fluka 

– 33000) was added for a final concentration of 1.16 M. After complete dissolution, the pH was 

adjusted to pH 5 by addition of highly concentrated HCl (37%). After pH adjustment, EDC 

(Ethyl-3-(3-dimethylaminopropyl) Carbodiimide) (Sigma Aldrich – E7750) was added to the 

solution to a final concentration of 0.116 M. The reaction is presented in Figure 2.7. 

The vessel was then covered with plastic film to avoid evaporation and the solution vas 

incubated 18h to 24h at room temperature with agitation. The solution was then placed in 

dialysis pouches with extrusion size 500 –1000 Dalton (Interchim – Float-A-lyser – G235063) 

and dialysed 48h at room temperature against deionized water. The dialysate was then 

recovered, lyophilized during 72h and the lyophilized powder was stocked at -80°C. Stock 

solution of cationized gelatin for bioink formulation was prepared by dissolving 20%w/v of the 

lyophilized powder in DMEM (-) medium. 

The theorical recovered mass of synthesized product was calculated based on the standard 

gelatin the “Product information sheet” (Gelatin Type A, G1890, Sigma). According to the 

manufacturer, the gelatin type A possesses an average number of free carboxylic groups of 78-

80 mmol/100g of gelatin. If ideally, every free carboxylic group were grafted and bond with 

different diaminohexane molecules, then the recovered cationic gelatin mass should be 

calculated as follow: 

𝑚𝐶𝐺_𝑡ℎ = 𝑚𝐺_𝑖𝑛𝑖𝑡 +  
𝑚𝐺_𝑖𝑛𝑖𝑡 ∗ 𝑛𝑓𝑟𝑒𝑒 𝑐𝑎𝑟𝑏 ∗ 𝑀𝑊𝐷𝐻

100 ∗ 1000
  

Where, 

 𝑚𝐶𝐺_𝑡ℎ is the theoretical maximal recovery mass of cationized gelatin (CG) in grams, 
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 𝑚𝐺_𝑖𝑛𝑖𝑡 is the mass of standard gelatin used for the synthesis , 

 𝑛𝑓𝑟𝑒𝑒 𝑐𝑎𝑟𝑏 is the average number of free carboxylic groups for 100g of gelatin  

𝑀𝑊𝐷𝐻 is the molecular weight of 1,6-diaminohexane (116.21 g/mol). 

 

Figure 2.7: Chemical reaction of 1,6-diaminohexane grafting to gelatin and alginate molecules. EDC: 1-Ethyl-

3-(3-dimethylaminopropyl)carbodiimide. The molecules were generated on ChemDraw online: 

https://chemdrawdirect.perkinelmer.cloud/js/sample/index.html  

 

 

2.4.4. Synthesis of cationized alginate 

Cationic alginate (CA) was synthesized based on a literature protocol [548]. Alginate powder 

(Alfa Aesar - A18565) was dissolved at a concentration of 10 g/L in a 2-[N-Morpholino] 

ethanesulfonic acid (MES) 0.1M and NaCl à 0.5M (pH 4.5) buffer. EDC (Ethyl-3-(3-

dimethylaminopropyl) Carbodiimide) (Sigma Aldrich – E7750) was added to the solution for a 

final concentration of 50 g/L. Diaminohexane (Fluka – 33000) was then added for a final 

concentration of 30 g/L. The reaction is presented in Figure 2.7. 

The preparation vessel is covered to avoid evaporation and the solution was incubated 2h at 

room temperature under agitation. The solution was then placed in dialysis bags with exclusion 

size 3500 –5000 Dalton (Interchim – Float-A-lyser – G235065) and dialysed 24h at room 

temperature with deionized water. The dialysate was then recovered, lyophilized during 72h 

and the lyophilized powder was stocked at -80°C. Stock solution of cationized alginate (CA) 

for bioink formulation was prepared by dissolving 4%w/v of the lyophilized powder in DMEM 

(-) medium. 

The theorical recovered mass of synthesized product was calculated based on the knowledge 

that one monomer of standard alginate possesses one free carboxylic group and the average 

molecular weight of an alginate monomer is ~ 176 g/mol. If hypothesing that every monomer 
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provides a carboxylic group that each bind with a different diaminohexane molecule, the 

maximal expected product mass should be calculated with the following equation: 

𝑚𝐶𝐴_𝑡ℎ = 𝑚𝐴_𝑖𝑛𝑖𝑡 +  
𝑚𝐴_𝑖𝑛𝑖𝑡 ∗ 𝑀𝑊𝐷𝐻

𝑀𝑊𝐴
 

Where, 

 𝑚𝐶𝐴_𝑡ℎ is the theoretical maximal recovery mass of cationized alginate in grams, 

𝑚𝐴_𝑖𝑛𝑖𝑡 is the mass of standard alginate used for the synthesis,  

𝑀𝑊𝐴 is the average molecular weight of an alginate monomer (~176 g/mol), 

𝑀𝑊𝐷𝐻 is the molecular weight of 1,6-diaminohexane (116.21 g/mol). 

 

2.4.5. NMR characterization of synthesized cationic materials 

Cationized materials were analyzed by proton Nuclear Magnetic Resonance (H-NMR) to 

evaluate the success of diaminohexane grafting on the gelatin and alginate molecules. Before 

the acquisitions, at least 50 mg of the lyophilised samples were dissolved in 800µL of 

Deuterium Oxide (D215F; Eurisotop) and incubated overnight at 4°C before being placed in an 

NMR tube. Standard gelatin and alginate, pure 1,6-diaminohexane, pure EDC and MES buffer 

powder (used for CA synthesis only) were prepared in D2O and were used as reference spectra. 

The acquisitions were performed with a Bruker Avance III spectrometer with a 500MHz 1H 

resonance frequency and a BBFO probe. Single pulse sequence was used for the acquisitions.  

 

2.4.6. Characterization of cationized gelatin rheology and imprimability 

The rheology of bioink prepared with cationic gelatin based on formulation A ratios was 

characterized with a stress controlled rotational rheometer (DHR2, TA Instruments, 

Guyancourt, France) and a 25 mm parallel plate. The samples were maintained at 21°C during 

the acquisitions thanks to a Peltier plate, this temperature corresponds to the printing conditions. 

The rheology of bioink prepared with cationic gelatin was compared with the one of standard 

bioink. The yield stress of the biomaterial was measurement with a logarithmic flow sweep 

procedure with shear stress range from 1.0 x 10-3 s-1 to 100 s-1 and then decrease from 100 s-1 

to 1.0x10-3 s-1. The evolution of viscosity and shear stress were observed on the acquired 

rheograms. The yield stress and rate index were calculated with the the constitutive equation of 

the Herschel-Bulkley model after the yield stress was reached: 

𝜏 = 𝜏0 + 𝑘𝛾̇𝑛   𝑖𝑓  𝜏 ≥ 𝜏0 
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Where, 

𝜏 represents the shear stress, 

𝜏0 is the yield stress, 

𝑘 is the consistency index (Pa.sn) 

𝛾̇ is the shear rate (s-1), 

𝑛 is the flow index. 

The yield stress defines the solid part of the fluid and the flow index its capacity of shear-

thinning when flowing. 

2.4.7. Evaluation of cationized gelatin potential as transfecting agent in 2D 

HEK cells were seeded in 24 well plates at a cell density of 30 000 cells/cm2 one day prior to 

transfection. A volume of 1 mL DMEM(+) per well was used for cell culture. To prepare the 

transfection complexes, 500 µL of cationized gelatin liquified at 37°C were mixed with 7.2 µL 

of a 1.4 µg/µL pEGFP-C1 plasmids stock solution to reach a concentration of 20 µg/mL of 

plasmids in cationic gelatin (CG). The mix was vortexed to homogenize the formulation and 

incubated for 30 min at 37°C in a waterbath. A 100µL of this mix was then added to the 1 mL 

of culture supernatant in each culture well. Plates were placed in an incubator at 37°C for cell 

culture. Comparative conditions were prepared according to the same protocol except the 

cationized gelatin was replaced by standard gelatin (SG) or DMEM(-) medium (without gelatin) 

to mix with the plasmids. Negative controls were prepared with standard and cationized gelatin 

without plasmid addition. A standard PEI transfection protocol was used as positive control. 

For this, 473 µL of DMEM(-) were mixed with 20 µL of 1mg/mL  Polyethylenimine (PEI) 

solution (Polyethylenimine, Linear, MW 25000, Transfection Grade, 23966-1, Polysciences 

Inc.) and 7.2 µL of 1.4 µg/µL plasmid solution to reach a final 20µg/mL concentration. The 

mix then processed through the same steps previously described. The composition of the 

different mixes is summarized in Table 2.5. Cell transfection was assessed by fluorescence 

microscope observations 3 days after addition of the complexes in supernatant. The efficiency 

of transfection was estimated by image analysis with ImageJ software by measuring the fraction 

of green fluorescent surface area on total area. 
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Table 2.5: Detailled composition of the different mixes added to the culture supernatents to evaluate and 

compare the efficiency of CG to act as transfecting agent. Conditions 1, 2 and 3 are the tested mixes whose 

transfection efficiencies were compared. Positive refers to the positive control and Negative 1 and 2 are two 

negative controls for cell transfection. CG refers to Cationic Gelatin and SG to Standard Gelatin. 

 
CG solution 

(µL) 

SG solution 

(µL) 

DMEM(-) 

(µL) 

PEI 

solution 

(µL) 

Plasmid final 

concentration 

(µg/mL) 

Condition 1 500 0 0 0 20 

Condition 2 0 500 0 0 20 

Condition 3 0 0 500 0 20 

Negative 1 500 0 0 0 0 

Negative 2 0 500 0 0 0 

Positive 0 0 473 20 20 

 

 

2.4.8. Standard bioink formulation with naked plasmids 

Plasmids were added to the gelatin 20% solution and incubated either overnight or 10 min, at 

37°C before the preparation of the cellularized biomaterial. The concentration of the plasmid 

in the gelatin stock solution was adjusted to obtain the desired final concentration in the 

formulated bioink. Then, the bioink was prepared as previously described in section 2.2.2. 

2.4.9. Bioink formulation with additives and transforming agents 

Transfection reagents are molecules that are enhancing the potential of nucleic acids (DNA or 

RNA) to penetrate in the targeted cells. As an example, the plasmids were complexed with two 

commercial transfection reagent (PEI or Lipofectamine 3000) according to the supplier 

recommendations. PEI (Polysciences Inc - 23966-1)-DNA complexes were prepared by mixing 

DNA with PEI at w/w ratios 2:1 (PEI [µg] : plasmid [µg]) in  DMEM(-) medium. 

Lipofectamine3000 (InvitroGen - L3000-001) - DNA complexes were prepared by mixing 

DNA with Lipofectamin and P3000 at w/v ratios 1:1:1 (Lipofectamine [µL] : P3000 [µL] : 

plasmid [µg]) in serum-free DMEM(-) medium. For the in situ transfection experiments, bioink 

formulation A was chosen. The complexed plasmids were added to the gelatin 20% solution 

and incubated either overnight or 10 min, at 37°C before the preparation of the cellularized 

biomaterial. The plasmid concentration within gelatin was adjusted according to the final 

concentration expected in the formulated biomaterial where gelatin solution represents 25%v/v 

of bioink volume.  
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2.4.10. Bioink formulation with cationic biomaterial components 

For the in situ transfection experiments with cationized components, bioink formulation A was 

chosen and adapted by replacing standard gelatin by its cationic equivalent.  

Cationized gelatin-based bioink was prepared by adding plasmids at concentrations ranging 

from 40 µg/mL to 80 µg/mL in the cationic gelatin to reach final concentrations from 10µg/mL 

to 20 µg/mL in the biomaterial where gelatin solution represents 25%v/v of bioink volume. 

Plasmids were added to the cationic gelatin 20%w/v solution and incubated 30 min, at 37°C 

before the preparation of the bioink. Negative controls were prepared with standard biomaterial 

formulation and cationic biomaterial, both prepared without addition of plasmids. A 

comparative condition was also prepared with standard bioink containing naked plasmid (see 

below 2.2.1). Transfection efficiency was further monitored by fluorescence microscopy 

observations or dissociation of the tissues and flow cytometry on the recovered cells. 

2.4.11. Evaluation of nucleic acid stability within the biomaterial 

DNA stability was evaluated thanks to labelling with nucleic acid intercalating dye, DAPI, 

which is fluorescent at 450-490nm. the plasmids solution (1.5 µg/µL) was mixed and incubated 

with a 11 mM DAPI solution or a 2.5 mM Sytox orange solution at a 1 : 1 volume ratio. This 

step aimed to fluorescently label the plasmids with intercalant reagents. The mixture was then 

added in the hydrogel at a 1 : 1 volume ratio corresponding to a 0.375 µg/µL plasmid 

concentration in bioink. Biomaterial was then consolidated according to several protocols listed 

in section that will be detailed in Chapter 7. DNA fluorescence was monitored over 15 days by 

fluorescent microscopy, to confirm its stability within the biomaterial. 

 

2.4.12. DNA dosage in bioink and supernatants  

In order to quantify the remaining plasmids in the bioink or released in the supernatent, a 

protocol was developed utilizing the Qubit® dsDNA BR Assay Kit. This kit employs a 

fluorescent dye specifically designed to stain double-stranded DNA. The Qubit fluorometer 

automatically detects and quantifies fluorescence within a DNA concentration range of 0.2 

ng/μL to 2000 ng/μL. To confirm the linearity in the range of our measurements, a standard 

curve was prepared using 12 points ranging from 0.001 µg/mL to 200 µg/mL of plasmids in 

dH2O. To assess the stability of DNA in the bioink, plasmids were introduced into the bioink 

at a concentration of 4µg/mL. The constructs were then consolidated for 1 hour using a solution 

of 3% CaCl2, 4% transglutaminase and 10 U/mL Thrombin. Subsequently they were cultured 

for 7 days at a temperature of 37°C. Then, the constructs were dissociated in a 3% solution of 
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Collagenase A. The resulting dissociation supernatant was collected for DNA quantification. 

Additionally, the culture supernatant obtained on day 5 was also collected to measure the 

released plasmids. Controls were established using dissociated hydrogel without plasmids, non-

consolidated bioink with either 0 or 4µg/mL plasmids (dissolved 1/5 in PBS), and a 3% 

Collagenase A solution with either 0 or 10 µg/mL plasmids. 

 

2.4.13. in situ Transfection 

Bioinks were prepared as previously described. Multiple conditions were tested where plasmids 

were added directly to standard bioinks as naked plasmids or were complexed to transfectin 

agents PEI or Lipofectamine 3000 prior to mixing with the bioink components. Naked plasmids 

were also added to cationic bioinks prepared with cationized gelatin. Each time, 300 µL of 

bioink was deposited with a pipet into 24 well plates or 200 µL in 48 well plates to create a thin 

layer of hydrogel (< 2 mm) on the bottom of the plates. Reticulation solution was added on top 

of the hydrogels and left 5 min at room temperature before a 55 min incubation at 37°C. The 

molded constructs were then rinsed 3 times with 0.9% NaCl solution. The cultures were 

performed in an incubator at 37°C with DMEM(+) medium. 

The transfection of cells was monitored by regular fluorescent microscopy observations. 
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CHAPTER 3. DEVELOPMENT OF ANALYTICAL TOOLS TO 

STUDY SMALL-SCALE 3D CULTURES 

 

In the last 10 years, the rising interest in tissue engineering has led to fast advances in 3D cell 

cultures and bioprinting. Such advancements have been achieved by incorporating technologies 

and methodologies from various disciplines to overcome existing barriers. Nonetheless, 

important challenges continue to hinder the development of these fields. One obstacle is the 

lack of appropriate analytical tools for precise cell study within 3D structures. While numerous 

analytical tools are available for characterizing cell cultures in standard modes, such as 2D 

monolayer culture and cell suspensions, most of these techniques are not directly applicable to 

3D cell culture.  

A major barrier in this project was the precise quantification of cell proliferation within 3D 

bioprinted constructs. To address this issue, work was made to adapt existing standard 

analytical tools for traditional cell culture modes or tissue biopsy analysis, making them 

applicable to 3D cell cultures. 

3.1. Hydrogel dissociation and cell counting 

The cells are directly recovered and quantified from supernatant samples in standard suspension 

cultures. In 2D cultures, adherent cells are detached from the anchorage surface by actions of 

proteases, mainly Trysin, or mechanical scaping. However, cell recovery from the 3D 

bioprinted cultures is more complex as the cells are encapsulated inside the hydrogel matrix. 

The standard cell recovery techniques could not be directly used in such case. Therefore, in 3D 

bioprinted constructs, direct cell quantification could only be performed after dissociation of 

the hydrogel. Thus, the cell extraction protocols from hydrogels or extracellular matrix had to 

be developed concomitantly to the cell growth evaluation presented in Chapter 4, Figure 4.1. 

This work is presented here as a preliminary work but was integrated as Supplementary Table 

S1 & S2 of the Publication presented in Chapter 4. 

The initial dissociation protocol used for this study is from my previous work on 3D bioprinted 

dermis dissociation I developed during my master's internship. This work has been published 

in the publication and patented [203,549].  

The protocol was carried out on hydrogel constructs prepared with Formulation A (2% 

Fibrinogen, 2% Alginate and 5% Gelatin) and consolidated with 3%w/v CaCl2, 4%w/v 

transglutaminase and 10 U/mL Thrombin. The protocol consisted of a first 5 min incubation in 
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trypsin to detach the cells from the matrix. Then, construct rinsing and a follow-up incubation 

in 3% Collagenase A solution was used to hydrolyze the gelatin of the hydrogel. The procedure 

lasted 3 to 4 hours and resulted in incomplete hydrogel dissociation. The presence of hydrogel 

debris from 10 to 100 µm-scale was observed (see Figure 3.1). Additionally, even if almost 

100% of the cells could be recovered, the viability was very low (22%). The viability loss was 

associated with both a sensitivity of HEK cells to trypsin and the duration of the dissolution 

process, leading to cell exposure to deprived nutrient conditions.  

Therefore, dissociation protocol optimization was engaged to reduce its duration and increase 

its overall efficiency. Protocol efficiency was evaluated on cell recovery, viability, and hydrogel 

complete dissolution. The chosen dissociation protocols were screened among enzymatic, 

chemical, or mechanical procedures. The mechanical dissociation was performed with a 

gentleMACS equipment. For the enzymatic dissociations, we screened Collagenase A, 

Collagenase/Dispase, Trypsin, TrypLE, Alginate lyase, Pepsin and Human Platelet Lysate 

(HPL) while chemical processes included EDTA, Sodium citrate. Each was chosen for its 

ability to degrade one of the hydrogel matrix's compounds or to detach the cells from the matrix.   

Thus, Collagenase can degrade collagen fibres, while Dispase is a protease that cleaves 

fibronectin and collagen IV [550]. Pepsin is also a protease and can solubilize a wide range of 

proteins, including collagen [551]. Trypsin, TrypLE, a Trypsin-like protease [552], and EDTA 

are used to degrade cell-anchorage and cell-cell tight-junctions’ proteins such as integrins or 

cadherins [553,554]. In fact, Trypsin is an endopeptidase able to hydrolyze peptide bonds 

enzymatically, EDTA is a chemical with a similar effect and is often used as a Trypsin 

substitute. Alginate lyase hydrolyzes the Alginate polymers by cleaving the beta-1,4 glycosidic 

bond between two adjacent sugar residues via a beta-elimination mechanism [555,556]. Sodium 

citrate and EDTA are chelating agents able to recover the calcium ions involved in electrostatic 

bonds, which alginate disrupts the alginate molecules network [317,557]. Human Platelet 

Lysate can supplement culture media as a substitute for FBS with a Good-Manufacturing 

Practice grade (GMP) [558]. It contains Matrix Metalloproteinases (MMP) 2 and 9 (gelatinase) 

[559] which are enzymes able to degrade the compounds of extracellular matrix, especially 

gelatin [560] . The results of the dissociation protocols are presented in Table 3.1.   
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Table 3.1: Dissociation protocols screened for their effect on cell recovery, viability and gel dissolution level. 

Cell concentration hydrogel loading was standardized to 1 x 106 cells/mL. Protocol dissociation screening were 

tested right after their preparation and consolidation. Cell number and viability were determined by counting the 

recovered cells on Malassez slide with Trypan Blue exclusion method.   

 

First, the protocols based on actions of solely Trypsin, TrypLE, EDTA and Pepsin did not 

permit the dissociation of the hydrogel as expected. Consequently, the cells could not be 

recovered. On the contrary, the protocols using sodium citrate solution either as a single 

component or combined with EDTA and Alginate lyase solutions allowed to weaken the 

hydrogel. It resulted in the fractionation of the construct in large pieces over the mm size. Yet, 

even after over 3h of incubation at 37°C, the construct did not dissociate further. 

The mechanical gel dissociation with tissue dissociator gentleMACS, allowed for the breaking 

of the hydrogel into small pieces of the mm size or smaller debris. Yet, the cells could not be 

efficiently recovered with a yield below 5% and 100% cell death.  

Finally, all the protocols demonstrating cell recovery and hydrogel dissociation over 50% 

contained Collagenase A. It demonstrates the importance of degrading the crosslinked gelatin 

from the hydrogel. The collagenase concentration was also proved to be of importance. Indeed, 

the Collagenase/Dispase solution displayed lower efficiency for hydrogel dissociation than the 

other collagenase-based protocols. It is mainly due to the lesser collagenase concentration and 

subsequent activity of 0.1 U/mL compared to 4.5 U/mL in the other collagenase solutions. Such 

incomplete dissociation was observed in protocols run with only collagenase or collagenase-
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Dispase digestion resulting in numerous 10 to 100 µm-scale hydrogel debris as shown in Figure 

3.1. 

 

Figure 3.1: Comparison of dissociation protocols’ efficiency. Cell solution recovered after trypsinization (2D 

control) or dissociation of hydrogel constructs with two different protocols. Protocol run with Collagenase only 

(2nd image) resulted in the presence of hydrogel debris visible as darker blue pieces in the picture. 

 

Total cell recovery was estimated to be 100%, even though some cells were still encapsulated 

in the hydrogel debris. This is probably because hydrogel debris is stained by Trypan blue, and 

those in the 10 to 20 µm range are very difficult to distinguish from dead cells. Therefore, some 

debris may be counted as dead cells, resulting in an inexact estimation of total cell density.  

Among the protocols allowing hydrogel dissolution, several sequences were screened to reach 

the highest recovery. Collagenase/Alginate lyase solution resulted in poor 30% cell recovery 

with 34% viability despite an efficient hydrogel dissociation. However, incubation in an 

Alginate lyase solution and subsequent incubation in a Collagenase A solution led to 2.5-fold 

higher recovery (74% with 45% viability). Similarly, a preliminary incubation in sodium citrate 

solution before the incubation in Collagenase/Alginate lyase led to an even improved cell 

recovery, up to 85%, while reaching ~35% viability. Again, this last condition resulted in the 

complete hydrogel dissociation.  
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Consequently, the two best protocols for cell extraction from the 3D bioprinted matrix were : 

A- A 15 min incubation in Alginate lyase (5U/mL) solution followed by incubation in 

Collagenase A 3% solution until complete hydrogel dissociation (30min to 1h) 

B- A 5 min incubation in 55 mM sodium citrate solution followed by incubation in an 

Alginate lyase (5U/mL) / Collagenase A 3% solution prepared in PBS until complete 

dissociation (~ 30min). 

The two selected protocols were estimated to result in similar yields with a 90-100% 

dissociation of the hydrogel, 74-85% cell recovery, and 35-45% viability (see Table 3.1). 

Both protocols target the two main structural compounds of the hydrogel, alginate and 

gelatin. This allowed us to reduce the total dissociation process from 3 - 4h to less than 1h.  

 

Protocol B was chosen among the two for subsequent experiments. Indeed, it allowed a 100% 

dissociation of the hydrogel, which is advantageous for cell counting as it reduces the risk of 

mistaking and counting hydrogel debris for dead cells. 

In the bioproduction field, there is a notable interest in two aspects: the recovery of live cells as 

the end product and the conduction of cell characterization studies throughout the cultivation 

process. Consequently, obtaining a pure cell solution free from any hydrogel remnants is 

advantageous when analyzing cells using sophisticated techniques such as flow cytometry 

assays. This capability facilitates the examination of samples through flow cytometry without 

any hindrance caused by the buildup of hydrogel debris within the capillaries, thereby 

improving the overall effectiveness of the analysis. 

To go deeper into the description of the effect of dissociation protocols, and verify if it would 

be possible to recover live cells as a final product, the collected cells were analyzed in cytometry 

to evaluate the ratio of viable, apoptotic and necrotic cells after dissociation. The cells were 

stained with Annexin V-FITC and Propidium Iodide (PI), markers for apoptosis onset and 

necrosis, as described in Chapter 2. 

The results showed that over 90% of the cells were apoptotic, with more than 50% in early 

apoptosis and 40% in late apoptosis (See Figure 3.2). Only 5.5 % of cells were viable, and less 

than 2% were necrotic. 
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Figure 3.2: Analysis of cell viability, apoptosis, necrosis after dissociation with protocol B 

Hence, we were able to reduce the protocol duration, but it was not sufficient to reach high cell 

viability. Among the two protocols with the highest viabilities (protocols 1 & 2 presented 

above), the viability was lower in the protocol using the sodium citrate phosphate buffer (55mM 

sodium citrate in PBS). It is known that the physiological osmolality is comprised in a range of 

280 – 330 mOsm/kg. Therefore, we decided to evaluate the osmolality of different sodium 

citrate solutions presented in Table 3.2.  
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Table 3.2: pH and osmolality of dissociation solutions. Orange values indicate hyper-osmotic or hypotonic conditions (extracted from Supplementary 3 from our submitted research 

paper presented in Chapter 4) 

Solution preparation   

Solvent Sodium citrate (mM) Alginate lyase (mg/mL) pH adjustment to ~7 with NaOH 
final 

pH 
Osmolality (mOsmol/kg) 

H2O 25 0 Yes 6.86 79 

H2O 55 0 Yes 6.72 172 

H2O 100 0 Yes 6.4 309 

PBS 25 0 Yes 7.28 346 

PBS 55 0 Yes 7.37 423 

PBS 100 0 Yes 7.42 533 

0.9% NaCl 25 0 Yes 7.58 351 

0.9% NaCl 55 0 Yes 7.53 430 

0.9% NaCl 100 0 Yes 7.43 539 

H2O 55 0.5 Yes 6.73 211 

H2O 100 0.5 Yes 6.67 327 
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The results showed that the 55 mM sodium citrate solution prepared in PBS was slightly hyper-

osmotic (423 mOsm/kg), which could explain the high cell apoptosis. It has been reported that 

renal cells could survive hyper-osmolality up to 500 mOsmol/kg but would become apoptotic 

and die over this value [561]. Hypotonic solutions (< 280mOsmol) can also promote cell 

apoptosis [562,563]. In our case, it consists of all the solutions prepared in H2O with citrate 

concentration below 100mM. Still, the solutions with osmolality in the physiological range (iso-

osmolality) were 100 mM sodium citrate in dH2O and 25 mM sodium citrate in PBS or 0.9% 

NaCl solution. All sodium citrate solutions had their pH adjusted and comprised in a range of 

6.4 - 7.6.  

The solution adjusted to a 100 mM sodium citrate in dH2O was chosen for the optimized 

dissociation protocol. 

It is essential to emphasize that the number of cells lost during dissociation remains uncertain. 

This evaluation is not straightforward and requires a calibrated reference method for accuracy. 

As a result, the osmolality of the solution may not be the sole factor influencing cell viability. 

Additionally, the impact of shear stress during the homogenization of cells in the bioink, 

bioprinting, and the consolidation of hydrogel on cell viability is also undetermined and 

challenging to assess. Both of these factors could potentially affect the viability of cells 

recovered immediately after dissociation on day zero. Indeed, it is a complex task to determine 

whether the dead cells observed after dissociation were already nonviable within the construct 

or if they perished during the dissociation process. 

3.2. Cell quantification on histological slides 

Another parameter of interest when qualifying a cellularized structure is the overall cell density 

within the construct and the cell repartition in 3D. This parameter was evaluated thanks to 

standard histology analysis transposed to our cellularized bioprinted structure. Thus, samples 

were first dehydrated and paraffin-embedded. They were then sliced into a 5 µm thick sections. 

Then, after paraffin removal, cell nuclei were stained with DAPI. It allowed to describe the cell 

density by counting the number of nuclei from DAPI-stained histological sections with particle 

analysis on ImageJ. This procedure allowed to determine the repartition of cells over one slice 

of the samples.  

It would thus be necessary to slice the integrality of the object to describe and quantify the 

overall cells on the histological section with a realistic representation of the whole construct. In 

the case of the largest object bioprinted obtained in this project (10.8 cm3 construct), and 

considering the dehydration shrinkage factor of ~ 50% during histological treatment, it would 
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be necessary to slice 200 sections. Such protocols represent tremendous work and still result in 

a single sample point. 

To still estimate the cell density in the samples, we applied a hypothesis for its calculation. 

First, the slice is representative of the overall volume of the sample. Calculation can use the cell 

nuclei mean as representative of the reconstituted volume. Hence, to estimate the cell density, 

the surface occupied by the hydrogel was calculated in each picture by surface analysis in 

ImageJ and divided by the shrinkage factor of 0.5 to convert the measured surface to its original 

dimension.  

Second, HEK cells diameter and nuclei diameter are over 5µm as shown in Figure 3.3. Indeed, 

image analysis on multiple HEK cells images acquired from Transmission Electron Microscopy 

showed an average cell diameter of 13.5 ± 2.0 µm and an average nucleus diameter of 9.4 ± 0.9 

µm (n=5).   

Two different cell quantifications methods were applied, in the first method (Method 1), the 

number of nuclei counted on histological slices were considered to be representative of 

constructs sections of 5µm, corresponding to the thickness of the histological section. However, 

considering that HEK cells diameter is 13µm, the number of cells per image from 5µm section 

will overestimate the cell density as one cell nuclei can be counted in two or more different 

sections and the cell will occupy a larger volume than that observed on the section. Thus, we 

also used a second method (Method 2), in which we estimated the cell count measured on 

histological sections to be representative of a 13 µm thick section, corresponding to the diameter 

of an HEK cell.  The second method had the advantage to reduce the risk of overestimating the 

cell density. The cell density calculated from these methods were compared to results obtained 

with dissociation as shown in Figure 3.4. 



158 

 

 

Figure 3.3: Images of HEK cells in bioprinted hydrogels acquired by Transmission Electon Microscopy. 

Comparison between, estimated cell density from nuclein counting and  construct dissociation 

was significantly different. Cell concentration measured after dissociation were very low 

compared to the concentration estimated by image analysis (see Figure 3.4). This ascertainment 

proves that all the analytical methods available or developed to assess cell concentration in 3D 

cultures have bias and have limited precision. Cell loss is expected concerning construct 

dissociation due to exposure to several steps and straingent dissolution condition. While nuclei 

counting from construct slices represents only a very local cell concentration and is 

heterogeneous on the whole construct.  

 

Figure 3.4: Cell density measure in the same construct with three different protocols : Method 1 is based on 

image analysis (particle counting) of DAPI-stained nuclei on histological slides estimated to represent a 5µm thick 

      

     

         

      

      

       

         

      



159 

 

section, Method 2 used the same process and evaluated the image to be representative of a 13 µm thick section, 

finally, dissociation was used to assess cell number by direct counting after cell recovery. 

 

3.3. Analysis of cell growth thanks to calcein and spheroid sizes 

 

All of the previous analytical methods presented and developed for monitoring cell proliferation 

in bioprinted construct are destructive. With this in mind, our objective was to establish a non-

destructive procedure for continuously assessing cell viability and proliferation over a 20-day 

culture period. We employed the calcein staining technique described in Chapter 2 to label live 

cells within the bioprinted constructs. Using fluorescent microscopy to observe calcein-stained 

cells, we identified the formation of cell aggregates, referred to as "spheroids," in HEK and 

MDCK cultures. In contrast, CHO and Vero cells did not exhibit noticeable large aggregates 

visible through calcein staining. Image analysis using ImageJ software allowed us to track the 

size of spheroids formed by HEK and MDCK cells. 

 

When comparing the changes in spheroid diameters with the alterations in cell density measured 

through dissociation, we observed a similar trend in MDCK cell cultures. However, in the case 

of HEK cell cultures, no apparent similarity was evident, as depicted in Figure 3.5. 

Consequently, microscopic imaging of MDCK cell cultures for spheroid size analysis could 

serve as an additional method for monitoring cell proliferation. Nevertheless, it's worth noting 

that after approximately 13 days, the cells began to spread out in layers, and spheroids were no 

longer visible. Therefore, this method is most suitable for tracking cell proliferation during the 

initial days of culture. Additionally, it's important to acknowledge that this analytical method 

may not apply to all cell lines due to variations in their proliferative behavior. While spheroid 

measurements can offer qualitative insights into MDCK cell proliferation, they do not precisely 

quantify cell numbers. 
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Figure 3.5: Non-destructive monitoring of cell proliferation with calcein staining (A) Example of cell viability 

monitoring with fluorescent microscopy of calcein-stained cell lines (scale bar is 400 µm). (B) shows the growth 

behavior of HEK (B.1) and MDCK (C.1) cells forming spheroids (scale bars are 200 µm), and (C) presents the 

evolution of average measured spheroids diameters and cell density of HEK (B.2) and MDCK (C.2) cells. 

3.4. Cell  metabolic activity as an indicator of cell proliferation  

Lactate is a waste by-product of cell metabolism. It is mainly produced in anaerobic conditions 

but fast-growing cell lines are known to release high lactate levels even in the presence of 

oxygen [135,136,142]. We selected lactate as a non-destructive indicator of cell proliferation. 

By monitoring cell metabolic activity through lactate measurement, we observed a direct 

correlation between lactate production and the state of cell proliferation. 

During the initial 3 to 15 days of culture, the bioprinted cell line underwent a lag phase with a 

low proliferation rate. This phase corresponded to a constant, linear evolution of lactate 
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production, indicating a steady production rate. As the cells entered a more rapid proliferative 

phase, an acceleration in lactate production became evident. This transition is illustrated in 

Figure 3.6 by changes in the lactate production slope, as indicated by red arrows. Notably, this 

shift coincided with the onset of faster growth for all kidney cell lines (HEK, MDCK, Vero). 

Conversely, CHO cells exhibited an accelerated lactate production five days before the 

initiation of rapid cell proliferation. In all cases, faster cell proliferation was linked to an 

increased lactate production rate compared to the lag phase. Consequently, lactate was selected 

as the preferred non-invasive technique for monitoring cell proliferative status. 

However, while the evolution of lactate concentration offers insights into cell proliferation and 

identifying the end of the lag phase, it does not provide a quantitative analysis of cell density. 

Furthermore, aside from the cell proliferation rate, other environmental factors can influence 

cell metabolism. Additionally, certain cell lines, like CHO cells, are known to have the 

capability to consume lactate in suspension cultures in cases of substrate depletion. 

Therefore, although the lactate assay is a valuable non-invasive tool for assessing cell 

proliferation, it is crucial to recognize that other variables may influence it. As a result, it should 

be used as a supplementary tool alongside dissociation or image analysis of cell constructs 

rather than as the sole analytical method. Nonetheless, it offers a straightforward way of 

comparing cell behavior under different culture conditions. 
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Figure 3.6: Comparative evolution of cell density and lactate production. Trends are presented for the four cell 

lines over 20 days of culture in bioprinted constructs. Cell density is represented by a dark blue curve and lactate 

production by a light blue dot line.  The red arrows indicate a change in lactate production rate identified by a 

slope change.  

3.5. Conclusion 

In summary, this chapter introduced a range of analytical tools developed and utilized in this 

project to examine cell behavior within 3D bioprinted constructs. The comprehensive 

quantification of cells throughout the entire construct volume was exclusively feasible through 

cell dissociation. We established an optimized protocol to reduce sample processing time and 

maintain physiological osmolality. However, accurately assessing the total cell loss during the 

dissociation process and distinguishing between cells that perished during dissociation and 

those that were already nonviable and trapped within the hydrogel posed challenges in precisely 

determining cell density and viability within the constructs. Furthermore, despite efforts to 

improve the viability of recovered cells, a significant mortality rate persisted, with as few as 

5% of cells remaining viable, while over 50% were in early apoptosis, and the remainder were 

in late apoptosis or necrosis. Therefore, combining dissociation with other analytical techniques 

such as image analysis of histological slides and live cell imaging and monitoring lactate 

production is advantageous. Although each method has its limitations, cross-validating the 
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results obtained from these diverse techniques enables the confirmation of cell proliferation 

trends. Lastly, non-destructive methods like the lactate assay from supernatant samples can be 

scaled up for larger-scale bioreactor cultures without culture interruption. 
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CHAPTER 4. DESCRIPTION OF BIOPRODUCTION CELL 

LINES’ BEHAVIOR IN 3D BIOPRINTED CULTURES 

The project's initial phase aimed to confirm the capability of four mammalian bioproduction 

cell lines to survive and proliferate within 3D bioprinted structures. Each cell line was  seeded 

in a bioink comprising Fibrinogen, Alginate, and Gelatin and further bioprinted. Cell survival 

was continually monitored during the culture by staining live cells with calcein and conducting 

microscopic observations. Additionally, the constructs were dissociated three times a week to 

assess cell proliferation. The outcomes revealed that all mammalian cell lines survived and 

exhibited significant proliferation within the bioprinted constructs, sustaining growth over a 20-

day culture period. These results and further investigations into the physiological characteristics 

of these cells within bioprinted constructs have been the subject of a research article recently 

submitted to the journal Biofabrication. 

The Material and Methods section of the article was incorporated into Chapter 2 of this thesis. 

The thesis's respective "Abbreviations" and "References" sections included abbreviations and 

references from this scientific article. The numbering of figures was adjusted to adhere to the 

thesis format guidelines, and supplementary data were integrated as figures within the article 

and the manuscript.  
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ABSTRACT 

Three-dimensional cell culture is a powerful tool for medical and research applications to 

recapitulate in vivo-like environments. In the last decade, bioprinting technologies have gained 

increasing interest in generating homogenous or complex 3D cell cultures. However, even 

though researchers have already reported physiological changes occurring in 3D cultures, the 

precise proliferative and metabolic modifications and the parameters impacting cell physiology 

are not yet fully understood. In this work, we aim to provide a better understanding of the 

growth and metabolic changes occurring in 3D bioprinted constructs. The proliferation and 

central carbon metabolism of four mammalian cell lines (HEK, MDCK, Vero, CHO) were 

characterized in 3D bioprinted cultures. Then, a Design Of Experiment (DOE) was used to 

screen multiple factors associated to bioprinting parameters and hydrogel properties, and 

evaluate their effect on cell physiology. We demonstrated that immortalized bioproduction cell 

lines could recover some characteristics from their original tissues when cultivated in 3D 

bioprinted constructs. These cells showed reduced growth rates, increased metabolic activity 

and specific 3D organization. Multiple parameters affecting cell metabolism and proliferation 

in 3D bioprinted constructs were identified.  

 

KEYWORDS 

Bioprinting, bioproduction, 3D culture, metabolism, design of experiment 
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4.1. Introduction 

 

Biopharmaceutical manufacturing from animal cell lines has been widely used and developed 

since the late '80s [13,564]. It allows the production of macromolecules with correct post-

translational modifications and good productivity at large scale [565]. These animal cells have 

been selected and adapted to maximize bioproduction yields for decades. They are essentially 

immortalized, highly selected or mutated, and present non-physiological behaviors [80,146]. 

Their growth, death and metabolic kinetics were extensively described with precise Flux 

Balance Analysis (FBA) [139,566–569]vast databases now do exist that describe their 

biological kinetics. This deep understanding of the production cell line behaviors was 

mandatory to optimize biopharmaceutical production processes. 

To answer the growing demand for therapeutics and vaccines [99,177,570], bioproduction 

using cell lines had also to be intensified. One such strategy was to densify the cultures to reach 

higher cell concentrations, thus increasing final product titers. These densification strategies 

consisted of increasing adhesion support specific surfaces. Nowadays, adherent cells are mainly 

cultured on microcarriers or in fixed-bed reactors to enable scale-up in industrial-scale 

bioreactors. These strategies, where proliferation capacities are limited to adhesion surface 

availabilities, strongly impede very large-scale culture, limiting bioproduction volumes to a 

maximum of 6000 L [571].  

To cope with this issue, broad interest has been given in recent decades to suspension cell lines, 

which often reach higher cell densities than adherent cultures [572]. These suspension cell lines, 

which originated from adherent cells, were progressively adapted to suspension culture by clone 

selection in unfavorable conditions for adhesion [573]. However, these cell lines' successive 

selections and adaptations to non-physiological and intensified cultures have caused their 

significant deviation from original in-vivo characteristics [98]. It is now clearly shown in several 

productions that increasing cell density has decreased their secreting capacity and cell-specific 

productivity of recombinant protein or viral products [574–577].  

Our hypothesis is that growing production cells adherently but in a 3D environment could 

alleviate the current limitations observed for production capacity. Indeed, a few studies have 

confirmed the growth capacity of different production cells in 3D conditions [224–227], even 

reporting high cell concentrations and viability [226], and interestingly, in some cases, also 

substantially increased productivity of recombinant protein or viral products [240–

242,578,579]. 
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This study investigates the growth capacity and physiology of four well-known qualified 

production cells, HEK, MDCK, CHO and Vero cells, in a novel 3D bioproduction environment. 

Cell lines were selected among the most used in the biopharmaceutical field. As example, CHO 

cells are the leading cell platform for monoclonal antibody production (89% of approved 

mammalian-cell-based products are from CHO cells [2]). In contrast, the HEK cell platform is 

extensively used to produce recombinant proteins and viral vectors [78]. We aim to pave the 

way for novel bioproduction processes by describing the amplification phase for potential 

bioproduction in 3D hydrogel support. We chose to use hydrogel 3D bioprinting, which is a 

central tool for 3D biofabrication since the last decade [580]. Part of the success of bioprinting 

comes from the ability to allow for homogenous cell distribution [581], complex and controlled 

three-dimensional architectures [202] and scalable and reproducible manufacturing [581]. 

In the present study, the behavior of the 4 production cells was first scrutinized to evaluate their 

proliferative and metabolic kinetics and their 3D distribution and organization in 3D bioprinted 

hydrogels. In the second step, we intended to identify the biofabrication parameters which could 

affect these cells’ proliferative kinetics. 

4.2. Results and discussion 

We aim to study the growth and physiological behavior of production cell lines cultivated in 

3D environments compared to 2D cultures. The selected 3D environment was a biocompatible 

and proliferative biomaterial, structured in 3D enabled through bioprinting. It allows the cells 

to grow in adherence inside a volume. The selected hydrogel is a proprietary bioink formulation 

composed of 2%w/v Fibrinogen, 2%w/v Alginate, and 5%w/v Gelatin [279,280]. Small-scale 

(10×10×2 mm) bioprinted cellularized structures were used. The hydrogel was seeded with 1.0 

x 106 cells/mL of hydrogel. After biofabrication, the constructs were consolidated for 1h at 

37°C in a solution of 3%w/v CaCl2, 4%w/v transglutaminase, and 10 U/mL of thrombin. The 

constructs were then grown in a serum-containing culture medium for 20 days of culture, with 

medium refreshment 3 times a week.  

4.2.1. Growth proliferation profiles of production cells in 3D hydrogel 

First, over 20 days of culture, discrete live cell staining demonstrated the ability of all 

production cells to survive and proliferate within the 3D hydrogel structures (Chapter 3, Figure 

3.5). Then, their growth capabilities were evaluated in 3D by cell counting, which was enabled 

by an optimized hydrogel dissociation protocol, allowing us to recover up to ~85 % of the cells 

seeded in the hydrogel (Chapter 3, Table 3.1). We thus monitored the growth profile and 
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estimate the maximal specific growth rates in 3D constructs for each cell type. Subsequently, 

the observed behaviors were compared to the ones in 2D culture. 

In the 3D environment, we observed unconventional growth profiles with no exponential 

growth phase. In contrast, 2D culture present exponential growth as soon as the second culture 

day for all cell lines (Figure 4.1). In 3D, the four cell lines showed a long lag phase of at least 

6 days followed by a linear growth phase. However, even after 20 days, no growth phase arrest 

was observed in any of the cell cultures. Regarding proliferation rate, the specific growth rate 

(µ) was decreased by 2 to 9-fold in 3D cultures compared to 2D cultures for every cell line 

studied (Figure 4.1_C). Each cell line profile will be further discussed separately. 

CHO cells 

Only one growth phase was identified in CHO cell cultures, starting after a 17-days lag phase. 

The lag phase was characterised with a growth rate close to zero and cell density maintained 

under 1.0 x 106 cell/mL. Later, during the linear growth phase, µ was 0.29 day-1 and the highest 

cell density reached 2.7 x 106 cell/mL of hydrogel. The growth rate during this proliferative 

phase was decreased more than 3-fold compared to growth rate measured in 2D and reference 

growth rate reported for such cells [193] (see Figure 4.1_C & Table 4.1). 

HEK cells 

HEK 3D cultures presented two linear growth phases after a lag phase of 8 days. During the lag 

phase, the cell density was maintained at ~0.3 x 106 cells/mL of hydrogel. The two linear growth 

phases, starting at 8 and 15 days, respectively, were characterised by growth rates at least 2 

times lower than observed in 2D and compared to the growth rate reported for HEK cells in 

literature [88] (see Figure 4.1_C & Table 4.1). The first growth rate lasted for 5 days and was 

followed by a light decrease in cell density from 0.7 to 0.3 x 106 cell/mL. The second growth 

phase was maintained for 5 days until culture arrest. The highest cell density was achieved in 

HEK bioprinted cultures after 20 days of culture was 5.0 x106 cell/mL of hydrogel, 

corresponding to 0.5 x106 cell/mL of media. 

MDCK cells 

MDCK cells presented similar profiles to HEK with a lag phase lasting only 6 days, followed 

by two growth phases (Figure 4.1_ B). The cell density was maintained under 0.3 x 106 cells/mL 

of hydrogel during the lag phase. A maximal growth rate of 0.33 day-1 was reached during the 

first growth phase, while a higher cell density of ~ 2.0 x 106 cell/mL of bioink was achieved 

during the second growth phase. This growth rate represents a 3-fold decrease compared to 2D 

conditions and growth rates reported in the literature for adherent MDCK cells [582]. 
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FIGURE 4.1: Proliferation and Metabolic profiles for 3D bioprinted cell line. Growth curve (dark blue line) 

and specific rate of glucose consumption (orange bar) and lactate production (grey bar) of HEK, MDCK, CHO 

and Vero in 2D (A) and in 3D bioprinted constructs seeded with 1.0 x 106 cell/mL of bioink (n= 2 or 3) (B). The 

red arrows indicate the end of the lag phase, and the blue arrows indicate de peak of maximal cell density. In (B) 

the two metabolic phases are identified by two different background colors. (C) presents a comparison of growth 

rates in 2D (dark blue) and 3D constructs seeded with 1.0 x 106 cell/mL of bioink (yellow) or 3.0 x 106 cell/mL of 

bioink (red) (n= 2 or 3). 
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Table 4.1: Comparison of growth and metabolic parameters in 2D cultures and 3D bioprinted constructs seeded 

with 1.0 x106 cell/mL of bioink. Several parameters are presented: Growth rate, specific metabolic rates of glucose 

consumption and lactate production, and average lactate to glucose molar ratio. 

  2D 
3D - 

Phase I 

3D - 

Phase 

II 

Reference Source 

CHO 

µ (d-1) 
0.72 ± 

0.03 

0.29 ± 0.02 0.96 
Chevalot et al. 1994 

[193] 

qgluc 

(pmol/cell/day) 

6.58  

±0.91 
70.6  ±22.13 4.82 

Ahn et al. 2011 [52] 

qlact (pmol/cell/day) 
14.4  

±1.95 

23.1  

±9.27 

57.2  

±17.26 
7.19 

Ylact/gluc 2.19 0.33 0.81 NA NA 

HEK 

µ (d-1) 
0.92 ± 

0.07 

0.42 ± 0.07 0.84 Yang et al. 2019 [44] 

qgluc 

(pmol/cell/day) 

4.73  

±0.85 

94.3  

±24.22 

18.7  

±9.24 
3.34 

Henry et al. 2011 

[583] 
qlact (pmol/cell/day) 

15.1  

±2.66 

137  

±34.24 

28  

±10.13 
5.04 

Ylact/gluc 3.19 1.45 1.50 NA NA 

MDCK 

µ (d-1) 
0.91 ± 

0.03 

0.33 ± 0.06 1.08 

Bock et al. 

[582] 

qgluc 

(pmol/cell/day) 

3.99  

±0.36 

78.4  

±12.19 

33.1  

±8.72 
3.72 

qlact (pmol/cell/day) 
10.6  

±0.98 

88.4  

±13.60 

38.5  

±10.08 
3.38 

Ylact/gluc 2.66 1.13 1.16 NA NA 

VERO 

µ (d-1) 
0.45 ± 

0.08 

0.08 ± 0.01 0.46 to 1.25 

Petiot et al. 2010  

 Arifin et al. 2010  

[163,164] 

qgluc 

(pmol/cell/day) 

6.29  

±0.85 

0.02  ± 

0.00 

5.11  

±1.19 
8.40 to 11.52 

Petiot et al. 2010 

[164] 
qlact (pmol/cell/day) 

19.8  

±2.70 

3.74  

±0.48 

5.01  

±1.17 
9.12 to 18.24 

Ylact/gluc 3.15 187.00 0.98 NA NA 
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VERO cells 

Vero cells grown in 3D environment were characterized by a lag phase lasting for 6 days 

followed by a very slow linear growth maintained for the rest of the culture. During this phase, 

the growth rate was only 0.08 day-1 which is 5 to 15-folds lower than observed in 2D cultures 

and shown in literature references [163,164], respectively. Vero cells reached a maximal cell 

density of 3.5 x 106 cell/mL of hydrogel. 

In standard 2D cultures, production cell lines are characterized by high proliferation rates with 

doubling times down to 12-24h, which is advantageous for intensifying bioproduction 

processes [170,573]. As can be seen from the data, the cultivation of such cell lines in 3D 

environment is characterized by a substantial delay of cell proliferation and significant decrease 

of growth rate and maximal cell density.  

Indeed, the maximal cell density reached in 3D cultures ranged from 2.0 to 5.0 x106 cells/mL 

of hydrogel, representing 0.2 to 0.5 x 106 cells/mL of culture media. These final concentrations 

are very low compared to the values reported in standard 2D cultures and fed-batch culture 

reported in literature. They are commonly ranging from 7.0 x 106 to 25 x 106 cells/mL 

depending on the cell lines [145,153,584] .   

 

4.2.2. Metabolic activity of production cells in 3D environment 

To further describe the behavior of these four cell lines in 3D culture conditions, their central 

carbon metabolism was evaluated by measurement of glycolysis activity through the 

assessment of glucose and L-lactic acid consumption and production rates, respectively. A 

comparison of the metabolic state in 3D culture and traditional 2D culture was performed. 

The total lactate production and glucose consumption were linearly correlated to the integral 

cell number for all cell lines. The specific rates of lactate production and glucose consumption 

were calculated as the slope of the graph showing the total metabolite production or uptake as 

a function of the IVC over the whole culture. A “break” in the graph line, corresponding to a 

change in the slope’s value, was systematically observed for all cell lines and with both 

metabolites. This was the expression of a modification in the cell-specific metabolic rates. For 

all cell lines, the change in specific rates occurred simultaneously for lactate and glucose. 

Therefore, all cell lines cultivated in 3D conditions presented two distinct metabolic phases that 
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are shown in Figure 4.1_B with different background colors. Each metabolic phase had constant 

specific metabolic rates. 

The metabolism shift was not always associated with the proliferation status change described 

previously. When comparing cell metabolism in 2D and 3D cultures, all cell lines except for 

Vero demonstrated a 2 to 10-fold increase of both the specific glucose consumption and lactic 

acid production rates compared to 2D cultures. On the contrary, the glucose-to-lactate 

conversion yield (Ylact/gluc) was always 2 to 3-fold higher in 2D cultures than in 3D bioprinted 

structures, demonstrating a clear difference in metabolism and cell physiological state while 

grown in 3D (see Table 4.1). 

CHO cells 

During the first metabolic phase (Phase I) CHO cells presented a 1.6-fold increase in specific 

lactate production rate and a 10-fold increase in glucose consumption rate compared to 2D 

cultures (see Figure 4.1_A & B). During the second metabolic phase, the glucose consumption 

rate remained constant, but the lactate production rate was increased by 2-fold, remaining 4-

fold higher than in 2D conditions and literature reports [585]. In both metabolic phases, 3D 

CHO cell cultures presented a glucose to lactate conversion yield (Ylact/gluc) under 1 (see Table 

4.1), representative of metabolism mainly oxidative. 

HEK cells 

In HEK cells 3D cultures, the specific glucose consumption rate was increased by 20-fold and 

specific lactate production by 9-fold during Phase I, compared to 2D cultures. Both metabolic 

rates decreased 5-fold during the second phase but remained superior to those measured in 2D 

cultures and reported in the literature [583]. During both metabolic phases, HEK cells 

bioprinted cultures presented a metabolism with a Ylact/gluc > 1. It commonly demonstrates that 

glucose consumption is mainly directed to lactic fermentation or that other carbon sources 

participate to its accumulation. The Ylact/gluc conversion yield in 2D culture is even higher, 

exceeding the maximal aerobic glycolysis conversion rate of 2. This confirms here that other 

carbon sources contribute to pyruvate and lactate production, like amino acids. 

MDCK cells 

Comparing MDCK cells grown in 3D conditions to 2D cultures highlighted a 20-fold increase 

in specific glucose consumption rate and an 8-fold increase in specific lactate production during 

Phase I. A decrease of 2-fold in both metabolic rates characterized the second metabolic phase. 

Yet, these rates remained superior to those measured in 2D cultures and those reported in the 
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literature [582]. Like HEK cells, MDCK also presented a lactate-to-glucose ratio (Ylact/gluc) over 

1, characteristic of a more fermentative metabolism. 

VERO cells 

Vero cells were the only cell lines that presented equivalent or even reduced metabolic activity 

in 3D environments compared to 2D cultures. During the first metabolic phase, the specific 

glucose consumption was close to zero, and specific lactate production was reduced by 5-fold 

compared to 2D conditions. During the second metabolic phase, the specific glucose 

consumption was equivalent to that measured in 2D cultures and reported in the literature. In 

contrast, specific lactate productivity was decreased by 4-fold compared to standard cultures 

[164]. Vero cells had a more oxidative metabolism during Phase II (Ylact/gluc < 1). At the same 

time, the first metabolic phase (correlating with the lag phase) was characterized by a very high 

Ylact/gluc ratio, indicating a probable preferential use of other carbon sources than glucose. 

In classical cell culture processes (2D and suspension processes), the metabolism of such fast-

growing cell lines is often deregulated and turned toward aerobic glycolysis, indicated by fast 

glucose consumption and lactate accumulation, associated with reduced oxidative respiration 

rates [14, 29, 30]. Such metabolic deregulation is characterized by inefficient carbon source 

utilization preferentially directed toward lactate production. The abnormal lactate production 

in aerobic conditions was first reported in cancer cells [586,587] and was also detected in 

diseased, injured or inflamed tissues [588,589]. Hence, bioproduction processes use cell lines 

significantly derived from their original form and which present non-physiologic kinetics 

optimised for high cell density processes. Until now, the overall metabolic changes occurring 

when changing the culture condition from 2D to 3D are still poorly described and quantified. 

Our work provided insight into the metabolic changes occurring when culturing such 

production cell lines in 3D environments. The increase of global metabolic activity in 3D 

cultures has already been reported in 3D cancer cell models [215] and is closer to the in vivo 

characteristics of tissue metabolism. Additionally, the Ylact/gluc was at least divided by 2 for all 

cell lines during their growth. The decreased lactate-to-glucose molar ratio indicates a reduced 

lactic fermentation compared to 2D cultures. This finding agrees with increased mitochondrial 

respiration in 3D cultures reported for other cells [590]. 

One possible explanation for this increased efficiency within 3D culture is the presence of 

diffusion gradients within the 3D hydrogel, leading to cell feeding regulation and a better 

metabolism balance. However, further metabolic flow analysis would be necessary to fully 

understand the differences in metabolic pathways between 2D and 3D cultures for each cell 

line.  
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4.2.3. 3D distribution and organization of production cell lines  

Cell morphology and 3D organization is another clue to observe cells physiology. Thus, after 

having characterized production cells growth and metabolism in 3D, their repartition and 3D 

organization was observed in 3D hydrogel structures, thanks to live cells staining and 

histological analysis. Cells selected originate from either kidney (HEK, MDCK, Vero) or ovary 

tissues (CHO), consequently we will compare their organization with their tissue of origin. 

CHO cells 

Live cells monitoring of 3D bioprinted CHO cells indicated that the first 10 days were 

characterized by cells organized in single-cell or very small aggregates (Chapter 3, Figure 3.5). 

Interestingly, after these 10 days period the cells started spreading into the shape of cell layers 

on the surface of the 3D structures. In 2D cultures, CHO cells were able to return to adherent 

phenotype due to adhesion-favorable culture conditions in the presence of serum. 

Histological sections of 3D bioprinted CHO cultures stained with Hematoxylin-Eosin (HE) 

demonstrated the presence of large irregular cell aggregates (100 µm in diameter) after 20 days 

of culture (Figure 4.2_a.1). It is known that CHO cells are originated from a fibroblastic cell 

from the ovary of a Chinese hamster [591]. Interestingly, the structures observed in the 

bioprinted hydrogel presented strong similarities with the organization of ovary interstitial 

tissue (see Figure 4.2_b.1). Finally, cell nuclei staining with DAPI on histological sections 

enabled to demonstrate a homogenous CHO repartition inside the 3D constructs (see Figure 

4.2_c.1). 

HEK cells 

During the first 15 days of their growth in 3D, corresponding to their lag phase, HEK 

proliferated only as spherical or ovoid cells aggregates (Chapter 3, Figure 3.5). After this period, 

the cells started spreading as cells monolayers on the surface of the construct. The HEK cells 

growing at the surface presented irregular shapes and could aggregate, forming multilayers also 

observed in 2D HEK cells cultures. Histological sections stained with Hematoxylin-Eosin (HE) 

confirmed the presence of circular, large and dense cell aggregates (100 µm in diameter) after 

20 days (Figure 4.2_a.2).  

HEK cells’ ability to proliferate in 3D cultures as large aggregates has already been reported 

[226]. HEK cells were even demonstrated to colonize up to 90% of a hydrogel matrix composed 

of Gelatin, Alginate and Fibrinogen [226]. Again, the structure obtained in the 3D hydrogel 
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were found to be like the original kidney glomeruli organization shown in kidney histological 

sections (see Figure 4.2_b.2).  

These cells originated from the human embryonic kidney, but their exact nature is unknown. It 

has been reported in literature that HEK cells grown in 2D express some genes specific to 

different types of cells and tissues such as genes specific to neuronal lineage [85] or cancer 

stem cells [86], suggesting that their kidney origin is uncertain. However, an increased 

expression of markers of kidney progenitor cells, especially from glomeruli and proximal 

tubule, has been reported in HEK grown in 3D aggregates [84,224]. Yet, despite presenting 

similar cell organisation than kidney glomeruli, the HEK cells structuration in 3D cultures also 

resembles tumoral organization. This is consistent with the known oncogenic potential of HEK-

immortalized cell line [93,592]. In addition, cancer-like cell characteristics could also present 

advantageous properties for viral vector manufacturing, especially to produce oncolytic viruses 

that preferentially infect and replicate in cancer cells and tumoral environments [593,594]. 

Additional studies of specific cancer or kidney cell markers would allow us to explore these 

hypotheses. 

Cell nuclei staining with DAPI on histological sections highlighted the preferential location of 

the HEK cells on the periphery of the hydrogel (Figure 4.2_c.2). Image analysis of DAPI 

histological slides shows a non-homogeneous repartition of the HEK nuclei in the hydrogel. 2-

fold more cells accumulate in the first 1.75 mm depth of the hydrogel than in its centre (Figure 

4.2_C & D). This indicates a growth limitation in the deeper part of the hydrogel. 

MDCK cells 

The first 10 days of MDCK cells 3D culture were characterized by cells growing as single cells 

or small aggregates (Chapter 3, Figure 3.5). After 10 days, the cells started proliferating as 

monolayer on the surface of the construct with elongated morphology like those observed in 

MDCK 2D cultures. In contrast to HEK cells, the renal origin of MDCK cell is well established. 

Indeed, MDCK cell line is originated from the tubules of a dog's kidney [595]. Their epithelial 

origin explains their homogenous distribution in monolayer in 2D cultures. Interestingly, HE’s 

staining of histological sections demonstrated the apparition of cellular structures forming a 

circular monolayer of cells encircling a lumen, characteristic of cyst formation (Figure 4.2_a.3). 

This structure, typical of kidney tubules, was already reported in MDCK cultures in type-I 

Collagen and Matrigel 3D hydrogels [596]. Still, it is the first time that this behavior is observed 

in a hydrogel made of Alginate, Gelatin and Fibrinogen. MDCK cysts are the first step of distal 

tubule formation and kidney tubule morphogenesis [229–232] (see kidney tubule histological 

section in Figure 4.2_b.3). Similarly, to HEK cells, MDCK nuclei staining showed that the cell 
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density was 4-fold higher in the first 1.75 mm depth of the construct than in the center, 

demonstrating a gradient of proliferation (Figure 4.2_c.3). 

VERO cells 

Live cell staining showed that Vero cells organized as single cells until 10 days of growth, after 

which they started proliferating as cell layers on the surface of the constructs, like their behavior 

in 2D cultures. Histological analysis with HE and DAPI staining showed that Vero epithelial 

cells mainly proliferated as cell layers on the surface of the hydrogel, with very few cells 

surviving inside the structure (Figure 4.2_a.4 & c.4). This finding is consistent with other 

studies reporting that Vero cells seeded over Collagen or Gelatin scaffolds formed monolayers 

on the surface of the matrix with elongated morphology [240,241,243]. The Vero cell line 

originates from the kidney of an African Green monkey and are known to be epithelial. It may 

explain their inability to grow inside the hydrogel matrix (see an example of kidney epithelium 

in Figure 4.2_c.4). Additionally, in normal conditions, Vero cells do not secrete Matrix-

Metalloproteinases (MMPs) [597], contrarily to CHO [303,598], HEK [302] and MDCK cells 

[304]. The secretion of MMPs, especially collagenases (MMP-1, MMP-8 and MMP-13) and 

gelatinases (MMP-2 and MMP-9), allows for the degradation of multiple extracellular matrix 

compounds, especially collagen and gelatin [560,599]. These proteinases are known to play a 

role in cell migration during wound healing, angiogenesis, and tumor invasion in cancer by 

degrading the extracellular matrix and, consequently, enabling cell migration [600–602]. 

Therefore, the ability to secrete MMPs may play an important role in cells’ ability to colonize 

the hydrogel as they would need to degrade the biomaterial to be able to spread in the volume. 

Interestingly, it was reported that infection with influenza virus could enhance MMP-9 

production in Vero and MMP-2 [305]. It suggests that infected Vero cells might be able to 

degrade the biomaterial and more efficiently colonize a hydrogel matrix, consequently reaching 

higher cell density in 3D cultures. Therefore, Vero 3D cell culture in a hydrogel matrix should 

be evaluated under infection and could offer interesting potential for viruses and viral particles 

production. 

Hence, live cell staining and histology confirmed the viability and spreading of all cell lines in 

3D environment after a 20-day culture (see Figure 4.2 and Figure 3.5). The study of cell 

distribution and 3D organization showed different behavior for all cell lines. Interestingly, the 

interaction with a 3D hydrogel mimicking in-vivo extracellular matrix provides cues for each 

cell line to interact and organize differently. Indeed, each of the 4 production cell lines 

organized differently, despite some (HEK, MDCK, Vero) having the same tissue of origin.  
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FIGURE 4.2: Evaluation of cell distribution and organization in 3D bioprinted constructs. Hematoxylin-Eosin 

staining on histological sections of (A) bioprinted constructs at day 20: (a.1)CHO, (a.2) HEK, (a.3) MDCK  and 

(a.4) Vero, compared to (B) literature tissue histological sections : (b.1) Ovarian sections from female rat (black 

arrows indicate interstitial tissue), picture was extracted from Alchalabi et al. 2016 [603], (b.2) Human Kidney 

glomeruli (indicated by black arrows) at 19 weeks gestation, picture extracted from Ernst et al. 2019 [604], (b.3) 

Human kidney tubules (hyperplasia) indicated by black arrows, picture extracted from Seely et al. 2017 [605], 

and (b.4) Nephrogenic zone of human kidney at 35 weeks of gestation (epithelium indicated with black arrows), 

picture extracted from Ernst et al. 2019 [604]. (C) Repartition of cell in the constructs thanks to DAPI staining of 

nuclei on histological slices :(c.1) CHO, (c.2) HEK, (c.3) MDCK and (c.4) Vero. Numbers specify the surface 

occupied by the cells (analyzed on ImageJ). The white dot line delimits the external surface of the construct. The 

growth limit in HEK (c.2) and MDCK (c.3) the orange dot line identifies constructs and is schematized in (D). For 

Vero cells (c.4), the cell sheets at the surface are indicated by the white arrows.  
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This observation probably results from the fact that they originate from different tissues within 

the same organ and from different mammalian species. Additionally, bioproduction cell lines 

are immortalized cell lines that have undergone decades of cell line development with multiple 

clonal selection, spontaneous mutations, or even genetic engineering for some which caused 

significant phenotypic deviations [93,98,591]. Yet, when cultures in 3D conditions, those cells 

could reproduce 3D tissue-like architecture, recapitulating their original organization (i.e. cyst, 

epithelial layer, glomerula etc..). 

This is not surprising since 3D cell culture has long been proven to provide culture conditions 

closer to in-vivo environments [196,201]. It enables cells to grow, interact with their 3D 

surroundings and reproduce tissues and organ micro-structuration [195,196]. Thus, cells grown 

in 3D conditions were reported to present functions, including gene expression profiles, growth 

rates [196], metabolic activity [215], response to drugs and stimuli [196,201], protein synthesis 

and increased lifespan of the cultures [195], which are closer to in-vivo behavior. This is mainly 

due to the interaction with the extracellular matrix and other cells through integrin and cadherin 

bonding, which are involved in multiple cellular signaling pathways [206,207]. The pattern of 

the anchorage surface also affects cell morphology and spreading [211]. The 3D matrix 

mechanical properties can also affect cell morphology, proliferation, apoptosis, invasiveness, 

or even gene expression. These are involved in reprogramming numerous cell types, including 

HEK and MDCK [208–210] mainly by creating cytoskeletal tension [212]. A particularly 

remarkable structuration was the formation of cysts by MDCK cells, which originated from 

distal tubules. Cysts are polarized spherical structures with an apical membrane in contact with 

the lumen and a basolateral membrane in contact with the extracellular matrix [229–232]. It 

was reported on multiple occasions that MDCK cells can even undergo the next steps of tubule 

morphogenesis and branching in presence of Hepatocyte Growth Factor (HGF) [234,236–238]. 

It was also demonstrated that  𝛼3𝛽1integrin, which is involved in cell adhesion to extracellular 

matrix (ECM), plays a role in tubulogenesis [239].  

Additionally, the cell regionalization was observed thanks to cell nuclei staining with DAPI on 

histological sections. It again highlighted different behaviour depending on the cell types. The 

preferential location of HEK and MDCK cells in the first 1.75 mm depth of their construct 

(Figure 4.2_C & D) with fewer cells in the center are consistent with the literature reporting 

limited cell proliferation in 3D cultures. It is commonly described as due to inefficient diffusion 

of nutrients and oxygen in the 3D matrix [329,606]. On the contrary, their ability to switch from 

lactate production to lactate consumption could explain the homogenous repartition of CHO 

cells within the overall 3D construct. This metabolic shift prevents lactate accumulation and 

carbon source deprivation [568,607].  
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4.2.4. Seeding density impact on 3D cell proliferation   

 

As in 2D or suspension cell culture processes, reduced growth rate, lag phase and low cell 

densities can result from a critical low cell seeding density [608–610]. In the case of 

biofabrication thanks by bioprinting, it is well known that the micro-extrusion process can 

strongly affect cell recovery post-printing [271]. Thus, in our bioprinting condition, cell 

recovery post-printing was evaluated.  

 

Figure 4.3: Compared growth profile for seeded cell lines at 1 and 3 x 106 cell/ml of bioink. 

(SUPPLEMENTARY 6) 

The cell loss was high for HEK, MDCK, and CHO, reaching up to 65-80% of seeded cells. On 

the contrary, Vero bioprinted cells presented a much higher cell recovery with only 20% loss. 

To cope with this recovery issue, seeding densities for all cells were increased 3-times and the 

growth follow-up for 20 days.  

In all cases, the lag phase observed previously was either decreased or disappeared completely 

(See Figure 4.3). The maximal cell densities achieved were also significantly increased for 
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Vero and MDCK cells (2-fold) and CHO cells (5-fold) as shown in Figure 4.3. Moreover, 

exponential growth was detected for CHO (see Figure 4.3). This led to a maximal cell density 

of 10.0 x 106 cells/mL. Still, the maximal cell densities achieved in 3D remains very low 

compared to those achieved in standard fed-batch processes. For example, CHO cell commonly 

reaches up to 25 x 106 cell/mL in fed-batch [145]. In the case of HEK cells, a more erratic 

growth profile was observed. A short growth was observed from day 2 followed by a 

stabilization of the cell density close to 1-1.5 x 106 cell/ml hydrogel. Notably, increasing the 

cell densities induced no modifications of 3D cell organization. 

In conclusion, 3D culture in hydrogel was shown to clearly affect the proliferation, metabolism, 

and organization of the 4 different production cell lines. Still, even if increasing the hydrogel 

seeding fastened the 3D cell growth onset, it did not significantly affect the growth rates in any 

of the bioprinted cultures (see Figure 4.1_C).  

 

4.2.5. Modulation of the 3D environment and impact on production cell line 

proliferation  

In 3D cultures, cell physiology is affected by various cues, including cell-cell and cell-matrix 

interactions, mechanical properties, micro-porosity, and the associated molecules' diffusion 

kinetics [611–613]. All these cues play a role in reconstituting a more physiological 

environment and enhancing or limiting the cell's proliferation. Moreover, when 3D cultures are 

obtained through bioprinting, several process parameters are known to affect the final 

biomaterial properties and the cell recovery after biofabrication.  

In this second part of the study, we aimed to identify the biofabrication parameters affecting 

cell proliferation trends and cell spreading into the hydrogel. Since HEK cells were having the 

longest lag phase (10 days), these cells were used as a model to decipher the impact of multiple 

parameters such as the hydrogel formulation, its consolidation process, and the bioprinting 

nozzle diameter.  

First, the hydrogel microstructural and mechanical properties were modulated by modifying the 

biofabrication parameters. Eight biofabrication parameters were screened in a DOE : bioink 

formulation, bioink filament diameter, and hydrogel consolidation parameters (temperature, 

duration, concentrations of transglutaminase / CaCl2 / thrombin / DMEM). They are known to 

affect biomaterial mechanical properties, hydrogel composition and its rheological properties, 

and shear stress applied to cells. The forty conditions, with 233 samples, constituting the DOE 

screening, are listed in Chapter 2, Table 2.4. The data were analyzed with Partial Least Square 
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(PLS) regression to establish predictive models for hydrogel properties and cell proliferation. 

The R2, Q2 and reproducibility obtained for each model are presented in Table 4.2. Only the 

regression coefficient R2 > 0.5 models were considered acceptable. Young modulus and 

microporosity measurements assessed the hydrogel mechanical and microstructure properties. 

Microporosity was qualified at a sub-cellular level thanks to transmission electronic microscopy 

(TEM), and young modulus by Dynamic Mechanical Analysis (DMA) protocols. 

 

Table 4.2: PLS models quality assessment. Regression coefficients (R2, Q2) and reproducibility of the predictive 

models established with DOE experiment. 

 
 R2 Q2 Reproducibility 

H
y
d

ro
g
el

 

m
ic

ro
st

ru
c
tu

re
 

DMA day 0 (kPa) 0.61 0.51 0.66 

DMA day 10 (kPa) 0.70 0.55 0.84 

Microporosity day 1 0.70 0.62 0.88 

Microporosity day 10 0.52 0.45 0.56 

C
el

l 

p
ro

li
fe

ra
ti

o
n

 

Xmax day 10 (cell/g) 0.30 0.03 0.29 

Xmax day 10 (total cell) 0.41 0.05 0.68 

µmax (d-1) 0.17 0.07 0.41 

Calcein  day 10 (%) 0.10 -0.09 0.32 

 

After printing (day 1), the observed average Young Modulus varied from 0.31 ± 0.24 kPa in 

the less elastic hydrogels to 29.5 ± 7.1 kPa in most elastic hydrogels. These values increased 

aftter 10 days of culture, ranging from 8.5 ± 2.1 kPa to 60.7 ± 12.0 kPa. It should be noted that 

a few hydrogel samples were too smooth and fragile to be measured (<0.01 kPa). Young's 

Modulus measurements evolved differently depending on their consolidation conditions. 

Hence, in the PLS model, the parameters most impacting the hydrogel mechanical properties 

were the temperature, the transglutaminase and CaCl2 concentration, and the consolidation 

duration. Thus, increasing consolidation parameters can increase the initial Young Modulus by 

2-log, demonstrating their substantial impact on the cell's 3D environment. 

The hydrogel microstructures and microporosity were evaluated to complement such 

mechanical observations at Day 1 and 10. The density and strength of the molecules network 

create the hydrogel's microstructure responsible for its mechanical characteristics. It was 

confirmed by the regression observed between DMA and microporosity at Day 10, which 

showed an inversely proportional correlation between hydrogel's Young's Modulus and 
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microporosity (R2 = -0.67). Thus, increasing hydrogel microporosity decreases the hydrogel 

elasticity. 

Average porosities measured ranged from 44 ± 5 % to 84 ± 3 % (day1) and from 41 ± 6 % to 

74 ± 4% (day 10). The PLS prediction model highlighted that the transglutaminase, CaCl2 

concentrations and the consolidation duration impact the hydrogel structure the most (Figure 

4.4_A). Among them, transglutaminase concentration is the most decisive factor. 

Transglutaminase cross-links the Gelatin [293] and Fibrinogen molecules [323]. Therefore, 

increasing transglutaminase concentration enhances the consolidation of both protein networks 

to form denser structures. Similarly, the duration of this enzyme activity or its optimal 

temperature affects microporosity and mechanical properties. 
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FIGURE 4.4 : Biofabrication impact on HEK cell proliferation in 3D environment. (a.1 & a.2) Distribution of 

condition’s hydrogel mechanical properties (day 1 & 10 : n>2),(a.3 & a.4) of microporosity (day 1 & 10: n>3), 

(a.5) cell density achieved at Day 10 and of  (a.6) associated growth rates (n=2). Associated impact of  bio 

fabrication factor’s (b.1_DMA measures ;  b.2_ Microporosity).  
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The optimal temperature for free transglutaminase activity is 40°C [614]. Thus, after 10 days 

of culture, the constructs at 37°C or for a longer time showed significantly lower 

microporosities than those cross-linked at 21°C or below and for a short time.  

Then, we investigate if modification of hydrogel microstructure and mechanical properties 

could impact HEK 3D cell growth kinetics. Cell proliferation was measured by two approaches: 

construct dissociation and further cell counting, or the assessment of the percent of surface 

occupied by the live stained cells by image analysis. The predictive cell density and growth rate 

models had poor fitting (R2 < 0.5) (see Table 4.2). These models were not considered 

acceptable. The lack of fit is probably due to the low reproducibility observed between samples 

with high standard variation and low precision levels of these analytics. They are based on data 

extracted from dissociations or image analysis, and their respective precision were of 39% and 

60%. Indeed, image analysis of 3D constructs cellularization is subjected to variability as the 

cell distribution was observed as heterogeneous (as described in section 3.3). Similarly, 

hydrogel dissolution and counting involve several steps affecting total cell recovery.  

However, while no robust predictive models were fitting, we still observed significant 

differences between DOE conditions in both maximal cell densities and growth rates achieved. 

The best conditions had an extended growth phase up to 10-day cultures, thus maintaining 

growth rates of 0.11 to 0.13 d-1. Indeed, such growth rates were observed for only 3-days in the 

initial and non-optimized protocols. Additionally, the most optimal condition of the DOE had 

reduced cell mortality after the bioprinting process with only 25% cell loss against of 67 % in 

initial condition. Thus, a cell density of 10 x 106 cell/mL of hydrogel was achieved, a value 15-

fold superior to the cell concentration reached in the initial condition. Such results were 

obtained with bioprinted constructs of either formulation A or B, printed with a 400µm nozzle 

and consolidated for 60 min in a solution of 0.4%w/v transglutaminase, 1.4% w/v CaCl2 and 10 

U/mL thrombin. Interestingly, we were able to identify a positive correlation between the 

hydrogel microporosity measured and both the growth rate (R2=0.6), and the space occupied 

by live cells (R2=0.8) (see DOE correlation matrix in Table 4.3). These results suggest that 

molecules diffusion (nutrients, oxygen) within the hydrogel or reduced space for cell anchorage 

and growth can strongly limit cell aggregate sizes. Further studies would be needed to precisely 

describe diffusion kinetics in the different hydrogels and relate such characteristics with 

hydrogel microporosity and cell growth.
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Table 4.3: Correlation matrix extracted from the DOE experiment, showing the correlation between factors and responses. Form. : Formulation of the bioink ; Diam Ø : diameter of the printing 

nozzle; TAG : Transglutaminase concentration; Thr. : Thrombine concentration; DMA: Young’s modulus, Calcein : measured fluorescent surface (live cells) in the bioprinted construct; Xmax : 

maximal cell concentration ; µ specific growth rate between D1 and D10; Micro. : Microporosity calculated on TEM images. (SUPPLEMENTARY 7) 

 Form(B) 
Diam Ø 

(µm) 
Temperature 

(°C) 

Time 

(min) 
TAG (%w/v) Thr (U/mL) 

CaCl2 

(%w/v) 

DMEM 

(%) 

DMA 

D0 

(kPa) 

DMA 

D10 

(kPa) 

Calcein 

D10 

(%) 

Calcein 

D6 (%) 

Xmax 

D10 

(cell/g) 

Xmax 

D10 

(total 

cells) 

lactate 

mmol 

µ 

(day-

1) 

Micro D0 (%) 
Micro D10 (no 

cell) (%) 

Form(B) 1 0.55 -0.29 -0.25 -0.04 -0.56 0.29 0.12 -0.29 0.06 0.20 -0.10 -0.08 0.06 0.45 0.07 0.18 -- 

Diam Ø (µm) 0.55 1 0.01 -0.57 0.09 -0.50 0.37 0.32 -0.20 0.05 0.30 -0.03 -0.25 -0.08 0.40 -0.07 0.24 -- 

Temperature (°C) -0.29 0.01 1 -0.21 0.32 -0.02 -0.19 0.10 0.26 0.18 -0.08 -0.15 -0.28 -0.42 -0.57 -0.44 -0.04 -- 

Time (min) -0.25 -0.57 -0.21 1 0.01 0.21 -0.35 -0.04 0.10 0.21 0.11 0.24 0.20 -0.03 -0.02 0.15 -0.31 -- 

TAG (%w/v) -0.04 0.09 0.32 0.01 1 -0.26 -0.12 0.16 0.40 0.59 0.45 0.37 -0.09 -0.24 0.01 -0.25 -0.57 -0.61 

Thr (U/mL) -0.56 -0.50 -0.02 0.21 -0.26 1 -0.26 -0.10 0.05 -0.30 -0.54 -0.03 0.13 0.10 -0.37 -0.01 -0.04 -- 

CaCl2 (%w/v) 0.29 0.37 -0.19 -0.35 -0.12 -0.26 1 -0.15 0.18 0.04 0.10 -0.06 0.09 0.31 0.12 0.14 0.29 -0.57 

DMEM (%) 0.12 0.32 0.10 -0.04 0.16 -0.10 -0.15 1 -0.18 0.04 0.13 -0.01 -0.16 -0.03 0.05 -0.01 -0.10 -0.11 

DMA D0 (kPa) -0.29 -0.20 0.26 0.10 0.40 0.05 0.18 -0.18 1 0.44 0.14 0.38 0.11 -0.13 -0.20 -0.10 -0.47 -0.67 

DMA D10 (kPa) 0.06 0.05 0.18 0.21 0.59 -0.30 0.04 0.04 0.44 1 0.44 0.30 0.14 -0.15 -0.02 -0.11 -0.55 -0.43 

Calcein D10 (%) 0.20 0.30 -0.08 0.11 0.45 -0.54 0.10 0.13 0.14 0.44 1 0.41 0.22 0.05 0.45 0.21 -0.43 0.80 

Calcein D6 (%) -0.10 -0.03 -0.15 0.24 0.37 -0.03 -0.06 -0.01 0.38 0.30 0.41 1 0.36 0.05 0.31 0.12 -0.58 0.48 

Xmax D10 (cell/g) -0.08 -0.25 -0.28 0.20 -0.09 0.13 0.09 -0.16 0.11 0.14 0.22 0.36 1 0.70 0.16 0.70 -0.20 -0.05 

Xmax D10 (total 

cells) 
0.06 -0.08 -0.42 -0.03 -0.24 0.10 0.31 -0.03 -0.13 -0.15 0.05 0.05 0.70 1 0.33 0.71 0.12 0.52 

lactate mmol 0.45 0.40 -0.57 -0.02 0.01 -0.37 0.12 0.05 -0.20 -0.02 0.45 0.31 0.16 0.33 1 0.37 -0.07 0.31 

µ (day-1) 0.07 -0.07 -0.44 0.15 -0.25 -0.01 0.14 -0.01 -0.10 -0.11 0.21 0.12 0.70 0.71 0.37 1 0.07 0.60 

Micro D0 (%) 0.18 0.24 -0.04 -0.31 -0.57 -0.04 0.29 -0.10 -0.47 -0.55 -0.43 -0.58 -0.20 0.12 -0.07 0.07 1 0.62 

Micro D10 (no 

cell) (%) 
-- -- -- -- -0.61 -- -0.57 -0.11 -0.67 -0.43 0.80 0.48 -0.05 0.52 0.31 0.60 0.62 1 
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Until now, production cell proliferation, metabolic kinetics and organization in 3D have never 

been described precisely in the literature, even though HEK [224–227], CHO [216,217], 

MDCK [229–232] and Vero cells [240–242]  have all already been cultured in 3D. Our study 

confirmed the ability of such cell lines to proliferate in 3D culture conditions. We observed for 

all the cells a particular growth profile, presenting a long period of slow-to-no-growth, followed 

by a reduced proliferation rate associated with efficient oxidative metabolism. Thus, our 

observations provide new insight into the 3D cell physiology of these cells.  

It is commonly accepted that 3D cell cultures have decreased proliferation rates, closer to in 

vivo kinetics, than standard 2D in vitro culture. Such a decrease in growth rate in 3D culture 

has already been reported for both cancerous and primary cell lines  [590,615,616]. In some of 

these studies, authors described cells blocked in the G1 phase of their cell cycle. This 

phenomenon is mainly explained by the inhibition of proliferation by cell-cell contact in the 

case of cells growing in spheroids or aggregates. The cell-matrix or 3D cell-cell interactions in 

3D involve multiple signaling pathways and gene expression, including genes associated with 

controlling cell proliferation, apoptosis, survival, or differentiation [195]. In our case, the 3D 

environment also substantially impacted the recovery of the cell's physiological organization. 

A similar conclusion was reported in cancer cells cultivated in 3D, which provided better 

modelling of in vivo tumors [215]. Thus, HEK and CHO demonstrated both epithelial and non-

epithelial structuration by forming cell monolayers at the surface of constructs and large cellular 

aggregates in the hydrogel. Vero and MDCK cells presented epithelial organization by creating 

cell sheets at the surface of the constructs. MDCK also formed cysts, a structure characteristic 

of their kidney tubule origin. 

Finally, the effect of the 3D environment and the associated biofabrication tool on cell behavior 

was evaluated in a DOE with a fractional factorial plan. Parameters impacting both hydrogel 

properties and cell proliferation were identified. The hydrogel consolidation process has the 

most impact on mechanical and microstructural properties. Still, the microstructure is a strategic 

feature of the biofabricated support as it can strongly enhance or limit cell proliferation. The 

accessibility of nutrients and O2, and metabolic waste removal mainly depend on the 3D 

construct thickness and the matrix's nature and microstructure. All these factors strongly impact 

the diffusion rate of molecules [329,606]. As an example, it was demonstrated that nutrient 

diffusion was limited to 300 µm depth in static cultures of liver tissue slices and in normal 

tissues [329,606]. In some other work, mathematical models have estimated the maximal 

hydrogel thickness for efficient oxygen diffusion in different ECM-based matrices from 1 mm 

in low diffusion matrices (basement matrix /Matrigel) to 3.2 mm in collagen I matrices [617]. 
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Finally, based on the literature review [240–242,578,579], our results allow to hypothesise that 

such novel 3D cultivation format could positively impact cellular productivity compared to 

standard adherent or suspension culture. For example, the cell structuration and polarization in 

3D cultures is known to be favorable to infection by viruses and result in higher viral product 

titers [578]. Then, the metabolic cell efficiency and increased metabolic activity observed in 

our 3D culture could be associated with enhanced biomolecule production. Indeed, in 

bioproduction processes, high lactate production was associated with a drop in production 

yields, and numerous strategies have targeted lactic fermentation reduction to increase 

biomolecule production [136]. Moreover, deviation from physiological conditions was 

demonstrated to decrease cell-specific productivity. Indeed, increased cell-specific productivity 

has already been reported in adherent cell cultures compared to suspension [191,260]. Such 

bioprinted 3D cultures of production cell lines are now about to be evaluated for their 

production capacities of recombinant proteins and viral products.  

4.3. Conclusion 

Bioproduction cell lines have been used for decades to produce therapeutic biomolecules and 

viral products. Their proliferative and metabolic kinetics have been widely described in 

standard 2D and suspension cultures. The recent challenges in intensifying cell cultures to 

increase cell density raise the need for new techniques. For this purpose, 3D cultures of cells 

embedded in a matrix could provide interesting perspectives as the cells could densely colonize 

a volume. Bioprinting is the sole biofabrication tool which would ultimately allow for the 

reproducible, controllable, and sizable generation of 3D cellularized constructs. In the 3D 

constructs, cells are not limited to a surface and are more efficiently protected from 

hydrodynamic shear stress caused by media stirring or gas bubbles.  

This work offers insight into physiological changes during 3D cell cultures and the factors 

influencing cell behavior. We demonstrated that even highly selected, mutated, and deviated 

non-primary cell lines could recover physiological characteristics closer to in vivo conditions. 

Such cell lines were proved to proliferate in 3D biofabricated culture conditions. The 

biofabrication protocols and the ultimate biomaterial microporosity can modulate cell growth 

and spread into the structure. We also reported increased metabolic activity and reduced 

fermentative behavior in our 3D construct. 

Therefore, in addition to the high potential of 3D bioprinted cell cultures for medical 

applications such as regenerative medicine or tissue modelling for drug testing, we identified 

another prospect for bioproduction applications here.  
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4.5. Conclusion 

 

This chapter discussed the differences between 2D and 3D cell cultures regarding cell 

proliferation, metabolic activity, and organization. In 2D cultures, cell lines have high 

proliferation rates and metabolic deregulation, while 3D cultures have a delay in cell 

proliferation and reach lower cell density. The metabolic changes in 3D cultures result in 

increased cell-specific metabolic rates, reduced lactate production and increased mitochondrial 

respiration. The presence of diffusion gradients in the 3D hydrogel has also been identified as 

a limiting factor for cell proliferation. Nutrient and oxygen diffusion influence the 

regionalization of cells within the 3D construct. Comparison of different hydrogel conditions 

with the design of experiments showed that hydrogel microporosity significantly impacted cell 

proliferation. Live cell staining and histology confirmed the viability and spreading of the four 

mammalian cell lines in 3D environments, with each cell line presenting a different 3D 

organization specific to their tissue of origin. 3D cell culture provides conditions closer to in-

vivo environments, allowing cells to interact with their surroundings and reproduce tissue-like 

structures. We propose that the mechanical properties of the 3D matrix and cell adhesion 

molecules play a role in cell morphology and behavior.  

As a future application of such a novel 3D cultivation format, we believe it could improve 

cellular productivity compared to standard adherent or suspension cultures. The metabolic 

efficiency and activity in 3D cultures may lead to higher biomolecule production. Indeed, 

strategies to reduce lactic fermentation have already been used to increase biomolecule 

production [136]. Moreover, in literature, the adherent cell cultures have already been described 

to significantly increase specific productivity by 1.5 to 3-folds compared to less physiological 

culture conditions in suspension [189–192,260].  

More specifically, in the case of CHO and HEK 3D cell culture, they were proved to proliferate 

at high cell density in hydrogel matrices with CHO cells reaching a peak cell density at 1.0 × 

108 cell/mL after 25 days in alginate–poly-L-lysine  microcapsules [618] and HEK cells 

colonizing about ~90% of the 3D Gelatin-Alginate-Fibrinogen hydrogel volume [226]. In the 

later case, the hydrogel was composed of 10% Gelatin, 1% Alginate and 2% Fibrinogen which 

is equivalent to our Formulation A. However the bioink whas only consolidated with 100 mM 

(~1.1 %w(g)/v(mL)) CaCl2 and 20 U/mL Thrombin. However, in our cultures, bioprinted constructs 

tended to degrade after 3 to 5 days when  transglutaminase concentration in consolidation 

solution was ≤ 0.04 %w/v. Additionally, both studies achieved such results with very thin 

constructs of 200 - 900 µm thickness [226,618]. 
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Regarding their production of recombinant proteins in 3D culture, encapsulated CHO cells in 

alginate–poly-L-lysine–alginate microcapsules released recombinant antibodies even after 

implantation in vivo [618] and HEK cells demonstrated a 4 to 67- fold increased cell-specific 

protein productivity when encapsulated in collagen microbeads compared to 2D cell cultures 

[225]. Still, Their slower proliferation in 3D resulted in lower global production yield. 

In another bioproduction field, 3D cultures of Vero and MDCK cells provide exciting potential 

for virus production. The structuration and polarization of cells in 3D cultures can enhance viral 

infection and increase viral product titers. For example, Vero scaffold-free spheroids were more 

vulnerable to infection and had faster virus production rates than 2D cultures [578]. Similar 

observations were reported on Vero 3D cultures in collagen or gelatin scaffolds. They showed 

increased sensitivity to virus infection [240] compared to monolayer cultures. Interestingly, the 

cells’ sensitivity to viral infection did not decrease after 55 days of culture [240]. The Vero cells 

polarization in 3D or 2.5D conditions could explain here their increased sensitivity to viral 

infection [240].  

However, the production process should respect some requirements to produce therapeutic 

products for medical applications. It includes a reproducible and controlled culture process that 

respects the cGMP guidelines. The production scale should also be increased for sufficient 

product manufacturing for patient treatment. 

Thus, the following chapters will present a scale-up of the bioprinted construct and the 

development of an automated, controlled and reproducible culture process. 
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CHAPTER 5. LARGE-SCALE 3D BIOPRINTED CULTURES 

DEVICES DEVELOPMENT 

After studying and optimizing the behavior of the cell lines in 3D at a small scale, we evaluated 

the feasibility of bioprinted cultures scale-up. For this, we significantly increased the scale of 

our models by a factor of 20 to 50. We focused on 3D bioprinted structures, each approximately 

10 cm3 in size. Our goal was to create and cultivate these structures for a minimum of one week 

in order to compare their growth kinetics and behaviors at various scales. 

This scale-up presented several key challenges: 

1. The maximal size of bioprinted construct is limited and few structures over the cm3 

are reported due to technical capacity (bioink, bioprinter etc). 

2. In thicker constructs, the diffusion of culture media is hindered and results in restricted 

access to nutrients and oxygen, improper removal and subsequent accumulation of 

metabolic waste at the center of the construct. 

3. There is currently no standardized existing vessel designed for culturing large, tissue-

like structures in vitro with regulated culture parameters. 

4. Maintaining control over the cellular environment, particularly regarding factors like 

culture medium's pH, cell access to a carbon source (feeding), and oxygen levels 

(dissolved oxygen, or dO2), is challenging. 

To address these challenges, we built upon the field of tissue engineering for selecting and 

designing our bioreactor models. Bioreactor culture vessels have gained significance for 

cultivating sizable tissue-like structures due to their ability to provide a controlled and regulated 

environment for larger-scale cultures. For thicker constructs exceeding 2 mm in width, we 

recognized the need to enhance dynamic flow to ensure an homogeneous media diffusion 

throughout the construct. Dynamic liquid flow provided by such bioreactors as already been 

proved to enhance media diffusion within 3D structures [334,619]. The criteria identified for 

satisfactory bioreactor system are listed below:  

- Maintain long-term sterility and watertightness 

- Maintain favourable growth conditions (physico chemical environment) 

- Allow for homogeneous and controlled feeding of the cells (flow distribution) 

- Allow for monitoring (discrete sampling / continuous monitoring) 

- Ease the bioprinted construct installation and chamber sealing 



192 

 

A novel device was developed as none of the commercial culture devices could satisfy all our 

criteria. It was designed as a dedicated bioreactor system to generate a controlled media flow 

throughout the bioprinted construct. The concept of this equipment was based on the setting of 

fixed-bed bioreactors illustrated in Chapter 1 Figure 1.1. The main difference being the cells 

growing within the whole hydrogel volume instead of the surface of a packed support. A 

standard stirred tank bioreactor with a working capacity of 250 mL and integrated sensors to 

regulate the parameters of the culture medium was used. The regulation was performed by a 

control system applying actuators in response to the feedback loop. The stirred-tank was used 

as a media reservoir to feed the bioprinted construct placed in an individual and personalized 

vessel, designated as "culture chamber" and located outside of the stirred tank (see Figure 5.1). 

Therefore, the culture chamber was continuously perfused with a controlled culture media flow 

maintained under controlled physicochemical conditions (including pH, pO2, and temperature). 

This bioreactor setup was designed for conducting 3D construct cultures for up to 20 days.  
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Figure 5.1: Concept of the bioreactor system adapted to the culture of 3D bioprinted constructs. (A) Conceptual 

scaled-up culture system for large bioprinted constructs. It includes a control system used to regulate the culture 

media's physico-chemical state and a continuous dynamic flow of culture medium through the bioprinted Construct 

(B) Schematic representation of the regulated culture system comprising an in-house personalized "culture 

chamber", an Eppendorf DASbox® stirred tank and a Cytosys® (Ipratech) controller.  

Numerous parameters had to be studied and optimized to develop such a culture process. These 

parameters concerned the construct size and geometry (3D printing, porosity, cell survival), the 

design of the culture chamber (material, flow control, robustness, etc…) and finally, the 

optimization of the bioreactor system (setup, regulations, analytics). 

 

                      

           

        

       

            

    

                 

           

          

                       

    

       

              

   

  

           

         

         

 

 

              

                       

               

          

                    

                      

                     

               

           

           

             



194 

 

 

5.1. Design and evolution of bioprinted constructs 

To evaluate the feasibility of the scale-up of bioprinted cultures, the construct size was 

increased by 20 to 50. A cuboid geometry including internal porosity was elected for its easiness 

to be modelled and printed. Such geometry can remain stable on each of its sides. This 

characteristic makes it easier to manipulate than most other shapes, such as cylinders, spheres 

or more complex geometries. It consequently reduces the risk of contamination during construct 

handling. The construct's cuboid shape also facilitated the design of the associated culture 

chamber, with flat surfaces and reduced material consumption (few support materials and thin 

walls). 

Hence, the bioprinted construct was scaled up from 0.2 cm3 (1 × 1 × 0.2 cm) to 10.8 cm3 (2 × 

2 × 2.7 cm) and designed as a  rectangular cuboid. For constructs exceeding 2 mm thickness, 

we recognized the need for dynamic nutrient flow to ensure homogenous media diffusion 

throughout the construct. As a result, the construct's geometry incorporate macroporosity within 

the structure, maintaining a maximum hydrogel thickness of 800 µm throughout the entire 

construct and facilitating fluid path and media diffusion. Therefore, the bioprinted constructs 

were printed as 2 × 2 × 2.7 cm (x , y , z) rectangle cuboid with porosity parallel to the Z direction 

(2.7 cm side). The initial design had 12 × 12 pores with scare sections of 0.8 mm side (Figure 

5.2). Such geometry corresponded to a total construct volume of 10.8 cm3 (total scale-up factor 

of ~50) comprising ~ 8.3 cm3 of hydrogel (hydrogel volume scale-up factor ~40) and ~ 2.5 cm3 

of void (porosity). 

 

Figure 5.2: Geometry of the large-scale bioprinted Construct in CAD versus real construct picture 

As depicted in Figure 5.2, the construct structure of 10.8 cm3 could be successfully printed with 

a conserved overall shape and self-supporting structure. Nevertheless, due to hydrogel shear-

thinning properties, the hydrogel filament underwent swelling after exiting the printing nozzle. 

The fidelity of printing shape with CAD-designed shape was complex to achieve. Indeed, 

construct height was increased, and pore size decreased drastically (see Figure 5.2). Thus, in a 
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subsequent experiment presented in paragraph 5.2.2, pore size reduction hindered the flow path, 

causing inefficient feeding of the embedded cells, and overpressure in the culture chamber 

associated to media leaks.  

Several modifications were operated; the gradual reduction of the pores' numbers to increase 

their size, and reduction of construct length (Z direction) to go from a 2 × 2 × 2.7 cm cuboid to 

a 2 × 2 × 2 cm cube (see Figure 5.3). These modifications allowed for improved liquid flow 

circulation inside the culture chamber. The final geometry was 8 cm3 of total volume (total 

scale-up factor 40) with a total hydrogel volume of ~ 3.9 cm3 (hydrogel volume scale-up factor 

~ 20). 

 

Figure 5.3: Evolution of bioprinted construct design 

 

5.2. Design and evolution of "culture chambers." 

5.2.1. Multi-flow culture chamber conception 

Customizing the culture chambers to accommodate the specific shapes of the bioprinted 

constructs was essential. This is why 3D printing of the culture chambers proved to be a 

valuable strategy. It offered the flexibility to adjust the shape to match each unique 3D design 

and allowed for iterative improvements to the chamber design. Therefore, both the bioprinted 

constructs and the 3D culture chambers were initially designed using CAD (Computer-Aided 

Design) software and then 3D printed. However, during the implementation of this concept, we 

encountered several challenges.  
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The culture chambers were 3D printed by inkjetting with Veroclear®, a polyacrylate-based 

resin. This material was validated from previous work in the lab to possess satisfactory 

biocompatibility (contact and leachable), printability (resolution, fidelity, easy connection 

process), impermeability (no leaks) and sterilizability (resistance to multiple autoclave cycle), 

transparency (visualization of construct, media level, bubbles, etc) and low roughness (cleaning 

quality). A work is currently performed in the team to develop new manufacturing methods 

based on Arburg Plastic Freeforming printer (Freeformer) with polycarbonate material 

(Makrolon®) used for commercial manufacturing of sensors and bioreactor parts [620]. 

For biomolecules production in bioreactors, homogenous mixing and access to nutrients is 

essential. Therefore, we wanted to generate an homogenous flow inside the bioreactor culture 

chamber. However, as cell behavior in large bioprinted constructs is not well known, we still 

wished to keep the possibility of generating different flow profiles to either generate 

heterogeneity in the flow distribution or be able to have localized feeding. Therefore, we opted 

for a multi-entry culture chambre enabling for generation of multiple flow configurations. 

The culture chamber was designed after computational fluid dynamic (CFD) simulations. This 

work was performed in collaboration with the Laboratoire Réactions et Genie des Procédés 

(Céline Loubière & Eric Olmos :  Nancy, France). It was designed with 7 different entry/exit 

ports to be able to generate different flow configurations in a single "culture chamber" (Figure 

5.4). Figure 5.4_C demonstrate that thanks to selected flow path (entry and exit), it was possible 

to generate homogenous or heterogenous nutritive flow path inside the bioprinted construct. 



197 

 

 

Figure 5.4: 3D printed culture chamber design and CFD simulations. (A) CAD representation and (B) picture 

of the 3D printed culture chamber. (C) Modelling of the liquid path and fluid velocity in bioprinted construct with 

three different flow configurations leading to homogeneous (case 2) or non-homogeneous (case 1&3) media 

distribution, with a flow rate of 20 mL/min  

5.2.2. Characterization of residence time in the "culture chamber" 

Simultaneously, we further characterise the media flow in the "culture chamber" by measuring 

its residence time to validate the CFD models for our bioreactor system. The residence time is 

a term employed to designate the duration for which a fluid portion (or particle) remains within 

a control volume. Determining the residence time in the "culture chamber" will determine at 

which frequency a total media renewal of the "culture chamber" is achieved depending on the 

flow rate. It can support choices of the optimal flow rate, ensuring proper cell feeding and 

            

        

          

         

                   

     

   

                

              

    

           

              

              

                

 

 

          

   

     

        

     

   

   

 

   

 
C    1 C     C     

IN L         R       L      L      

OUT S   1   S     R         S   1   S     

    L     1  1         



198 

 

preventing starvation or hypoxia. For example, it was reported that 1 – 2 h residence time in 

cell-retention culture devices resulted in oxygen limitation [621]. 

Multiple methods exist to determine the residence time in a bioreactor. One of the easiest 

protocols is to perform a "Pulse experiment", also known as the "Dirac method". This method 

uses a "pulse" injection of a tracer molecule at the inlet of the bioreactor. The injected volume 

of the tracer molecule should be minimal, and the injection should be fast to create a short 

"impulse" of the tracer's concentration. Thus, with an injection duration significantly lower than 

the residence time, it can be modelized by the Diract delta function (narrow spike). 

For this experiment, the residence time was measured in the 3D printed chamber represented in 

Figure 5.4_A, with homogenous flow distribution (case 2 : Figure 5.4_C). The circuit 

configuration used for the measure is presented in Chapter 2, Figure 2.5. A rectangle cuboid 

bioprinted construct of  2 × 2 × 2.7 cm (x , y , z) with porosity parallel to the Z direction and 

12 x 12 pores of scare sections of 0.8 mm side (Figures 5.2 & 5.3) was placed in the chamber. 

A continuous flow of demineralized water was injected through the “culture chamber” with a 

peristaltic pump. The chamber outlet was harvested in a glass becker. The liquid in the Becker 

was pumped out at an identical flow rate to maintain the total volume at 20 mL. A magnetic 

barrel was used to stir the liquid in the Becker homoneously, and a conductivity probe was 

plunged in it. A solution of 0.2 M NaCl was used as the tracer.  

The residence time was evaluated at two flow rates, 6 and 10 mL/min, respectively. The 

different measures are recapitulated in Figure 5.5, and the calculated residence times are shown 

in Table 5.1. 
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Figure 5.5: Measure of culture medium residence time in the culture chamber. Graphs represent (A) The 

evolution of NaCl concentration measured in the outlet of the chamber after injection of 0.2M NaCl solution with 

a circulation flow rate of 6 mL/min, (B) The evolution of NaCl concentration measured in the outlet of the chamber 

after injection of 0.2M NaCl solution with a circulation flow rate of 10 mL/min, (C) The calibration curve of NaCl 

concentration against measured conductivity and (D) Response time of the conductivity probe plunged in a 0.1M 

NaCl solution at t=0. 

The residence time (Rt) was estimated with the following equation where C(t) represents the 

evolution of NaCl concentration (C) in time (t) and the integral of C(t) was estimated as the 

area under the curve (Figure 5.5 A & B) calculated with the trapezoidal rule: 

𝑅𝑡 =  
∫ 𝐶(𝑡) . 𝑡 𝑑𝑡

∫ 𝐶(𝑡) 𝑑𝑡
 

The standard deviation (𝜎) was calculated as the square root of the variance (𝜎2) with : 

𝜎2 =  
∫(𝑡 − 𝑅𝑡)2 . 𝐶(𝑡). 𝑑𝑡

∫ 𝐶(𝑡) 𝑑𝑡
 

Table 5.1: Residence times (Rt) and their standard deviation measured in the culture chambers with 

homogenous flow configuration for two different flow rates. 

Flow rate 

(mL/min) Rt (min) 

strd 

deviation 

(min) 

6  6.04 2.33 

10  5.65 2.54 
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No significant difference was noticed between the Rt measured at the two flow rates tested 

(Table 5.1). However, the standard deviation was high, representing> 40% of the measured Rt. 

This could be explained by an additional experiment qualifying the conductivity probe's 

Response time. Indeed, while the probe was immersed in a 0.1M NaCl solution, its signal 

needed about 5 min to stabilize, as shown in Figure 5.5_D. Therefore, residence time 

measurements will have to be performed with other probes having a faster response time, as the 

response time of the probe should be insignificant compared to the residence time. In actual 

team studies, simulated flow paths and velocities are about to be validated thanks to an 

advanced analytical approach using MRI (Magnetic Resonance Imaging). 

 

After the conception and development of the design, the 3D printed chamber was used for 

sterile bioprinted constructs' culture lasting for 14 to 20 days. During these experiments, 

we faced several issues, such as leaks from the cap, complex closing procedures, silicone 

joint manufacturing, and breaking of bioreactor parts. Those challenges prevented the 

success of long and sterile culture process. Therefore, work was performed to develop a 

custom culture chamber adapted to the geometry and demand for the construct culture 

and suitable for sterile culture over 14 days. 

 

5.2.3. Improvements of the “culture chamber’s” designs 

The primary design of our "culture chamber" served as the foundation for the technical 

evaluation of inserting bioprinted constructs in their chambers and for their connection to the 

regulation vessel. Such preliminary assays allowed to define specifications for the "culture 

chamber," focusing on several critical criteria : 

• Increase part’s robustness: resistance to autoclave sterilization, maintain geometry  

• Ease construct’s manipulation: installation of the bioprinted constructs/chamber 

closure & sealing 

• Efficient chamber water tightness: caps and ports connected to tubings for perfusion 

Multiple changes were operated onto the "culture chamber" design and conception to reach 

designs that could handle cultivation periods of over 14 days. See below the flowchart for 

design optimizations in Figure 5.6. 
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Figure 5.6: Modifications of the chamber to improve the chamber's robustness, water-tightness and handling 

Robustness Enhancements: On the primary design, the entry and exit ports, shaped as hose 

barb fittings, were fragile and often broke during autoclaving. The post-printing treatment of 

acrylate materials significantly weakened the material, mainly through autoclave cycles. It led 

us to implement the following strategies to enhance the devices' robustness (as seen in Figure 

5.6): 

• Changed the material post-printing cleaning process: We replaced the overnight 70% 

ethanol wash with a 2M NaOH wash based on the provider's recommendations. 

• Redesigned the chamber with at least twice thicker walls to prevent breaking, removing 

the 3D printed tube fittings and creating inlet/outlet ports with female luer locks glued 

to the chamber wall (see Figure 5.7). 
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Figure 5.7: Evolutions of the culture chamber (CAD): first design (1) was a fully 3D printed "rectangular" 

bioreactor with cap sealing with four to six bolts. This design was changed for a 3D printed bioreactor with thicker 

walls and circular screw cap (2), the tube fittings were made by glueing female luer locks to the chamber (3 and 

4). 

Ensuring Watertight Sealing: Watertight sealing of the "culture chamber" was crucial for 

maintaining long-term cultivation in sterile conditions. The achievement and validation of 

watertight sealing involved multiple steps including bioprinted construct insertion in the 

chamber, chamber closure and sealing, proper connection to perfusion tubings. As “culture 

chambers” are perfused with oxygenated nutritive flow, it could result in air bubbles and 

overpressure in the culture chamber. Each steps were addressed with the following 

modifications: 

• Cap sealing geometry and joint material adjustments (Figures 5.8 and 5.9). 

• Reduction of overpressure: Enlarging tubing’s from Ø 2 mm to Ø 3 mm to prevent 

tubing clogging. The exit port from the culture chamber and outlet tubing were enlarged 

from 2 mm to 4 mm to reduce the fluid velocity (m/s) by 5 resulting in a decrease of the 

pressure drop from 378 Pa/m for Ø 2 mm pipes to 24 Pa/m for Ø 4 mm pipes. The 

pressure drop was calculated with the Hagen-Poiseuille equation as presented in Chapter 

2, section 2.3.2, and correspond to the pressure exerted by the fluid on the pipe wall. 

Therefore, reducing the pressure drop in the port connecting the outlet pipe to the 

chamber prevented liquid leaks at the connection point. As a first trial, the peristaltic 

pump was kept on the inlet side of the culture chamber. Thus, to release overpressure in 
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the “culture chamber”, an empty-sterile-filtered bottle was connected to the cap of the 

culture chamber to allow for gas bubble or over-pressured liquid evacuation. Finally, 

the peristaltic pump was moved from the inlet to the outlet of the culture chamber to 

force media out instead of pushing it in and to reduce the over-pressure in the chamber. 

 

Figure 5.8: Evolution of the culture chamber's cap: from a rectangular cap closed with multiple bolts (screws 

and nuts) to circular screw cap with a knob to maintain the bioprinted construct in place 

 

 

Figure 5.9: Evolutions of the sealing joints: from 3D printed silicone joints (rectangular) to commercial rubber 

seals (circular). Flat- gasket joints provided the best sealing. 

As part of these optimizations, we transitioned to a circular screw cap design, replacing the 

previous rectangular cap. Such change of design allowed the formation of a gaseous headspace 

within the “culture chamber”. The bioprinted constructs floated at the air/liquid interface due 

to the presence of trapped air bubbles in the pore channels (see Figure 5.15). In order to maintain 
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the bioprinted contruct in the appropriated location, a small cylindrical knob was added to the 

cap, enabling the construct to be fully immersed (as shown in Figure 5.8). 

In conclusion, all these optimizations significantly improved the design of the 3D-printed 

chamber, making it easier to handle without leaks or breaks. In turn, it facilitated a more 

reproducible process for bio printed construct cultures, allowing them to be conducted 

over 20 days without leaks or contaminations. These changes also facilitated 3D modeling 

and printing, reducing the support material required, and enabling the bioreactor to be 

conveniently placed on a laboratory bench due to its balanced, flat-bottom shape. 

 

5.3. Regulation bioreactor 

5.3.1. Standard cell culture stirred-tank bioreactors adaptations. 

The bioprocessing setup was implemented with two regulated stirred-tank commercial 

bioreactor devices. The first was a custom reusable system based on a DASbox® stirred-tank 

(Eppendorf) associated with an Cytosys® controller (Ipratech). Such device was meant to be 

highly flexible and customizable. On the other hand, the concept was adapted to a commercial 

system, the Sartorius Ambr®250 HT (demo unit). This system offers less flexibility but 

provides a more automated and reproducible culture process. The Ambr®250 High Throughput 

(HT) demo unit (Sartorius) uses single use stirred-tanks with integrated analytics for parameters 

monitoring (Figure 5.10). In both setups, we can monitor pH, temperature and dO2 

continuously.  
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Figure 5.10: Comparative representation of the regulated stirred tanks (A) the DASbox® (Eppendorf) 

represented with CAD, used in the reusable and customized bioreactor setup with Cytosys® (Ipratech) controller 

and (B) single-use Ambr®250 stirred tank (Illustration from Biorender.com) used with the Ambr®250 HT control 

system demonstration unit. 

The stirred-tank is equipped with probes that are calibrated before the cultures begin. These 

probes enable the continuous monitoring of the culture medium's temperature, dissolved 

oxygen partial pressure, and pH. The signals from each probe are transmitted to the bioreactor 

controller, which uses this feedback for regulation. If any of the measured parameters deviate 

from the setpoint values, the system automatically adjusts the relevant actuators, as specified in 

the settings, to correct the deviation and return to the desired setpoint. 

To increase the pH, a 0.2 M NaOH solution, labeled as "Base," is employed as a positive 

actuator. Conversely, CO2 serves as a negative actuator for pH regulation due to its pH-

lowering effect in a culture medium containing a carbonate buffer. For dissolved oxygen (dO2) 
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regulation, positive actuators include air or pure oxygen and adjustments in the stirring speed, 

while N2 is used as a negative actuator. Temperature regulation relies solely on the heating 

jacket. It's worth noting that all these regulation processes are carried out within the stirred tank 

itself, as illustrated in Figure 5.11. This is due to the current technological limitations that 

prevent the installation of sensors in the 3D printed culture chamber. However, the culture 

chamber's temperature is maintained at 37°C by placing the vessel in a bench heating chamber, 

compensating for heat loss from the media circulating out of the regulated tank. Our future 

work will dedicate efforts to enabling parameter monitoring and regulation within the culture 

chamber, which has already been initiated and will continue. However, the details of this work 

are not presented in this context. 

The dynamic fed-batch system was initially developed using our in-house assembled bioreactor 

system, which consists of the DASbox® stirred tank and the Cytosys® controller. The culture 

medium volume used in this system ranged from 100 to 200 mL. It's important to note that this 

setup was maintained in a clean, although not sterile, environment located outside the sterile 

hood. 

To manage the culture chamber within the sterile hood while keeping the stirred tank connected 

to the controller positioned on the laboratory benchtop, it was necessary to use inlet and outlet 

tubing for the circulation loop that were at least 130 cm long. 

The working volume of the culture chamber was 10.8 mL, with the liquid volume accounting 

for the remaining space not occupied by the hydrogel. This volume ranged from 2.5 to 6.9 mL, 

depending on the specific geometry of the bioprinted construct. Consequently, the total volume 

of media circulating in the system ranged from approximately 21 to 26 mL, while the remaining 

media in the regulated tank varied from around 74 to 179 mL, depending on the overall media 

volume used. 
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Figure 5.11: In-house developed bioreactor setup. The system comprises a Cytosys® (Ipratech) controller and 

DASbox® (Eppendorf) regulated tank. (A) Pictures of the running setup and (B) detailed Pipe and Instrumentation 

Diagram (P&ID) of the setup. 
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The setup was then transferred and adapted to the Ambr®250 system. The total volume of 

media used was 200 mL. Different setups were implemented with volume of circulating media 

varying from ~ 13 to 30 mL. To allow for media circulation in Ambr devices, customization 

would be necessary to implement a circulation loop on such single-use vessels. Ambr®250 

device has 4 pumps for media or base feeding to the stirred tank. In this case, one pump was 

used in reverse mode (negative flow rate) to pump liquid out of the regulation  tank and feed 

the culture chamber. The three other pumps were used for feeding and base injection.  

Initially designed for media sampling, a cap on top of the Ambr®250 stirred tank was modified 

to allow the outlet flow from the culture chamber to return to the Ambr® tank. A primary 

version of this "Perfusion cap" was made from the existing Ambr® Sampling cap (see Figure 

5.12_A). This version allowed solely the perfusion flow to return to the regulation vessel. A 

second version was designed entirely and 3D printed in acrylate-based material (Veroclear) to 

provide two ports for the media inlet and outlet (see Figure 5.12_B) 

 

 

Figure 5.12: Evolution of the modified Ambr®250 perfusion-cap : (A) first version with 3D printed part glued 

on top of the commercial Ambr®250 sampling cap with sawed bottom to allow fluid path. This system allowed 

circulating fluid to come back to the regulated tank. (B) The final version is entirely 3D printed, allowing 

circulating fluid to return to the regulated tank and pumping regulated media for injection in the culture chamber. 

Standard regulation protocols commonly implemented on cell culture devices were evaluated 

for maintaining the physiological culture of 3D constructs. Table 5.2 summarises the different 
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protocols implemented and their effects. The following sections will detail the additional 

steps to improve culture regulations. 

 

5.3.2. Optimized regulation of temperature, pH and dO2 control 

As depicted in Figure 5.13, it became evident that the standard regulation parameters were 

insufficient for achieving precise control of pH and dissolved oxygen (dO2). When applying 

the regulation settings designed for suspension cell cultures, we observed significant parameter 

deviations of up to 125% from the setpoint, particularly in the case of dO2. 

The challenges arose from the use of both air and CO2 gassing. Air was employed as a positive 

actuator for dO2 regulation, while CO2 was a negative actuator for dO2 and regulated pH. 

However, due to the minimal oxygen consumption during the culture, CO2 was consistently 

injected, resulting in conflicts regulating dO2 and pH. This, in turn, led to poor control of both 

parameters. To address these conflicts and enhance control precision, we introduced nitrogen 

gas into the system to serve as a neutral gas for down-regulating dO2. Consequently, CO2 was 

exclusively used for pH regulation, eliminating conflicts between the two control loops. 

Additionally, adjustments were made to the Proportional-Integral-Derivative (PID) coefficients 

within the controller's response to better align with the slower metabolic rates of the bioprinted 

constructs. The PID controller is a feedback mechanism designed to respond to variations in 

parameters, and it consists of three coefficients:  

1. Proportional (P) coefficient: Determines the strength of the feedback, responding 

proportional to the deviation from the setpoint. 

2. Integral (I) coefficient: Considers the evolution of the deviation over time by 

integrating the value of the deviation, delivering a response based on the integrated 

term's growth. It increases the response strength when the deviation is increasing over 

time or reduces the feedback amplitude when the deviation is decreasing. 

3. Derivative (D) coefficient: Calculates the derivative of the deviation over time to 

anticipate its evolution. It influences the speed of the response. A faster response occurs 

when the deviation's derivation is increasing, preventing oscillations caused by the P 

coefficient. Conversely, when the deviation's derivation decreases, the response is 

extended over a longer period of time, counteracting oscillations. 
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Given the slow cell metabolism within the bioprinted constructs, we adjusted the response 

strength (P) by decreasing it and increased the derivative value (D) to spread the response over 

time effectively.  

Lastly, to enhance the quality of parameter regulation, we refined the PID coefficients for the 

first two levels of the dO2 control loop cascade, specifically for azote/gas mix sparging 

(negative actuator) and O2 sparging (positive actuator), which are the primary actuators. Several 

adjustments were made before identifying the optimal PID settings. These adjustments are 

summarized in Table 5.2. The adaptability of the regulation settings to different setpoints was 

tested by changing the setpoint for dO2 from 40 % to 60% after 8 days or culture. It 

demonstrated the efficiency of these setting by quickly increasing and stabilizing the dO2 to the 

new setpoint value as shown in Figure 5.13_B. 

In the of pH regulation loop, the PID coefficients were not modified but the deadband was 

increased from 0.01 to 0.2 to minimize value oscillation and reduce excessive base injection, 

further improving the quality of parameter regulation. 
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Figure 5.13 : Regulation of culture parameters for large bioprinted construct containing CHO cells cultured in 

adapted Ambr®250 setup with (A) Non optimized settings and PID based on those used for suspension CHO cells 

culture and (B) Optimized settings and PID for bioprinted constructs culture, a change of dO2 setpoint was 

performed at day 8 to verify the adaptation of the regulations. 
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Table 5.2: Evolution of the dO2 control loop PID 

initial dO2 regulation loop 
 

Optimized dO2 regulation loop 

Level 1 
 

Level 1 

Output Gas flow mix (N2/mix) 
 

Output Gas flow mix (N2/mix) 

Effect decreases dO2 
 

Effect decreases dO2 

Minimum flow rate 

(mL/min) 0 
 

Minimum flow rate 

(mL/min) 0 

Maximal flow rate 

(mL/min) 20 
 

Maximal flow rate 

(mL/min) 20 

Propotional term 

(kP) 0.1 
 

Propotional term 

(kP) 0.8 

Derivative term 

(kD) 5 
 

Derivative term 

(kD) 7 

Integral term (kI) 100 
 

Integral term (kI) 99 

Level 2 
 

Level 2 

Output O2 added flow 
 

Output O2 added flow 

Effect increases dO2 
 

Effect increases dO2 

Minimum flow rate 

(mL/min) 0.1 
 

Minimum flow rate 

(mL/min) 0.01 

Maximal flow rate 

(mL/min) 80 
 

Maximal flow rate 

(mL/min) 80 

Propotional term 

(kP) 3.5 
 

Propotional term 

(kP) 0.3 

Derivative term 

(kD) 2 
 

Derivative term 

(kD) 12 

Integral term (kI) 250 
 

Integral term (kI) 249 

 

5.3.3. Volume regulation in AmbR® 250ml 

In the Ambr®250 system, a unique feature involves regulating the volume tank and recording 

the flow in and out of the Ambr®250 tank through the system's pumps. However, in our adapted 

setup, we faced a challenge. The system could record the flow pumped out of the stirred tank 

by the Ambr® pump but couldn't account for the liquid flow coming back through the new 

Ambr® perfusion cap (first version shown in Figure 5.12_A). Consequently, the system would 

enter a security mode due to a "low volume" alarm, which would cease all regulations. To 

prevent culture interruption due to this "low volume" alarm, we explored several options listed 

below: 
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Option 1: Two pumps within the system for media flow circulation, with manual addition of 

FMB feeding  

In this option, one pump of the Ambr®250 was positioned before the culture chamber to 

transport media from the tank into the chamber, and another was placed after the chamber to 

move the media from the chamber back into the stirred tank. This arrangement effectively 

prevented the "low volume" alarm from triggering prematurely. However, a slight delay 

between the two pumps introduced variability into the recorded volume despite being 

programmed to operate at the same flow rate. Consequently, it was necessary to manually adjust 

the recorded volume at least once daily to maintain accuracy. Unfortunately, after 11 days of 

culture, the delay between the two pumps created an underpressure in the chamber, 

compromising the seal and allowing air to enter the circuit. Consequently, the culture had to be 

halted due to the risk of cell drying, starvation, and contamination. Additionally, new leaks 

occurred at the cap of the 3D printed chamber, even when using the new design with a circular 

screw cap and O-ring joint. Hence, this configuration required a daily manual edition and 

resulted in low pressure, leading to a break of sealing and loss of sterility. 

Option 2: One pump is placed before the chamber to inject inlet media and an empty filtered 

sterile bottle pumping air in the tank to balance the pumped volume. 

In this particular setup, we employed only one Ambr® pump on the chamber's inlet tubing, 

responsible for transferring the culture medium from the stirred tank to the culture chamber. To 

maintain a constant volume in the stirred tank, we connected a sterile filtered bottle to the 

second Ambr® pump. The control system was thereby manipulated to consistently record a 

stable volume by introducing sterile air from the bottle into the tank at an identical flow 

rate.However, it's important to note that this configuration had a downside. It resulted in 

suboptimal regulation of dissolved oxygen (dO2) because the continuous introduction of air 

from the filtered bottle was not integrated into the dO2 control loop. This oversight led to 

challenges in effectively regulating dO2 levels. 

Option 3: External peristaltic pump with higher flow rates and cap modification (max flow rate 

achievable with Ambr®250 pumps is 2.5 mL/min or 150 mL/h) + = new leaks 

We opted for an external peristaltic pump to address the challenges associated with volume 

control in the Ambr® system. This approach offered the added benefit of allowing for higher 

flow rates, reaching up to 14 mL/min, compared to the Ambr® pumps, which were limited to 

a maximum flow rate of 2.5 mL/min. Modifications were made to the Ambr® perfusion cap to 
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incorporate external pumps, resulting in the second version depicted in Figure 5.12_B. This 

new cap featured the addition of a second tube fitting and an immersed pipe, enabling the 

pumping of media from the tanks in one direction and the return of media to the tank in the 

opposite direction. The creation of this modified cap necessitated the design and 3D printing of 

an entirely new cap. Despite these modifications, some occasional leaks still occurred from the 

screw cap. To mitigate this issue, adjustments were made to the construct geometry, as 

described in section 4.1, to facilitate the flow path of fluids through the construct. 

Additionally, as detailed in section 5.2.2, the diameter of the outlet tubing was doubled, and an 

empty sterile-filtered bottle was connected to the cap of the culture chamber. This setup allowed 

for the evacuation of gas bubbles or over-pressurized liquid. Nonetheless, despite these efforts, 

some leaks persisted due to inadequate sealing and the potential for pressure buildup in the 

chamber caused by inefficient media evacuation. 

Option 4: Displacement of the peristaltic pump from the inlet tubing to the outlet tubing of the 

culture chamber. 

In this option, the filtered bottle connected to the culture chamber cap was removed and the 

external peristaltic pump was placed on the exit side of the culture chamber to force media out 

of the chamber and thereby avoid overpressure. This final setup adjustment led to a successful 

culture for 14 days. During this period, parameters such as pH, oxygen supply, and temperature 

were precisely regulated, and the culture proceeded without any leaks or contamination. The 

different setup optimizations presented above are schematized in Figure 5.14. 
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Figure 5.14: Evolution of bioreactor setup on Ambr®250 system for bioprinted constructs culture with (A) 

Picture of a bioreactor run on Ambr®250 with large bioprinted construct, (B) Initial bioreactor setup, resulting 

in "low volume" alarm and arrest of the culture, (C) second setup (Option 1) used two Ambr® pumps for 

circulation loop, led to culture arrest due to under-pressure which broke the sealing, (D) third setup (Option 2) 

using one Ambr® pump for circulation loop and one for "air bottle" pumping compensation, (E) fourth setup 

(Option 3) with external peristaltic pump placed before the chamber and filtered bottle connected to the culture 

chamber cap, led to culture arrest due to over-pressure and leaks from the chamber cap, (F) fifth setup (Option 

4) with external peristaltic pump placed after the chamber was able to prevent over-pressure in the culture 

chamber and led to successful 14 days culture. 

 

5.3.4. Integration of new analytics in the bioreactor setup 

 

In 3D culture monitoring, various imaging modalities were evaluated but were still limited in 

scale and depth of analysis. There, we find standard Fluorescence or Confocal microscopy, 

Light-sheet-based fluorescence microscopy [622], Tomography (PET—positron emission 

tomography, OPT—optical projection tomography) [623] or its combination with spectroscopic 

tools like Raman [624]. All instruments are quite limited in analysis depth,sually < 1 mm 

[625,626]. Some technologies such as Light Sheet allow the reconstruction of 3D structures 

from multiple low-depth images, but the largest samples reconstructed with this method were 
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small organs < 1 cm3 [625,627,628]. Tissue transparisation can reach depths up to 300µm 

[629,630], but this practice is destructive. Analysed tissue volumes are commonly in the range 

of 10 µm3 to 5 mm3 [624,630]. But again, for larger tissues, it requires sectioning. Thus, we 

identified a clear challenge in qualifying our large 3D cellularized constructs of 10 cm3, in terms 

of internal geometry, cellularity, metabolic activity, and their evolution without destructing the 

samples. Thus, to answer this problem, novel analysis modalities had to be evaluated, allowing 

for non-destructive observation of our large-scale bioprinted constructs while they were being 

cultivated in bioreactors.  

Consequently, along with my PhD, I evaluated several promising analytical tools to reach such 

goals. This work was performed in collaboration with experts of the technologies assessed. 

I contributed to implementing the culture setups, the cultures and external analysis. This 

is why, in the following section, I only present the strategy implied in developing such tools 

but will not discuss the experiment's details and parameter optimizations. 

Additionally, we had to modify the bioreactor setup or "culture chamber" for some of the 

technologies evaluated. As the in-house developed bioreactor setup (Eppendorf stirred tank 

with Cytosys® Controller) had more flexibility than commercial AmBr® devices, it is the one 

with which the developments were performed.  

 

Non-destructive offline analytics 

Internal morphological analysis of tissue is commonly performed by histology. This tool was 

routinely adapted to 3D bioprinted structures by the lab. In the case of our project, large 

bioprinted structures were sliced into 5 µm sections separated by 3 mm between each cut, since 

it was impossible to cut the whole construct and keep every section. In fact, cutting the whole 

construct would imply sectioning, staining and imaging approximatelly 4000 sections for one 

construct. Thus, this tool cannot fully reconstruct the cellularized hydrogels in routine. 

Therefore, to provide non-destructive analytics for observing large 3D constructs, we evaluated 

tools already applied for in-vivo imaging of large organs and tissues. In this field, the Magnetic 

Resonance Imaging (MRI) is a reference tool for tissue imaging in vivo and in vitro [631]. 

Indeed, it stays non-destructive and is the sole imaging tool with X-Ray (Micro-CT) that 

provides high spatial resolution from 50µm to 10mm and imaging depth ranging from 0.1mm 

to 1000 mm [629]. 
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Thus, MRI analyses were performed on our 3D bioprinted objects at the CERMEP (Lyon, 

France) with a 7T Siemens AvantoFit MRI. We evaluated if this technology can provide insight 

on : 

- The 3D construct geometry and its evolution after the cultivation period 

- The 3D construct composition (cellularity or extracellular matrix) 

Assays were performed on non-cellularized cultures and HEK bioprinted construct. As 

demonstrated by the pictures below, MRI determines precisely the internal geometry of the 3D-

printed objects. It allows us to identify the morphological evolutions of the object without 

slicing. 

 

No cells 

         

With cells                            3D reconstruction 

Figure 5.15: MRI imaging of bioprinted constructs with or without cells 

As a demonstration of the implementation of such a tool to qualify the 3D structure, Figure 

5.15. The MRI imaging of the cell-free construct after 3D printing shows the concordance of 

the 3D structure with the CAD model, presenting well-defined pores. Dark areas indicate the 

presence of some air bubbles retained in the porous channels. The MRI of the cellularized 

Construct after 20 days of culture demonstrates the excellent conservation of the structure and 

porosity, except for the pores on the periphery, which got crushed due to the construct squeezing 

into the culture chamber. The dark zone shows that some air bubbles are still present in the 

structure. If these bubbles were present from the first day, they may have hindered the media 



218 

 

flow and possibly prevented the correct feeding of the cells. The MRI data could be used to 

reconstruct the whole 3D structure of the construct as shown in Figure 5.15. 

Hence, MRI is exciting for studying the real constructs' 3D architecture and evaluating its 

conformity to the CAD model. It is one of the outputs of this preliminary study for future work. 

Then, it also provides a non-destructive method to characterize the evolution of the construct 

structure. Still, such analysis necessitates being performed in high-field MRI, not located at or 

close to the cultivation site. It stays an offline powerful tool. A proposed evolution is to perform 

a similar analysis with a low-field MRI, thus remaining close to the cultivation setup and having 

in-line monitoring of morphological changes.  

Development of in-line analytics 

As described above, 3D structure cultivation is a very long process (> 14 days) to reach 

satisfactory cell proliferation, structuration, and metabolic activity. While non-destructive tools 

are essential to screen and optimize culture conditions, online monitoring providing insight of 

the construct's evolution over time is also strategic to identify the changes and process phases. 

This work targeted two read-outs: first, the metabolic activity (lactic acid secretion) as a marker 

of cell proliferation onset, and second, the cell proliferation itself. 

Metabolism monitoring  

Culture sampling allows for the quantification of cell-consumed or secreted molecules. As 

introduced in Chapter 3 and 4, lactic acid was targeted as a marker of cell proliferation onset 

and metabolic activity. Thus, we implemented monitoring strategies observed in standard cell 

culture processes to our 3D biorpinted cultures. Raman spectroscopy acquisition of culture 

medium has been proven to correctly monitor lactic acid concentration in animal cell cultures 

[632–634] . 

In our case, we investigated the technology for monitoring online metabolism of bioprinted 

construct cultures. The setup is presented in Figure 5.17. The monitoring probe (Rxn-40, 

Endress-Hauser) was implemented in the regulation stirred tank. Three cultures of 20 days were 

performed with Raman spectra acquired twice a day during the whole culture duration. 

Simultaneously, supernatant samples were collected to quantify lactic acid secreted by the 

cultivated bioprinted construct. To evaluate the robustness of our strategy, two cell models were 

involved in the experimental plan: HEK cells, which are well known for being high lactic acid 

producers and dermal fibroblasts being low lactic producers. Thanks to chemiometric analysis, 

this data set allowed us to build a calibration for lactic acid quantification (sample set = 92 ) 

and validate the calibration (sample set = 21). The best model obtained after screening various 
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spectra pretreatments, spectrum analysis regions, number of PLS components involved 

provides an error of lactic acid measurement of 0.12g/L (Model parameter: R2=0.96; Q2=0.94; 

RMSEE=0.10g/l; RMSECV= 0.12g/l; Number of OPLS component= 1 + 4) as shown in Figure 

5.16.  

This work demonstrated that monitoring 3D culture metabolic activity thanks to online 

tools is also feasible, providing the constitution of appropriate assay calibration and a 

sufficient sample set. It is the first time this technology was evaluated for this application, 

and the work presented here takes part in a publication under writing by the team. 

 

Figure 5.16 : Establishment of a model for lactic acid monitoring with Raman spectrometry  

Bioprinted constructs cellularity monitoring 

Raman spectroscopy has also been evaluated for tissue qualification [635–638]. Both the tissue 

cell content and the extracellular matrix were qualified by Raman spectroscopy.  

Thus, to go further, we designed a bioreactor setup to integrate this technology to qualify our 

3D cellularized matrix composition., non-destructively and online. In that case, the probe had 

to be installed onto the "culture chamber" and a contact-free probe was used for solids and semi-

solids measurement (Rxn-20 probe from Endress-Hauser). 

Moreover, this approach allows for measurements through a low-interfering material, such as 

borosilicate, which exhibits spectral peaks in lower shifts. These spectral shifts are typically 

excluded from analysis due to significant noise interference. This feature is particularly 
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advantageous in a bioreactor setting, where contact-free measurements through a "window" 

help reduce the risk of contamination or leaks.  

To obtain data directly from the bioprinted construct, we designed a new chamber cap that 

incorporates a transparent borosilicate slide and a hollow cylinder to stabilize and set the probe's 

height. This design ensures reproducible probe placement (see Figure 5.19). 

Metabolite analysis was also a part of this setup. In this configuration, media sampling was 

conducted at the outlet of the bioreactor chamber to measure metabolites in the supernatant 

immediately after passing through the construct. Since the Raman probe was positioned in the 

culture chamber and could not fit inside the bench heating chamber, the culture chamber had to 

be placed outside at room temperature. We placed the inlet and outlet tubing inside the heating 

chamber to minimise heat loss during fluid circulation, as illustrated in Figure 5.18. 

We conducted experiments with two cell types to assess the capability of this technology to 

measure cell density in a possibly changing hydrogel environment, considering factors like 

degradation or extracellular matrix (ECM) production. The two cell lines used included a highly 

proliferative cell line with low to no ECM production (HEK) and a cell line with slower 

proliferation but high ECM production (Fibroblasts). These cultures were successfully run with 

this setup, allowing for the continuous acquisition of Raman spectra. 

To establish a predictive model of cell concentration from the spectra, we supplemented the 

data with offline measurements in small-scale bioprinted constructs with varying cell densities. 

These constructs were measured through the borosilicate window. After each measurement, the 

small-scale construct was dissociated, and the cells were counted to determine the experimental 

cell density.  

Spectra analysis and the mathematical prediction model were developed by the Raman experts 

of the team: Emma Petiot, Sarah Pragnère, and Ilyes Bichari. It's important to note that the 

prediction of cell density was less precise compared to lactate concentration prediction. 

However, the trends observed indicate the promising potential of this setup. With more data 

and optimization, this setup could likely offer a much more accurate estimation of cell density 

within the bioprinted constructs and provide in-line, continuous monitoring of cell proliferation 

in the bioreactors. They acknowledged that the measurement is localized to a 6 mm diameter 

spot, and the first 2 mm of the construct is essential. As a result, the measurement may not 

represent the total cell density inside the construct, and this difference in cell concentration 

measured with Raman spectroscopy and experimental dissociation may be attributed to the 

limited measurement area. 
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Figure 5.17: Bioreactor setups integrating Raman spectroscopy probes. (A) Setup with immersion probe (Rxn-

40 ; Endress-Hauser) inserted in the regulated tank for lactate monitoring. (B) Setup with contact-free probe (Rxn-

20 ; Endress-Hauser) placed on the culture chamber for monitoring of cell density in bioprinted construct.  
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Figure 5.18 : Detailed Pipe and Instrumentation Diagram of bioreactor setups integrating Raman spectroscopy 

probes. Bioreactor setup with Eppendorf DASbox® stirred tank and Ipratech Cytosys® controller integrating (A) 

A Raman spectroscopy immersion probe for quantification of metabolites in the supernatant and (B) A Raman 

spectroscopy contact-free probe for estimation of cell density in the construct. 
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Figure 5.19: 3D printed chamber cap adapted to the insertion of a Rxn-20 contact-free Raman spectroscopy 

probe. A borosilicate "window" was glued to the cap with epoxy glue to enable the passage of the red light ray. 

5.4. Conclusion 

This chapter presents the development and improvement of several bioreactor setups and 

analytics adapted for the culture of large bioprinted constructs. These setups have allowed us 

to carry out cultures over 20 days without contamination. To perform these cultures, multiple 

improvements had to be made in setup, construct and, chamber design and culture regulation. 

Further refinement and higher control of the cultures will be achieved by understanding the gas 

exchange through silicone tubing and selecting the most appropriate material. For example, the 

tubing was switched to Pharmed pipes in the peristaltic pump region to avoid damage and 

breakage from pump-generated shear. Thermoplastic elastomer (TPE) material could also be 

interesting for performing sterile connections or disconnections during the culture using a 

Biowelder® (Sartorius). For example, multiple chambers could be cultivated in parallel on one 

bioreactor, and chambers could be sterile-disconnected at different culture times without 

stopping the whole bioreactor culture. The disconnected construct could either be destroyed for 

cell count or sterile-analysed by MRI and reconnected to the bioreactor afterwards. The entire 

setup could even use several tubings of different natures depending on the location and role of 

the pipe section. Proof-of-concept of multiple new analytics applications to characterise and 

monitor large bioprinted constructs was performed. Among them, MRI was used as the starting 

and final point of characterization of constructed 3D architecture. Currently, the evaluation and 

integration to the setup of a small-scale MRI placed on a laboratory bench is in process in the 

platform. It will enable the continuous MRI analysis of the construct architecture during the 

culture. This tool also provides real-time imaging of the liquid flow inside the construct, which 

helps validate the CFD simulations. If high resolution can be achieved, then MRI could also be 
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used to detect and study the cells and their spreading in the construct or their action on the 

matrix composition. 

Finally, we evaluated two Raman spectroscopy probes for metabolites and cell density 

monitoring. The probes were integrated separately in two different bioreactor configurations, 

and both gave promising results. More data and optimization will be needed to feed the models 

and improve the estimations. Since the Rxn2 Raman analyser can function with multiple probes 

working simultaneously, the next step would be integrating both probes in one setup to monitor 

metabolite concentration and cell density simultaneously, as presented in Figure 5.20. Finding 

a way to keep the construct's chamber in a 37°C heated atmosphere while the Rxn-20 probe is 

set would also be advantageous. 

 

Figure 5.20: Prospects for a proposed future bioreactor setup 
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CHAPTER 6. BIOREACTOR CULTURE: A PLATFORM FOR 

ENHANCED 3D CELL CULTURE AND MONOCLONAL 

ANTIBODY PRODUCTION 

Using bioreactors to cultivate large 3D bioprinted cell constructs presents a promising 

perspective for the scaling and densification of 3D cell cultures. This study delves into 

evaluating the feasibility of upscaling and assessing various parameters within the complex 

bioreactor system. As described in Chapter 5, two bioreactor setups were used. The bioreactor 

system was validated with the initial setup designed with the Eppendorf DASbox® stirred tank. 

An Ipratech Cytosys® controller diligently regulated the entire system. The setup was then 

transferred to the commercial Ambr®250 bioreactor which offers more reproducibility, 

automation, and scalability for bioproduction applications. Both systems were used for 

bioprinted cell culture. Bioproduction of monoclonal antibodies was performed with 

Ambr®250 setup. 

6.1. Cultivating large bioprinted constructs in bioreactors for densifying 3D 

cell cultures 

In the first part of this study, we evaluated the feasibility of cultivating large-scale bioprinted 

HEK cells in our bioreactor system and investigated the effect on cell proliferation.  

Bioprinting, consolidation and culture conditions were sub-optimal compared to the best 

options identified in Chapter 4. Still, the bioprinted constructs, designed with a 2 x 2 x 2.7 cm 

geometry and a 35% infill ratio, are a central focus of this investigation. These constructs were 

composed of a bioink formulated with final concentrations of 2% w/v Fibrinogen, 2% w/v 

Alginate, and 5% w/v Gelatin, meticulously seeded with 3.0 x 106 HEK cells per mL. The 

bioprinting process was executed with an 800 µm diameter needle and maintained a temperature 

of 21°C. The hydrogel was further consolidated with 3%w/v CaCl2, 4%w/v transglutaminase, and 

10 U/mL Thrombin. 

This study deployed two identical constructs, one for the bioreactor experiment and the other 

as a control, cultured under static conditions in an incubator. The static culture involved 

immersing the bioprinted construct in a 100 mL culture medium with periodic media changes. 

In contrast, the construct designated for the bioreactor culture was initially cultivated for 7 days 

under static conditions, then transitioned into the perfused culture chamber, connected to the 

circulation loop of the bioreactor setup with a homogeneous flow configuration (as illustrated 
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in Figure 5.4_C). The bioreactor culture, extending for 13 days, resulted in a total of 20 days 

post-printing culture duration, maintained with a media volume of approximately 200 mL. 

During the 13 days of bioreactor culture, no bacterial nor fungal contamination was observed, 

and there were no liquid leaks. On the 11th day, media feeding was performed to compensate 

for the volume decrease due to sampling. 

As illustrated in Figure 6.1_A, the study successfully maintained the set point regulations. 

Minor deviations in the dO2 curve were noted, corresponding to manual interruptions in 

regulation for interventions on the setup. 

 

Figure 6.1: Comparison of HEK-seeded large bioprinted constructs cultured 20 days in either static (incubator) 

or dynamic conditions (bioreactor).  (A) Continuous monitoring of parameters during the bioreactor culture of 

bioprinted construct containing HEK cells (7 days pre-culture in static followed by 13 days bioreactor). (B) 

Evolution of lactate concentration during the bioreactor culture. (C) Live cells were stained with calcein (green) 

on fresh samples, and (D) cell nuclei were stained on histological sections with DAPI (blue).  (E) Cell density in 

the hydrogel was measured by dissociation and cell counting after 20 days of culture in a large bioprinted 

    

                  

    

              

   

   

   

   

   

   

   

   

 
 
 
 
  
 
 
 
  
 
 

  
  
 
 
  
 
 
 
  
  
 
  
 
  
 
 
 
 
 
 
 
 

          

             

       

             

       

             

 

 

 

 

 

  

  

  

  

   

   

   

   

 

 

  

  

  

  

  

  

  

  

           

 
 
 
   

 

 
 
 
 
 
 
 
 
 
 
 
  
  
  
 
 
 
  
 

           

                                                                         

            

              

                 
   

            

    

            
   

        

           

        

  

     

 

 

 

 

 

  

  

  

  

      

 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
  
 
  
 
 
 

           

 

                   

                               

                               
            

       



227 

 

construct (10.8 cm3)compared to a small-scale construct (0.2 cm3) grown in static conditions. All the samples were 

cultivated for 20 days. SP: Setpoint. 

Cell Distribution and Proliferation: Bioprinted constructs were retrieved and rinsed with PBS 

at 20 days of culture. Part of the constructs were sampled for live cell staining with calcein and 

cell counting after dissociation. The remaining construct was fixed in a paraformaldehyde 

solution and prepared for histological analysis. Calcein staining revealed the presence of live 

cells in both control culture and bioreactor culture as depicted in Figure 6.1_C. However, in the 

static culture, HEK cells grew mainly on the surface of the hydrogel filaments as monolayers 

(Figure 6.1_C). In contrast, the construct were a cultivated phase was performed in the dynamic 

condition exhibited a more uniform distribution of cells throughout the entire volume of the 

hydrogel filaments. 

Contrary to the live cells’ observations with calcein, the distribution of cell nuclei within the 

hydrogel filaments observed on histological sections was found to be homogeneous in static 

and dynamic conditions (Figure 6.1_D). However, the bioreactor-cultivated construct showed 

increased cell nuclei number relative to the static culture, demonstrated by particle analysis on 

ImageJ, as presented in Chapter 3, Figure 3.4.  This analysis was used to estimate total cell 

density based on the number of nuclei. Image analysis found that cell concentration in dynamic 

conditions was almost 1.5 times higher than in the reference static culture. This finding was 

consistent in Method 1 and Method 2, estimating cell number from the histological slides to be 

representative of a slice of 5µm or 13 µm thickness, respectively, as described in Chapter 3. 

For example, Method 1 estimated the cell density in a bioreactor-grown construct to be ~ 34 

x106 cell/mL of hydrogel, whereas it was only 23.5 x106 cell/mL of hydrogel in static condition 

(Chapter 3, Figure 3.4). 

The dissociation of the constructs after 20 days of culture allowed for cell recovery and 

counting. As discussed in Chapter 3, the cell concentration measured after dissociation was 

notably lower than the concentration estimated through image analysis with only 2.2 x106 

cell/mL of hydrogel in bioreactor culture and 2.7 x106 cell/mL of hydrogel in static condition 

(see Chapter 3, Figure 3.4). Additionally, a culture of non-porous small-scale (0.2 cm3) 

bioprinted constructs, prepared with an identical bioink formulation, consolidation, and cell 

seeding density, was employed to compare the final cell density after 20 days of culture in a 

static incubator. As presented in Figure 6.1_E, the results demonstrate an equivalent final cell 

density per hydrogel volume in all three cultures. 
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Lactate Concentration and cell metabolism: The lactic acid production was monitored 

through discrete measurements from supernatant samples, as depicted in Figure 6.1_B. As 

expected, the lactate concentration increased during the initial phase of the culture, almost 

doubling within the first 5 days. Subsequently, the increase in lactate concentration slowed and 

stabilized within 10 - 12 mM. In Chapter 3, we found that in small-scale bioprinted cultures, 

the lactate production rate was correlated to the cell proliferative state with reduced lactate 

production during lag phases (Figure 3.6). Hence, stabilization of lactate production after 5 days 

could suggest a reduction of cell proliferation rate.  However, due to the incapacity to monitor 

cell proliferation during bioreactor cultures of bioprinted constructs, we cannot verify that the 

correlation between lactate production and cell proliferation at static small-scale remains true 

in larger-scale bioreactor cultures.  

As a challenge to this hypothesis, a change in cell metabolism within the bioreactor cultures 

due to the difference in culture scale and regulation of parameters could also be expected. 

In conclusion, using our bioreactor system allowed us to maintain a sterile culture of large 

bioprinted constructs for 20 days with precise regulation of culture parameters. The 

settings used in this study did not allow intensification of the culture to reach substantially 

higher cell density than that measured in static cultures. However, such a dynamic culture 

system with homogenous media flow through the bioprinted construct favoured a more 

homogenous cell distribution inside the hydrogel volume. 

 

6.2. Bioproduction of monoclonal antibodies from 3D bioprinted cultures of 

CHO cells 

The work presented in the following section results from a teamwork optimized and finalized 

through the training and supervision of a master's student, Elliott Cowles. 

This part describes the experimental setup and results for Mabs production thanks to 3D 

bioprinted constructs in a bioreactor. The study begins by conducting a reference run with 

suspended CHO cells in an Ambr250 bioreactor to serve as a benchmark for evaluating the 

performance of bioprinted construct cultures. 

 

6.2.1. Establishment of a reference run: CHO cells’ suspension in Ambr®250 

A specialized fed-batch technique from SARTORIUS was used to operate a reference run with 

a suspended CHO cell culture in an Ambr250 bioreactor. It was used as a reference to evaluate 
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the performance of bioprinted constructs’ cultures. The production process with suspension 

culture was carried out for 14 days in CHO-specific media, including Production Media (PM), 

Feed Medium A (FMA) and Feed Medium B (FMB). The cell amplification was performed 

prior to the bioreactor run in Erlenmeyer shake flasks in Stock and Adaptation Media (SAM).  

This reference culture was carried out after the optimization of regulation settings presented in 

Chapter 5, and the culture parameters were successfully monitored and regulated. 

The bioreactor culture exhibited typical kinetics, starting with a phase of rapid exponential 

growth that extended for a week. This phase was followed by a period of slower growth and 

eventually reached a stationary phase after day 7, as illustrated in Figure 6.2_A. The data related 

to glucose consumption and the concentrations of glucose and lactate are presented in Figure 

6.2_B. Glucose consumption continued throughout the culture, and daily adjustments were 

made from day 4 by adding feed media to maintain the glucose concentration over 1g/L. 

However, despite adding feed solution, the glucose concentration dropped below 1g/L when 

the culture reached its maximum density on days 9-10. 

In contrast, lactate production peaked during the first week of the culture, specifically on day 

6. Subsequently, there was a shift in cell metabolism towards lactate consumption, resulting in 

a reduction in lactate concentration. This metabolic shift has been extensively documented in 

previous CHO cell culture studies [135,639,640]. It is consistent with similar profiles of lactate 

evolution reported in fed-batch cultures of suspended CHO cells [99]. 
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Figure 6.2: Monitoring of cell proliferation and metabolites of CHO cells grown in suspension in Ambr®250 

bioreactor. (A) Growth curve representing the evolution of suspended cell density. (B) Evolution of lactate and 

glucose concentrations and total glucose consumption in a 200 mL bioreactor culture. The green triangles indicate 

the daily feeding with FMA and FMB feed media starting from day 4.  

 

In typical suspension cultures, glucose consumption rates usually fall within a range of 100 to 

450 pg/cell/day, increasing to about 700 pg/cell/day in fed-batch production [641,642]. The 

lactate-specific production rates in suspension cultures commonly range from 90 to 375 

pg/cell/day [641,642]. Our reference suspension culture aligned with the range reported for 

glucose consumption, with displaying a metabolization rate of approximately 500 pg/cell/day 

(Figure 6.3). On the other hand, the lactate production rate was reduced compared to literature 

with only ~40 pg/cell/day metabolic rate. In fact, the glucose to lactate molar conversion yield 
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(Ylact/gluc) was inferior to 0.04 which denotes a very low level of lactic fermentation. In fact, 

Ylact/gluc molar ratios under 1 are considered to be representative of oxidative metabolism. 

This reference process successfully yielded monoclonal antibodies (mAbs) with a final titer of 

approximately 1.59 g/L. This titer aligns with the concentrations commonly reported in the 

literature for industrial fed-batch processes, which typically range from 4 to 10 g/L under 

optimal conditions [90–92]. While it is acknowledged that optimized suspension fed-batch 

CHO cell cultures have achieved titers of up to 10 g/L [90–92], it's important to note that the 

range more commonly reported for this specific cell line in industrial fed-batch processes 

typically falls within the 2 to 4 g/L range [99,145]. The lower titers observed in this study may 

be attributed to glucose depletion in the medium around days 9 and 10. The cell-specific mAb 

productivity of 13 pg/cell/day (Figure 6.3) is slightly reduced compared to the values reported 

for this cell line commonly reaching 15 - 25 pg/cell/day in similar fed-batch culture without 

process intensified nor addition of specific enhancer [145]. 
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Figure 6.3: Kinetic parameters regarding cell proliferation, metabolism and mAb production in CHO cell 

suspension culture in Ambr®250. (A) Maximal cell-specific growth rate. (B) Glucose to lactate molar conversion 

yield. (C) Final IgG volumetric titer. (D) Cell-specific rate of glucose consumption. (E) Cell-specific rate of lactate 

production. (F) Cell-specific rate of mAb production. 

 

6.2.2. Small-scale evaluation of SFM impact on cell growth and productivity 

After confirming that a bioreactor is an efficient tool for cultivating large 3D bioprinted 

constructs using HEK cells and establishing a baseline with suspended CHO cells, we 

investigated the possibility of manufacturing monoclonal antibodies (mAbs) with CHO cells 

from 3D bioprinted hydrogel structures under conditions resembling an industrial process. 

The first stage of this study is transitioning from non-specific, serum-supplemented media 

(DMEM(+)), commonly employed for tissue culture, to specific, serum-free media designed 

for suspended CHO cells. These specialized media are formulated to optimize cell growth and 

mAb production while maintaining product quality and simplifying purification. The evaluation 

was conducted at a small scale in static cultures within incubators, following the procedures 
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outlined in Chapters 4 and 2. The various conditions studied are detailed in the accompanying 

Figure 6.4.  

The bioink was seeded in all conditions with 10 x 106 cells/mL, a concentration selected to align 

with the one used for the larger-scale constructs. It ensured an equivalent cell inoculum per 

medium volume compared to suspension bioreactor runs. The small-scale reference 3D culture 

was executed using DMEM(+) media under conditions identical to the initial unoptimized 

cultures outlined in Chapter 4, with consolidation under 3% calcium, 4% transglutaminase and 

10U/mL thrombin. Subsequently, two other cultures were carried out, in XtraCHO S.A.M. and 

PM, chemically defined media designed for industrial CHO cells that secrete mAbs. These 

cultures followed optimized protocols described in Chapter 3 and 4 with hydrogel consolidation 

under 1.4 % calcium, 0.4 % transglutaminase and 10U/mL thrombin. In the case of 3D cultures 

grown in DMEM(+) and PM, media were regularly renewed three times a week, categorizing 

them as "semi-continuous" cultures (SC). Conversely, the 3D condition involving in situ 

amplification in SAM followed by the production phase in PM only underwent media changes 

when glucose concentration fell below 1g/L, thereby classifying it as a "static fed-batch" culture 

(sFB). The proliferation, metabolism and productivity from small-scale static cultures were 

compared with the reference run in suspension bioreactor. 

 

Figure 6.4: Reference suspension run and static bioprinted conditions evaluated. The suspension bioreactor 

culture was used as a reference and designated as REF. The small-scale bioprinted cultures with regular medium 

change were defined as “semi-continuous”. They will be noted SCDMEM when cultivated in DMEM(+) medium or 

SCPM when cultivated in PM medium. The small-scale bioprinted culture with amplification phase inside the 

bioprinted construct with SAM medium was followed by the production phase in the PM medium with media 

change only when necessary glucose feeding was designated as “static fed-batch-like” and will be noted sFB. 
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Compared to all the other 3D culture conditions, those carried out in DMEM(+) achieved the 

highest cell density, reaching 9 x 106 cells per mL of hydrogel, equivalent to 0.9 x 106 cells per 

mL of media. It represents a minimum 20% increase compared to the other 3D conditions. As 

described by the growth kinetics, all 3D printed conditions exhibited slower development than 

the suspension culture. When assessed on a per-volume basis, the maximum cell concentrations 

achieved within the hydrogel were approximately half of what was observed in the reference 

suspension culture. When the cell density in 3D cultures was normalized to the volume of 

culture medium within the culture wells, these concentrations were approximately 20 times 

lower than those in the suspension bioreactor. 

Consistent with the growth kinetics predictions, all 3D bioprinted conditions displayed a 

significant, ~ thirteen-fold decrease in the maximum growth rate during the exponential growth 

phase compared to the suspension culture reference. It aligns with prior findings presented in 

Chapter 4, indicating reduced proliferation rates in 3D cultures of production cell lines. On the 

contrary, the reference run (suspension culture) displayed a higher growth rate of 0.72 per day, 

consistent with the values reported for CHO cells suspension culture in serum-free media, 

typically ranging from 0.3 to 0.9 per day [193]. When comparing the growth rate of all 3D 

bioprinted conditions, SCDMEM, SCPM and sFB, we demonstrated that cells grown in CHO-

specific media (SCPM & sFB) proliferated up to 2.5 times faster when compared to cells grown 

in DMEM(+) (SCDMEM).  

Live cells were labelled with calcein-AM, and histological sections were stained with 

hematoxylin-Eosin, to explore the developmental patterns within 3D-printed constructs, as 

shown in Figure 6.5 Calcein staining confirmed the presence of viable cells in all conditions 

throughout the culture period.  

Despite the increased hydrogel consolidation favouring molecule diffusion in the two 3D 

conditions grown in CHO-specific media due to enhanced microporosity, histological staining 

revealed that cell concentration was notably higher near the constructs' surface. Furthermore, 

3D cultures of CHO cells grown in CHO-specific media exhibited larger cell aggregates than 

those grown in DMEM(+), indicating distinct spreading behaviours. 

We also observed glucose consumption and lactate production variations among different cell 

culture conditions. Cells grown in DMEM(+) exhibited the highest glucose consumption, 

followed by those in PM, while the sFB condition had the lowest glucose consumption. It's 

worth noting that none of these conditions reduced glucose levels below 2 g/L during the 

cultures. Among the 3D conditions, the sFB condition closely resembled the suspension 
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reference regarding metabolic behaviour, with glucose consumption rates falling within the 

lower range of 100 to 450 pg/cell/day reported in the literature [641,642]. 

In bioprinted constructs grown in DMEM(+), glucose consumption and lactate production rates 

significantly increased, up to 2-fold and 3-fold, respectively, compared to cultures in CHO-

specific media. In contrast, PM cultures produced very little lactate (<1 g/L) under all scenarios. 

Both suspension and sFB cultures exhibited values for lactate-specific production rates lower 

than the 90 to 375 pg/cell/day [641,642] reported in the literature. On the contrary, DMEM(+) 

cultures surpassed these ranges by 1.5 to 6-fold with specific lactate productivity of almost 580 

pg/cell/day (Figure 6.6). 
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Figure 6.5: Characterization of HEK cell proliferation in large-scale bioprinted cultures.  (A) Growth curves of the cells in 3D bioprinted culture conditions, (B) Maximal growth rate 

of CHO cells in the 3D bioprinted conditions compared to suspension reference culture, (C) Live cells staining in 3D constructs with calcein and (D) histological staining with Hematoxylin-

Eosin (HE). (n=3)
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Figure 6.6: Characterization of CHO cells metabolism in bioprinted constructs. (A) Cumulated glucose 

consumption over the culture. (B) Cumulated lactate production. (C) Cell-specific glucose consumption rate. (D) 

Cell-specific lactate production rate. (E) Glucose to lactate molar conversion yield. (n = 3) 

To assess the efficiency of cell metabolism in each condition, we calculated the lactate per 

glucose ratio (Ylact/gluc). In all four conditions (both bioprinted and suspension cultures), the 

Ylact/gluc ratios remained low (<< 1), indicating an overall oxidative and efficient metabolism. 

It's important to note that high lactate concentrations can negatively affect recombinant protein 
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yields (above 1.8 mg/mL) and impair cell growth (above 3.6 mg/mL). Therefore, lower 

lactate/glucose ratios are preferable for maintaining high-quality cell cultures. 

The results showed a significant increase in this ratio in both SCDMEM and SCPM bioprinted 

cultures compared to the suspension and sFB bioprinted cultures. It indicates a higher reliance 

on lactic fermentation and reduced metabolic efficiency in the SCDMEM and SCPM conditions. 

We then measured IgG levels using an ELISA assay on supernatant samples. When we 

compared the final IgG recovery in grams and the highest titer achieved in all 3D bioprinted 

cultures, we found that the sFB culture displayed significantly greater productivity (3.5 fold) 

than the two SC conditions (see Figure 6.7). However, the productivity in the sFB culture 

remained substantially lower (11-fold) than that of the reference suspension culture, achieving 

only 142 mg/L of mAbs (Figure 6.7). The main reason for the variance in the final titer of 

bioprinted cultures compared to the reference was the considerably reduced cell density in the 

3D CHO cultures. 

We also investigated whether some of the secreted antibodies were trapped in the hydrogel of 

bioprinted cultures. To do this, we first qualitatively observed antibody retention in the 

hydrogel. We used FITC-conjugated anti-human IgG antibodies for immunostaining on 

histological sections of the constructs and DAPI to stain cell nuclei. The images showed the 

presence of IgG in the hydrogel, mainly in the vicinity of cells, indicating that some product 

was retained within the constructs (see Figure 6.8). 
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Figure 6.7: Antibody production from bioprinted cultures of CHO cells. (A) Evolution of total mAb production 

per bioprinted culture of 0.2 cm3 , (B) Final mAb titer in supernatant of bioprinted cultures vs suspension reference, 

(C) Final mAb titer in supernatant of bioprinted cultures vs in supernatant + hydrogel of bioprinted cultures, (D) 

Total amount of mAb recovered in supernatant (dark bars) vs in hydrogel (light bars) at the end of a 14 days 

culture, (E) Fraction of total mAb quantity recovered in culture supernatant of bioprinted cultures, and (F) IgG 

specific productivity in bioprinted cultures vs suspension reference. All analysis were performed with n=3. 
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Figure 6.8: Immunostaining (green) of mAb entrapped in the hydrogel in CHO cells bioprinted construct (first 

row), cell nuclei were stained with DAPI (blue). A construct containing CHO cells but not stainted with the anti-

IgG fluorescent antibody was used as a negative control. Constructs containing non-IgG-producing HEK cells 

and hydrogels without cells were used to validate the absence of fluorescent interference or unspecific binding.  
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Then, to quantify the product retained in the hydrogel, we dissociated the bioprinted constructs 

after a 14-day culture and then centrifuged the mixture to remove the cells. We analyzed the 

recovered supernatant, including the enzymatic cocktail from the dissociation solution and 

dissolved hydrogel, using an ELISA assay for mAb quantification. It was estimated that 

between 10% and 30% of the total IgG production was trapped in the hydrogel, with higher 

retention observed in cultures with CHO-specific media (see Figure 6.7_F).  

In an attempt to enhance antibody recovery, a strategy was employed involving different 

washing procedures for the hydrogel slabs. The hydrogels were subjected to cleaning with 

standard buffers typically used for antibody purification elution, including glycine 0.1M at pH 

2.7 and sodium citrate 0.1M at pH 3. The process involved slicing three slabs into smaller pieces 

and allowing them to soak in each of the respective buffers at room temperature for 

approximately half an hour. After this soaking step, the liquid above the slabs (supernatant) was 

carefully transferred to a centrifuge membrane and subjected to centrifugation. Subsequently, 

the concentrated materials (retentates) were incubated in a phosphate-buffered saline (PBS) 

solution before luminescence-based ELISA analysis. Unfortunately, neither of the buffers 

(glycine or sodium citrate) resulted in successful antibody recovery. 

The research findings demonstrate that most monoclonal antibodies (mAbs) are released into 

the culture medium (Figure 6.7_E&F). Nevertheless, some antibodies are trapped within the 

hydrogel, prompting further exploration into the factors governing this retention. Our results 

suggest that the retention of IgG is affected by either the particular culture medium employed 

or the micro-structural composition of the hydrogel due to the consolidation. 

Interestingly, we observed that IgG retention was more pronounced in hydrogels with lighter 

consolidation. This observation is somewhat counterintuitive, especially considering that these 

hydrogels were demonstrated to have superior microporosity in Chapter 4. As a result, we 

speculate that the retention of IgG in the hydrogel may be due to an affinity between the 

antibody and specific components of the hydrogel. However, it's essential to note that our 

literature review couldn't validate this hypothesis, as the target of this antibody (kept 

confidential) is not known to present similarity with compounds of the hydrogel. Furthermore, 

varying consolidation methods can impact the ultimate composition of the hydrogel, which may 

affect how antibodies interact with the matrix. 

The culture media's composition may also influence Mabs affinity. For instance, the 

supplementation of DMEM(+) cultures is suspected to alter IgG interaction with the 

components of the matrix. These changes can manifest through non-destructive interactions 
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with either the matrix or the IgG, or by modifying the functionality of the IgG itself due to the 

presence of proteases.  

 

Regarding cell-specific productivity, the reference suspension culture and the SC  bioprinted 

cultures had similar rates, around 10 pg/cell/day, which is relatively low compared to industrial 

standards. In standard CHO DG44 fed-batch processes, achieving a productivity rate of 

approximately 15 - 25 pg/cell/day is generally considered a good outcome. Some studies have 

reported higher specific productivity values, ranging from 20 - 40 pg/cell/day, but these are 

typically associated with highly intensified processes, including production enhancers or 

perfusion processes [37,147,643]. It's important to note that specific productivity values 

exceeding 40 pg/cell/day are rare and challenging to attain [99]. Such remarkable achievements 

usually require extensive optimization, the implementation of complex bioprocess strategies, 

and significant genetic engineering of the cells. However, the sFB bioprinted culture 

outperformed the other conditions, achieving a specific productivity of about 37 pg/cell/day, 

surpassing the reference suspension culture. It suggests that the bioprinted culture can achieve 

specific-productivity levels like highly optimized suspension fed-batch cultures even under 

non-optimal conditions. Such results need to be consolidated by repetition of this set of 

experiments. Additionally, we should keep in mind that the analytical tools for cell 

quantification from 3D bioprinted cultures lack precision and reproducibility, as demonstrated 

in Chapter 3. Therefore, the accuracy of cell quantification can greatly affect the calculated cell-

specific rates. 

In conclusion, our study demonstrated that 3D bioprinted CHO cell cultures can be sustained 

in serum-free media suitable for GMP production and achieve impressive cell-specific 

productivity. However, the productivity remains lower due to limited cell proliferation and low 

cell density. Optimizing culture parameters is essential to increase specific productivity further, 

and this is best achieved in bioreactor cultures, which provide precise control, scalability, and 

compliance with industrial and GMP standards. 

 

6.2.3. Monoclonal antibody production from large bioprinted constructs in 

bioreactor  

After successfully validating our bioreactor setup for large bioprinted cellularized constructs 

with HEK cells and establishing a reference run with suspended CHO cells, we aimed to assess 
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the feasibility of monoclonal antibody (mAb) production with CHO cells from bioprinted 

hydrogel structures using our bioreactor setup. To enhance reproducibility and scalability, we 

transitioned from our in-house bioreactor to a commercial system, the Ambr®250. 

The transition involved multiple runs to adapt the setup, fine-tune the culture parameters, and 

identify the optimal settings using Proportional-Integral-Derivative (PID) control for stable 

regulation (as detailed in Chapter 5). After this preparation, a final run was conducted with a 

porous bioprinted construct measuring 2 x 2 x 2 cm and containing 10 x 106 CHO cells per mL 

of bioink (eq. to ~ 0.2 x 106 cell/mL of culture media). This run spanned 14 days and maintained 

sterility and culture parameter regulations. Initially planned as a fed-batch, the culture was a 

batch-mode operation because the glucose concentration remained consistently above 4 g/L and 

did not require additional feeding (see Figure 6.9_B). 

No consumption of lactate was observed in this large bioreactor culture and the previous small-

scale bioprinted conditions. Both glucose consumption and lactate production were slow, with 

less than 2 g/L of glucose consumed and lactate concentration remaining below 2g/L over the 

whole culture process (see Figure 6.9_B). Unfortunately, due to the inability to non-

destructively monitor cell density during the culture, specific consumption or production rates 

could not be calculated. 

The mAb production was measured in the culture supernatant using ELISA assay, and the 

maximal titer reached approximately 54 mg/L. This titer was equivalent to that achieved in both 

SCDMEM and SCPM small-scale cultures but significantly lower than what was obtained in the 

suspension bioreactor and the sFB small-scale culture as shown in Figure 6.7 (A, B & C) and 

Figure 6.9 (B & C). The volumetric productivity was decreased compared to the sFB small-

scale culture, which is assumed to be less optimal. This decreased productivity can be attributed 

to two main factors: 

1. The starting cell concentration per mL of culture medium was lower in the bioreactor 

culture (approximately 0.2 x 106 cell/mL) compared to the small-scale cultures (about 

1.0 x 106 cell/mL). 

2. The bioreactor culture was conducted directly after bioprinting in Production Media 

(PM) for 14 days, without an amplification phase in the construct. In contrast, the sFB 

small-scale culture involved a 7-day amplification in Stock and Adaptation Media 

(SAM) within the bioprinted construct, followed by 14 days of production in PM. It 

corresponds to a total of 21 days of continuous culture. 
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Hence, higher cell seeding density per volume of media and a longer culture time with cell 

amplification within the construct appear to be beneficial for improving IgG production. To 

compare large-scale and small-scale cultures, we calculated IgG production per unit of hydrogel 

volume. The small-scale sFB culture yielded 0.6 mg of IgG per 0.2 cm³ of hydrogel, resulting 

in a 3 mg/cm³ productivity. In the large bioreactor culture, around 54 mg/L of IgG was produced 

in a 200 mL medium, equating to roughly 2.8 mg/cm³ in a total hydrogel volume of 3.9 cm³. 

Therefore, the productivity per unit of hydrogel volume was similar between the large CHO 

construct in the bioreactor culture and the small-scale sFB culture. 

 

Figure 6.9: Culture conditions and productivity of large bioprinted CHO cells culture in bioreactor. (A) 

Bioreactor culture of reference suspension run and large bioprinted construct in Ambr®250. Evolution of (B) 

Evolution of glucose, lactate and mAb concentrations and (C) IgG titer in bioprinted cultures of CHO cells in 

small-scale (incubator) and in large bioprinted construct cultivated in adapted Ambr®250 bioreactor.  

 

6.3. Conclusion  

In conclusion, this work emphasizes bioreactor culture's potential in advancing large 3D cell 

culture and monoclonal antibody production. The lack of analytical tools for monitoring cell 
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density evolution during bioprinted construct culture in a bioreactor prevented the precise 

evaluation of the cell-specific parameters. However, our discoveries offer essential guidance 

for improving culture conditions, increasing specific productivity, and leading us toward more 

efficient and scalable bioproduction processes. These implications go beyond research and hold 

the potential for significant advancements in industrial and Good Manufacturing Practice 

(GMP) production of biological products. 
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CHAPTER 7. IN SITU TRANSFECTION 

In the previous chapters, we presented our work to characterize and optimize cell proliferation 

in the 3D constructs, scale-up the cultures and develop a 3D-bioprinted-construct-based 

bioproduction process. We also demonstrated the feasibility of biomolecule production from 

stably transfected cell lines embedded in 3D bioprinted constructs. Such results make one 

wonder if bioprinted cell cultures could be suitable for bioproduction based on transiently 

transfected cells.  

Indeed, transiently transfected cells present some advantages for bioproduction, such as the 

elimination of long and tedious development of stably transfected clones possessing a gene 

encoding for the protein of interest. Additionally, this technique would enable the use of the 

same cell line in various production processes to produce different proteins, by mixing the 

bioink with the desired plasmids without the need for previous development of cell clones. 

Therefore, we wanted to evaluate the feasibility of transient transfection and gene expression 

in bioprinted constructs. 

To push further our innovative bioproduction model, in situ 3D transient cell transfection was 

evaluated as a potential interesting tool for recombinant protein bioproduction. In situ 

transfection, as described in our literature review in Chapter 1, allows for cell transfection 

within a 3D matrix. We were most interested in encapsulating the transfecting nucleic acids 

inside the hydrogels (gene-activated matrices - GAM). Such strategy would allow us to observe 

a prolonged cell expression, as cells proliferating inside such GAM will get progressively 

transfected when entering contact with the genetic material [352]. It would ensure progressive 

and continuous transient transfection of the proliferating cells throughout the culture process.  

Therefore, this chapter explored the possibility of on-site cell transfection within our bioprinted 

constructs. Once more, several dedicated protocols had to be created, including the preparation 

and optimization of the transforming bioink, the transfectant stability within the bioprinted 

matrix, and its disponibility and uptake by the growing seeded cells. This investigation allowed 

to identify several challenges that will need further investigations and alleviate if 3D 

cellularized structure is transformed in-situ. 

7.1. Stability of transfecting plasmids in the bioink 

In our study, the chosen transforming nucleic acid was a double-stranded DNA plasmid 

expressing fluorescent marker genes (Green Fluorescent Protein, GFP and mCherry protein). 

These models were chosen to track their expression in the 3D structures easily. 
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Table 7.1: Evaluation of dsDNA stability in bioprinted constructs. The different conditions evaluated, Sample_(+) indicate the presence of plasmids in the sample and Sample_(-) are 

plasmid free. The “+” and “-“ in the table indicate respectively the presence or abscente of observed parameters. Measured and expected plasmid concentration are displayed for the 

different sampled assayed with Qubit® kit. 

Sample 
Bioink / 

hydrogel 
Consolidation 

Initial 

plasmid 

concentration 

(µg/mL) 

Time of 

culture 

(days) 

3% 

Collagenase 

in assayed 

solution 

dilution 

of sample 

solution 

Plasmid 

concentration 

measured with 

Qubit assay kit 

(µg/mL) 

Expected 

concentration in the 

sample volume 

(ng/µL) 

 

Supernatent  - - ? 5 - 1 1.58 ≤ 0.4  

Hydrogel_(+) + + 4 7 + 1/5 9.33 ± 0.23 ≤ 0.8  

Hydrogel_(-) + + 0 7 + 1/5 9.64 0  

Bioink_(+) + - 4 0 - 1/5 1.12 0.8  

Bioink_(-) + - 0 0 - 1/5 0.642 0  

ColA_(+) - - 10 0 + 1 16.4 10  

ColA_(-) - - 0 0 + 1 14 0  

 



248 

 

First, such plasmids' long-term stability inside the hydrogel had to be evaluated to propose a 

GAM that would allow cells to transfect as they proliferate inside the hydrogel progressively. 

Indeed, as described in Chapter 4, our fast cell proliferation commonly started on day 7 to 10 

and lasted for up to 13 days. Thus, plasmids must remain inside the material for the whole 

culture duration. We explored two methods to qualify the stability of our plasmid load over 

time in consolidated hydrogels. 

7.1.1. DNA quantification on hydrogel consolidated samples 

The first strategy was to use a standard DNA quantification kit, Qubit® dsDNA BR Assay Kit, 

based on detecting fluorescent dyes, specifically tagging double brand DNA. The detection and 

quantification of fluorescence is performed with a dedicated apparatus, the Qubit fluorometer, 

in a range of DNA concentration from 0.2 µg/mL to 2000 µg/mL. A standard curve was 

prepared with 12 points from 0.2 µg/mL to 200 µg/mL of plasmids in dH2O to confirm the 

linearity of the measure in the range of concentration of our samples. 

Bioink was formulated with GFP-encoding plasmids at a 4µg/mL concentration to evaluate 

DNA stability in the bioink. In standard HEK cell transfection in 2D and suspension cultures, 

plasmid cell ratios are usually reported between 0.1 to 2 µg plasmids per 106 cells corresponding 

to plasmids concentrations in supernatant of 0.25 to 2 µg/mL [180,644–648]. In these 

conditions, the plasmids quickly enter in contact with the cells by deposition by gravity on the 

anchorage surface in 2D cultures or homogenous mixing in suspended cultures. In bioprinted 

cultures, the plasmid concentration of 4 µg/mL of bioink was initially chosen to overestimate 

the plasmid per cell ratio in bio inks seeded with 1 x 106 cells to increase the probability of 

contact between cells and plasmids entrapped in the hydrogel. This choice will be explained in 

more detail later in paragraph 7.2.1.2. 

The experiments to evaluate plasmid stability within the hydrogel were carried out without 

adding cells to the bioink. Bioprinted constructs of 0.2 cm3 were consolidated with standard 

protocols (1h at 37°C with a solution of 3% CaCl2, 4% transglutaminase and 10 U/mL 

Thrombin) and further incubated at 37°C with 5% CO2 for 7 days to simulate culture 

conditions.  

Post-incubation DNA plasmids load was evaluated thanks to sample dissociation in 

Collagenase A 3% solution, and the dissociation supernatant was recovered for DNA 

quantification. The DNA plasmid release in the culture media was also estimated thanks to 

sampling the culture supernatant at day 5.  
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In the dissociation supernatant, the dissolved hydrogel was diluted to 1/5 in the collagenase 

solution, corresponding to a theoretical concentration of 0.8 µg/mL if the totality of the plasmid 

remained in the hydrogel. Controls were prepared with dissociated hydrogel without plasmid 

(dilution 1/5 in collagenase A), non-consolidated bioink with 0 or 4µg/mL plasmids (dissolved 

1/5 in PBS) and 3% Collagenase A solution with 0 or 10 µg/mL plasmids.  

The results showed that such a quantification protocol was not adapted to detecting plasmids in 

dissociation products nor the culture supernatant (see Table 7.1). A high concentration of 

Collagenase A present in dissociation supernatant and controls significantly impacted it. In such 

a case, the DNA concentration measured was over 10-fold higher than expected in the samples 

and was similar in samples with or without plasmid DNA.   

 The Collagenase 3%, a dark brown and turbid solution, strongly interfered with or even totally 

masked the fluorescence. Similarly, the phenol red and other proteins present in DMEM can 

emit fluorescence from the UV to the orange-red wave lengths and interfere with fluorescence 

analysis [649].  It may also explain the overestimation of plasmid concentration in the 

supernatant sample. Consequently, we conclude that the Qubit® dsDNA BR Assay Kit is  not 

suitable for assessing plasmid stability, as it requires hydrogel dissociation with Collagenase, 

which, in turn, interferes with detecting labelled plasmid fluorescence. 

7.1.2. Optical characterization with fluorescent labelling and microscopy 

To propose an alternative evaluation method, we performed an optical in-situ monitoring of 

fluorescent-labelled plasmids thanks to microscopy. The plasmids solution (1.5 µg/µL) was 

mixed and incubated with an 11 mM DAPI solution or a 2.5 mM Sytox orange solution at a 1 : 

1 volume ratio. This step aimed to label the plasmids fluorescently with intercalant reagents. 

The mixture was then added to the hydrogel at a 1 : 1 volume ratio corresponding to a ~0.375 

µg/µL plasmid concentration in bioink. Multiple hydrogel consolidations were compared to 

evaluate their impact on the plasmid stability within the hydrogel (see Figure 7.1). The variation 

of consolidations was demonstrated to modify the hydrogel mechanical properties and 

microporosity in Chapter 4. The first consolidation with 3%w/v CaCl2, 4%w/v 

transglutaminase and 10 U/mL Thrombin corresponded to the strongest consolidation with 

Young’s modulus of 29 ± kPa and 51 ± 4 % microporosity. The exact mechanical properties 

and microporosity of the other hydrogels used in this experiment were not evaluated. Still, they 

correspond to consolidation without transglutaminase, which is the protocol described by the 

team as providing the lightest consolidation. They are expected to decrease Young’s modulus 

and increase microporosity. In future studies, these parameters should be qualified for 

comprehensive analysis. 
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Figure 7.1: Fluorescent microscopy imaging of labelled pDNA retained in the hydrogel. Plasmisd were labbeled 

with Sytox orange (A) or DAPI (B) before hydrogel incorporation. After consolidation, the hydrogels were 

consolidated with different solutions, and images were acquired on days 0, 2, and 13. The numerical values 

indicated on the pictures represent the intensity of fluorescence measured by image analysis, relative to the non-

consolidated bioink set as the 100% intensity. TG: transglutaminase. 
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The constructs were incubated at 37°C in culture media. The fluorescence intensity was 

observed by fluorescent microscopy at 385nm (DAPI) and 590 nm (Sytox) in the hydrogels at 

day 0, 1, 2 and 13. The results showed that both dyes could label the plasmids efficiently and 

were detected in the non-consolidated bioink and consolidated hydrogel at day 0 (see Figure 

7.1). After only 2 days of culture, the fluorescence of Sytox dropped to a very low intensity, 

which amounted to only 0 - 16% of the initial fluorescence intensity in the non-consolidated 

bioink. Consequently, detecting the Sytox fluorescence exhibited poor stability and rapid 

bleaching became challenging. The labelling faded over time and became imperceptible within 

2 days in the bioink at 37°C, as illustrated in Figure 7.1_A. 

On the contrary, DAPI dye displayed intense fluorescence and was still easily detected in all 

conditions after 13 days of incubation in culture media at 37°C. Hydrogels consolidated with 

transglutaminase exhibited higher fluorescence intensity than those consolidated without 

transglutaminase (see Figure 7.1_B). The highest intensity was observed in hydrogels 

consolidated with CaCl2 and transglutaminase without Thrombin. Hence, it is likely that gelatin 

polymerization contributes to increased plasmid retention.  

Without plasmid, a control mixture with bioink and DAPI solution confirmed that DAPI alone 

did not remain in the hydrogel and was not detected by fluorescent microscopy from day 0. 

These results demonstrated that plasmids could persist in the bioink for extended durations. 

However, the exact percentage of plasmid remaining from the initial concentration is not 

precisely quantifiable because the measurement of fluorescence intensity is limited to a specific 

location and cannot be directly correlated with the plasmid concentration using the available 

data. 

An enhancement for this technique could involve constructing a standard curve using bioinks 

prepared with different, known plasmid concentrations. However, it's important to note that 

even if fluorescence is measured at day 0, there's no certainty that no plasmids are lost during 

the consolidation process. Additionally, the distribution of plasmids appears to be uneven, 

forming aggregates that manifest as intense fluorescent zones in the images (as seen in Figure 

7.1). Moreover, the intensity of fluorescence measured may be influenced by variations in 

construct thickness, which could introduce background fluorescence from the deeper hydrogel 

layers. Consequently, fluorescence measurements may lack the precision needed to quantify 

the remaining plasmids in the bioink accurately. 

7.2. Development and optimization of in-situ transfection methods 

7.2.1. In situ transfection methods adapted from 2D protocols 
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Validation of plasmids functionality 

In-situ 3D transfection protocols were developed with plasmid models carrying fluorescent 

reporter genes. This strategy allows us to easily observe the transfection efficiency with 

microscopic observation of the 3D construct. Here, two plasmids were evaluated in this study; 

one was the pEGFP-C1 plasmid encoding for the enhanced Green Fluorescent Protein (eGFP 

or GFP), and the second was encoding for the mCherry (red fluorescent) protein (See Figure 

2.6, Chapter 2).  

Plasmids production, extraction and qualification (validation of size and purity) were performed 

as described in Chapter 2 section 2.4.1. Then, their functionality was evaluated in standard 2D 

transfection protocols.  

First, we evaluate the ability of HEK cells to spontaneously incorporate a naked plasmid (not 

complexed with transfection reagent). 2D transfection protocol was performed with both naked 

plasmids. The flow cytometry analysis showed no cell transfected, demonstrating the absence 

of spontaneous uptake of naked plasmids (see Figure 7.2). 

 

Figure 7.2: Transfection efficiency in 2D cultures of HEK cells assessed via measurement of transgene 

expression (GFP or mCherry fluorescent proteins) by flow cytometry. 

Then, the plasmids were complexes with transfection reagents and deposited over 2D cell 

cultures of HEK cells with ~70% confluency. Two different transfection reagents, 

Lipofectamine 3000 (ratio 1 : 2 : 2 - µg ADN : µL P3000 : µL Lipofectamine 3000) and PEI 
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(ratio 1 : 5 - µg DNA : µg PEI), were evaluated in 2D cultures. The plasmid to Lipofectamin 

3000 ratio was chosen based on the manufacturer’s recommendations. The ratio of plasmid-to-

PEI was determined based on some literature reports. Some papers reported a high transfection 

rate of HEK cells with elevated ratios of 1 : 6 to 1 : 10 (µg pDNA : µg PEI) [645,650]. However, 

it's worth noting that other studies have linked cytotoxic effects to PEI at ratios exceeding 1:5 

[651,652]. As a result, we opted to establish the maximum value for the ratio at 1:5. 

The transfection efficiency was assessed after cell recovery with trypsinization by detecting the 

percentage of fluorescent cells in the whole population by flow cytometry. The highest 

transfection level was achieved when cells were transfected with pEGFP-C1 plasmid 

complexed with Lipofectamin (see Figure 7.2). In this condition, the maximal transfection yield 

was measured 2-3 days post-transfection, reaching over 80% of cells transfected. PEI 

demonstrated higher cytotoxicity as microscopic observation of the 2D cell cultures revealed 

more detached dead cells. This cytotoxicity might be due to the elevated ratio of 1 : 5 (µg DNA 

: µg PEI) which is sometimes reported as the limit for PEI cytotoxicity [651,652].  

Both pEGFP-C1 plasmid and pmCherry-C1 have the same size of ~4.7 kb. Therefore, the 

different transfection efficiency measured for both plasmids cannot be attributed to a size 

hindrance limiting plasmid internalization. It is thus probable that, in HEK cells, the GFP 

expression is more favourable or efficient than that of mCherry protein. Therefore, for the 

following experiments, the pEGFP-C1 was selected. 

After validating the functionality of the plasmids, we evaluated different in situ transfection 

strategies based on the use of plasmids complexed with commercial reagents (PEI and 

Lipofectamin) incorporated in the bioink, or plasmids complexed directly with cationic 

hydrogels. Later, it was necessary to synthesize the cationic materials used to prepare the 

charged bioink complexed with naked plasmids, designated as Gene-Activated Matrix (GAM). 

The synthesis of cationic compounds will be detailed in the following paragraphs. 

 

7.2.2. Synthesis and qualification of cationic materials for the preparation of 

charged bioink as GAM for in-situ transfection 

Synthesis of cationic bioink compounds 

As observed in some literature studies, cationic hydrogels could be an alternative strategy to 

enhance the transfection in 3D [496,498,548,653,654]. Indeed, such hydrogels possess cationic 

groups that can act like transfection reagents by retaining the negatively charged nucleic acids 
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and favour cell membrane penetration. This approach is an elegant strategy to generate a gene-

activated bioink while avoiding transfection additives.   

Thus, we first developed a protocol to modify gelatin or alginate bioink components into 

charged hydrogels by covalently binding with positively charged amino groups. The synthesis 

of cationized gelatin and alginate was adapted from literature [546–548]. The reaction consisted 

in the activation of carboxylic groups of gelatin and alginate with 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) followed by grafting of 1,6-diaminohexan (see 

Figure 2.7) . 

This amino group provider was chosen since its use for the synthesis of DNA-binding 

complexes has already been reported has already been reported [655–657].  

The cationized gelatin and alginate were synthesized, dialyzed twice, and lyophilized as 

described in Chapter 2. The final products were weighted post-lyophilization to assess the 

recovery yield of synthesis. 

The maximal recovery mass was calculated thanks to the equations presented in Chapter 2. In 

each case, the product mass recovered was twice higher than the theoretical maximal recovery 

(see Table 7.2).  

Table 7.2: Mass balance of preparation reactions of cationized gelatin and alginate. Theoretical and measured 

product mass recovered after synthesis of the cationic compound regarding the initial gelatin or alginate mass. 

EDC: 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide ; DH : 1,6-Diaminohexane ; SG : Standard gelatin ; SA : 

Standard alginate. 

 Initial EDC 
mass (g) 

Initial DH 
mass (g) 

Initial SG / 
SA mass (g) 

Theoretical  
max product 

mass (g) 

Product 
mass 

recovery (g) 

Gelatin 2.16 13.14 3.9 4.2 8.9 

Alginate 2.5 1.5 0.5 0.8 1.9 

 

Such results demonstrate our synthesis product, even after dialysis, was not pure. This is why 

further characterization was performed to evaluate the fraction and origin of the contaminants 

before biological testing. Additional dialysis steps could have been replicated to reach higher 

purity levels. 
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NMR qualification of the synthesized products 

Synthesized cationized gelatin and alginate were analysed thanks to proton NMR.  The samples 

were prepared by dissolution of at least 50 mg/mL in deuterium oxide (D2O). Reference NMR 

spectra were acquired from the cationization reaction, namely pure gelatin, alginate, 1,6-

diaminohexane, EDC and MES buffer in the case of cationic alginate. 

In the NMR spectrum of synthesized cationic gelatin, the characteristic peaks identified in the 

standard gelatin spectrum were visible (Figure 7.3). A thin peak at ~2.8 ppm could correspond 

to the -CH2 further from the gelatin molecule, corresponding to the peak observed around 2.6 

ppm in the spectra of the pure product (peak “a” in Figure 7.3_ A). It would be concordant since 

the protons far from large complex molecules tend to form more elongated peaks. The shift 

from 2.6 to 2.8 ppm could be explained by a change in pH due to the grafting reaction with the 

carboxylic gelatin group. We cannot assert that the peak observed at 2.8 ppm on the cationic 

gelatin corresponds to grafted diaminohexane. The presence of a triplet at ~1 ppm demonstrated 

the presence of residual EDC. Nevertheless, the spectra could not confirm the correct grafting 

of diaminohexane. Therefore, this result shows that the gelatin used for the synthesis was 

recovered in the end, but it is impossible to validate the correct grafting from these spectra.  

In the case of cationic alginate (Figure 7.3_B), a few peaks of low amplitude corresponding to 

residual EDC and MES buffer were identified at around 1 ppm, 3.1 ppm, 3.3 ppm, and 3.5 ppm. 

A peak at 2.8 ppm similar to the one observed in cationic gelatin was also observed in the 

spectrum of cationic alginate. However, the characteristic peaks in the standard alginate 

reference spectrum were not discernable in the spectrum of cationic alginate.  

Hence, the spectrum acquired from synthesized cationic alginate could not confirm the presence 

of alginate nor correct grafting of diaminohexane in the recovered product. 
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Figure 7.3: Cationic compounds qualification with H-NMR. (A) Comparison of H-NMR spectra of EDC, 

diaminohexane, cationic gelatin and standard gelatin. In the spectrum of diamino hexane, the letters over the 

peaks indicate the corresponding -CH2 group of the molecule  (B) Comparison of H-NMR spectra of MES buffer, 

EDC, diamino hexane, cationic alginate and standard alginate. 

 

NMR analysis allowed us to validate the presence of gelatin in synthesized cationic gelatin. The 

unidentified peak at 2.8 ppm observable in both cationic compound spectra could correspond 

to a grafted diamino hexane molecule. Still, it cannot be stated with certainty since other 

contaminants could also be responsible for this peak. Finally, the spectra acquired from cationic 

alginate did not allow for validating the composition of the synthesized product. Therefore, 

only the synthesized gelatin was used in the following experiments. 
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Formulation and characterization of a cationic bioink  

In this step, only the cationic gelatin was used to generate a bioink adapted for in situ 

transfection, as the quality of synthesized alginate could not be confirmed with NMR. Bioink 

preparation with cationic gelatin was performed according to the standard formulation 

protocols. Namely, the cationic gelatin was dissolved at a 20%w/v concentration in DMEM(-) 

with 5X Penicillin-Streptomycin and Amphotericin B and mixed with the two other bioink 

components to reach a 2% w/v Fibrinogen, 2% w/v Alginate and 5% w/v cationized Gelatin.  

Rheological characterization confirmed that this new bioink had appropriated rheology and 

shear-thinning behaviour to be bioprinted. The rheology was measured with a stress-controlled 

rotational rheometer (DHR2, TA Instruments, Guyancourt, France) and a 25 mm parallel plate. 

A comparative analysis of rheological properties was conducted on standard and cationic 

bioink. Both reveal a shear thinning behaviour where viscosity decreases as the shear rate 

increases. This characteristic is vital for protecting cells against shear stress during bioprinting 

[271]. Such a feature is also confirmed by the rate index of both bioinks calculated with the 

Herschel-Bulkley model (Figure 7.4_A). The rate index values of 0.62 and 0.94 reported in this 

study allow to evaluate the flow index (n). This index is calculated as 1- rate index.  Values of 

n less than 1 signify that the material has a shear-thinning behaviour (more fluidic under 

increasing shear stress). Conversely, n greater than 1 values indicate shear-thickening behavior, 

wherein the bioink becomes stiffer under increasing shear stress [658] . Therefore,  in our case, 

both bioinks exhibited shear thinning behaviours with n values of 0.38 (standard bioink) and 

0.06 (cationic bioink). 
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Figure 7.4: Rheograms of non-consolidated bioinks (2% F, 2% A, 5% G) prepared with standard or cationic 

gelatin (A) Evolution of shear stress in function of shear rate. (B) Evolution of bioink viscosity in function of shear 

rate. 

 

The main difference between both bioinks resides in the minimal viscosity achieved at the 

highest shear rate of 102 s-1 in both cases. At this elevated shear rate, the viscosity of cationic 

bioink was decreased by 23-fold compared to the standard formulation with value of 0.6 Pa.s 

and 14 Pa.s respectively.  

At low shear rate, under 10 s-1, the shear stress of both bioinks is almost constant. It is 

characteristic of a solid-like behaviour [271]. The yield stress of the cationic bioink falls within 

a similar range as that of the standard bioink, measuring approximately 25 and 27 Pa, 
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respectively. It suggests that both bioinks would necessitate the application of pressure to enable 

their flow from the printing syringe. 

Beyond a 10 s-1 shear rate, the shear stress increased for both bioinks. In the case of the cationic 

bioink, the shear stress continuously increased while the viscosity decreased linearly, 

demonstrating the material's ability to maintain its structural integrity. Conversely, the standard 

bioink displayed a distinct "break" phenomenon after reaching a shear rate of 101 s-1 as indicated 

by the blue arrows in Figure 7.4. This behaviour change suggests that the shear stress reached 

a level capable of irreversibly disrupting the physical network of the bioink, indicative of a 

viscoplastic material rupture. Following exposure to shear stress, the standard bioink exhibited 

a granular appearance, while the cationic bioink retained its smooth and continuous nature. 

Interestingly, when depositing a volume of 0.5 mL of bioink at a temperature of 21°C in a 

multiwell plate using a pipet, the standard bioink demonstrated the ability to maintain a three-

dimensional structure. In contrast, the cationic bioink flowed and collapsed in a bioink 

"puddle". 

Thus, the current formulation of cationic bioink demonstrates the ability to protect cells during 

bioprinting. However, its rheological behaviour differs from standard gelatin, preventing the 

generation of controlled 3D structures through bioprinting. Several hypotheses can be proposed 

to explain this disparity between the two bioinks.  

Firstly, both bioinks were prepared using the same mass-to-volume ratio of stock gelatin or 

cationic gelatin material. However, the molecular weight of cationic gelatin is different from 

that of standard gelatin due to the presence of grafted diaminohexane molecules. Additionally, 

it has been suggested earlier that the cationic gelatin stock powder used may not be pure. Hence, 

the total concentration of gelatin molecules differs between the two bioinks. This disparity 

undoubtedly contributed to the distinct rheological behaviour observed. It played a role in the 

decreased viscosity and the inability to maintain a 3D shape in the cationic bioink. 

 

Furthermore, the grafted-diaminohexane molecule may introduce stereological and charge 

hindrance effects, potentially modifying the molecular network of the bioink. As a result, the 

mechanical properties of the bioink may be altered, leading to further differences in rheological 

behaviour. 

 

In summary, the observed differences in rheological behaviour between the cationic bioink and 

standard gelatin bioink can be attributed to factors such as variations in gelatin concentration, 
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impurities in the cationic gelatin stock powder, and potential alterations in the molecular 

network caused by the grafted-diaminohexane molecule. 

 

7.2.3. Evaluation of the different in situ transfection strategies 

 

In situ transfection with PEI and Lipofectamine 3000 

The next step consisted of developing novel in situ transfection protocols. The first approach 

was to transfer protocols from existing 2D transfection protocols. PEI and lipofectamine were 

evaluated as bioink additives.  

Thus, the pEGFP-C1 plasmids were used naked or complexed with PEI or Lipofectamin 3000. 

The ratios of 1:2 (µg pDNA:µg PEI) and 1:1:1 (µL Lipofectamin: µL P3000: µg pDNA) were 

used respectively. They were mixed in the bioink at a concentration of 4 µg pDNA/mL of bioink 

and incubated for 15 min at 37°C. The bioink was seeded with 1 x 106 cell/mL of HEK cells. 

Such a formulation results in a 4 µg pDNA / 106 cells. This concentration was initially chosen 

to increase the likelihood of contact between cells and plasmids embedded in the hydrogel. In 

fact, in 2D cultures the plasmids come into contact with the cells due to gravity, and in 

suspended cultures, plasmids are mixed uniformly, allowing them to interact with the cells. On 

the other hand, in bioprinted cultures, the plasmids are entrapped in the hydrogel, which 

complicates the contact with cells.  

We decided to increase the plasmid-to-cell ratio by 2 to 10 fold compared to the values reported 

in the literature [644–648]. Still, to ensure that the chance for cells to get in contact with 

plasmids was close to 100%, we calculated the probability of contact. To do so, we assumed 

that the cells and plasmids were motionless and homogenously distributed in the hydrogel. In 

this condition, the likelihood for a plasmid to be in contact with a cell corresponds to the 

probability of finding a plasmid in a sphere of the same volume as a cell in every point of the 

hydrogel (see Figure 7.5). 
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Figure 7.5: Estimation of the probability of plasmid-cell contact. The hydrogel volume was fractioned into sub-

volumes of 1.15 x 10-9 cm3 corresponding to the average volume of an HEK cell. The number of plasmid copies 

for a sub-volume was calculated as the theoretical number of plasmids in contact with cells. 

 

The volume of a HEK cell was approximated to 1,15 x 10-9 cm3 (sphere of 13 µm diameter). 

The mass of a single pEGFP-C1 plasmid was estimated to 2 x 10-12 µg with the following 

formula :  

𝑚𝑝 =  𝑀𝑤𝑝 𝑥 𝐶𝐷𝐴  𝑥 𝐶µ𝑔 

Where, 

𝑚𝑝 is the mass of a single pEGFP-C1 plasmid (µg) 

𝑀𝑤𝑝 is the molecular mass of a pEGFP-C1 plasmid = 4731 (pb) 

𝐶𝐷𝑎 is the pb to Dalton conversion coefficient = 0.65 x 103 (Da.pb-1) 

𝐶µ𝑔 is the Dalton to µg conversion coefficient = 1.66 x10-18 (µg.Da-1) 

The average number of plasmids in a bioink containing 4 µg/mL of plasmids in a volume of 

1,15 x 10-9 cm3 would be ~ 950 plasmids. Hence, in this bioink, each cell could theoretically 

get in contact with ~ 950 plasmids. We considered this value satisfactory since it has been 

reported that successfully transfected cells usually comprise 102 to 5.104 plasmid copies per 

nucleus [180,659]. 

The bioprinted constructs were consolidated with  3 %w/v CaCl2, 4% w/v transglutaminase and 

10 U/mL thrombin and cultured in DMEM(+) for 15 days. This consolidation was selected from 

the experiments in paragraph 7.1.2 as hydrogels consolidated with 3% CaCl2 and 4% 

transglutaminase displayed higher plasmid retention. Thrombin was also used for hydrogel 

consolidation, as the presence of fibrin is known to be beneficial for cell adhesion and 

proliferation [273]. 
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 The constructs were dissociated at days 2 and 15, and the cells were analyzed for their GFP 

fluorescence expression by flow cytometry. These culture times were chosen as 2 days 

corresponds to the highest transgene expression in 2D culture transfection  (see Figure 7.2), and 

15 days selected as the final point as it was identified in Chapter 4 to correspond to the start of 

a faster growth phase for HEK cells (Figure 4.1). The results displayed in Figure 7.6 show that 

none of the conditions presented GFP expression.  

Hence, using naked or complexed plasmids with standard transfection reagents did not allow 

the transfecting of cells inside the hydrogels' 3D structures in the conditions tested. It is 

important to note that multiple parameters could explain the lack of efficiency of this protocol, 

including the low cell proliferation and the plasmid concentration. Indeed, although ideal for 

plasmid retention, the selected hydrogel consolidation was reported in Chapter 4 as not the 

optimal condition for cell proliferation. Transfection is known to be more efficient in 

proliferating cells [660]. In the condition presented in this chapter, a  long lag phase is expected 

to be observed up to 15 days, as described in Chapter 4 (Figure 4.1).  

Then, we estimated that cells could contact 950 plasmids per cell on average. However, imaging 

of DAPI labelled plasmids in hydrogel (Figure 7.1) showed that the plasmids seem to aggregate 

and have a heterogeneous distribution, which might decrease the probability of contact with 

cells. Additionally, even if cells do get in contact with 950 plasmids, it is not certain that all the 

plasmids will be internalized in the cell and successfully reach the nucleus. In literature, the 

plasmid-to-cell ratio reported in 2D or suspension cultures is usually around 0.1 to 2 µg 

plasmids per 106 cells [180,644–648] corresponding to approximately 2 x 104 to 4 x 105 plasmid 

copy per cell. However, we mentioned earlier that literature reports that the number of plasmid 

copies per cell nucleus usually ranges from 102 to 5. 104 plasmid [180,659]. Consequently, cells 

do not internalize and express the entirety of plasmids they are in contact with.  

To ensure that cells in bioprinted constructs come into contact with a range of 2 x 104 to 4 x 105 

plasmid copies, the concentration of plasmids in the bioink should be in the range of 2 x 104 to 

4 x 105 plasmids in 1.15 x 10-9 cm3, which corresponds to concentrations of 84 µg/mL to 1700 

µg/mL. However, these concentrations are practically and economically unfeasible due to being 

excessively high. 

Therefore, in the next experiments we increased the plasmid concentration to 10 µg/mL of 

bioink, corresponding to ~ 2,000 plasmid copies per cell. This concentration is comprised in 

the range of 6.4 to 17 µg/mL commonly reported for the preparation of GAM [437,447,473]. 

We also identified the consolidation of the bioink as the parameter that should be optimized. 
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Finally, we investigated other transfecting agents based on cationic materials for bioink 

formulation. 

 

Figure 7.6: GFP expression measured by flow cytometry of in situ transfected cells recovered by dissociation 

of the hydrogel. 

 

 

Biocompatibility and transfection capacity of cationic gelatin and cationic hydrogels 

Finally, the biocompatibility and transfection capacity of the cationic material were evaluated, 

first by depositing non-consolidated cationic gelatin solution mixed with pEGFP-C1 plasmids 

in the supernatant of 2D HEK cells cultures at ~70% confluency. Light microscopy observed 

the cell aspect, and viability was qualified after IP staining and fluorescent microscopy 

observations. Interestingly, it was observed that cells cultivated with dissolved cationic gelatin 

tended to detach from the plate's bottom and form cell aggregation (Figure 7.7_A). Yet, cells 

stained with IP after 3 days of cultures showed high mortality in all the conditions, including 

those without cationic gelatin. Hence, cationic gelatin did not present enhanced cytotoxicity 

compared to standard PEI gelatin after 3 days of culture.  

The transfection rate detected in cultures transfected with cationic gelatin was significantly 

higher than in control cultures transfected with standard gelatin as a reagent or naked plasmid. 

Yet, the transfection capacity of cationic gelatin was substantially lower than that of PEI (Figure 

7.7_A).  
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Figure 7.7: Evaluation of cationized gelatin as a GAM and in-situ transfecting reagent: (A) Fluorescence and 

bright field microscopy imaging of HEK cells’ 2D cultures transfected with different pDNA-complexing agents: 

cationic gelatin, standard gelatin, PEI or none. More negative controls (not shown), were prepared with cationic 

gelatin without plasmid, standard gelatin without plasmid and no reagent & no plasmid to confirm the absence of 

fluorescent interference. (B) In situ transfection conditions were evaluated in cationic bioink with increasing cell 

density and plasmid concentration, and pictures were assessed on the last day of culture. TAG: transglutaminase. 

Then, a cationic bioink was prepared with cationic gelatin previously mixed with pEGFP-C1 

plasmids at 40 µg/mL, resulting in a final concentration of 10 µg/mL plasmids in the bioink. 

Cells were added to the bioink at 1 x 106 cells/mL. The bioink was deposited with a pipet in a 

24 well-plate and consolidated with 3 %w/v CaCl2, 4%w/v transglutaminase and 10 U/mL 

Thrombin to conserve a hydrogel consolidation with good plasmid retention (see Figure 7.1). 

A reference bioink was prepared in the same conditions, except standard gelatin was used 

instead of cationic. Controls were prepared with standard and cationic bio-inks without plasmid 

or cell.  

The transfection efficiency was monitored by fluorescent microscopy. The transfection 

efficiency was estimated to be close to zero in both cationic and standard bio-inks. Less than 5 

fluorescent cells were detected by fluorescent microscopy in all triplicates combined.  
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At this stage, several hypotheses were proposed to explain the generalized low transfection 

efficiency observed in-situ : 

- Lower probability of contact between cells and plasmids compared to 2D conditions 

due to heterogenous plasmid repartition and immobility of the plasmids in the hydrogel 

- Non-growing cells are not transfected 

It is why several experiments were tested as exploratory approaches to challenge these 

hypotheses. First, plasmid and cell concentrations were increased two and five times, 

respectively, to increase the probability of contact. Increasing the starting cell density was also 

expected to reduce the lag phase and favour earlier cell growth, as demonstrated in Chapter 4. 

As seen in Figure 7.7_B, this strategy did not improve the transfection rate significantly as there 

were still less than 5 fluorescent cells detected by fluorescent microscopy in all triplicates 

combined. Various consolidation solutions were also evaluated to modulate hydrogel stiffness 

and microporosity, as it was demonstrated in Chapter 4 and Paragraph 7.1.2. that hydrogel 

consolidation affects both cell proliferation rate and plasmid retention in the hydrogel.  

We conserved Fibrinogen crosslinking with Thrombin in all conditions tested to favour cell 

adhesion. At first, we conserved the 4% transglutaminase as we demonstrated that it was 

favourable to plasmid retention. We replaced the 3% CaCl2 solution with DMEM(+) medium 

already containing 0.026% calcium. As it did not allow the detection of more than 3 fluorescent 

cells after 13 days of culture, we evaluated another consolidation selected in Chapter 4 as one 

of the most optimal for cell proliferation, with a 10-fold reduction of transglutaminase 

concentration and decreased calcium content to 1.4%.  

Hence, increasing plasmid concentration from 4 µg/mL to 20 µg/mL, changing the transfection 

strategy by using cationic bioink and modifying the hydrogel consolidation did not allow to rise 

the transfection efficiency. 

 

7.3. Conclusion 

In this chapter, we studied the feasibility of transfecting cells directly inside the hydrogel 

structures by encapsulating plasmids in the bioink. Two strategies were evaluated: the addition 

of commercial transfection reagents into the encapsulating hydrogel and the hydrogel 

modification into cationic hydrogels.  

The cationic hydrogels were formulated from modified gelatin or alginate. They were 

synthesized by forming an amide bond between the carboxylic groups of gelatin or alginate and 
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an amine group of 1,6 – diaminohexane. H-NMR could not validate the success of the grafting, 

yet the presence of gelatin molecules in cationic gelatin was confirmed. On the contrary,  In the 

case of cationic alginate, the recovered product displayed an NMR profile with a low 

resemblance to the standard alginate, suggesting that it might be highly contaminated with the 

reaction substrates and by-products, and the presence of alginate molecules could not be 

established. In both cases, the synthesis of cationic compounds resulted in a product lacking 

purity with the presence of residual by-products. This cationic product could be further purified 

with extended dialysis or more stringent strategies such as ion-exchange HPLC. 

The bioink prepared from the cationic gelatin was not able to produce 3D structures, yet its 

shear-thinning properties would allow the protection of cells subjected to shear stress during 

bioprinting [271]. Thus, to produce 3D architectures with charged material, this cationic gelatin 

could be used as an additive for a bioink containing a proportion of the standard gelatin. The 

capacity of cationized bioink prepared with synthesized gelatin to support transfection was 

pursued. 

Neither commercial transfection reagents nor cationic hydrogel enabled cell transfection in situ 

with satisfactory yields. Even though cationic gelatin was behaving as a suitable transfection 

reagent in 2D cultures, very few cells were transfected in 3D.  

In the experiments presented above, the hydrogel consolidation and the plasmids and cell 

concentrations tested did not allow to overcome the limitation in transfection efficiency. Yet, 

even though the plasmid volumic concentrations (4 – 20 µg/mL) were higher than the standard 

values used for 2D transfection protocols and included the usual values of 6.4 to 17 µg/mL 

reported in the literature for GAM preparation [437,447,473], it should be noted that, contrarily 

to 2D cultures, the plasmids are immobilized and theoretically unable to diffuse in the hydrogel 

which strongly reduces the probability of plasmid-cell contact. Hence, even though in our 3D 

experiments, cells could theoretically get in contact with 950 to 4000 plasmid copies per cell, 

this value is low compared to the plasmid-to-cell ratios usually employed in 2D or suspension 

cultures comprised in a range of 0.1 to 2 µg plasmids per 106 cells [180,644–648], 

corresponding to ~2 x 104 to 4 x 105 plasmid copy per cell in the media supernatent. 

Additionally, our 2D transfection experiments reached successful cell transfection with plasmid 

concentrations corresponding to 105 - 106 plasmid copies per cell added to the culture medium. 

Hence, the plasmid to cell concentrations used in our 3D experiments remained lower than 

those reported in the literature or validated experimentally for transfection of 2D cell cultures. 
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In addition, the in situ transfection experiments were performed in serum-containing media, 

which might decrease the transfection efficiency, even though it has been reported that 3D 

transfection could be performed in the presence of serum [352,447].  

HEK cells are gelatinase-secreting cells; this ability could be favourable to accessing the 

entrapped plasmids even in substantial hydrogel consolidation [302]. We showed in Figure 7.1 

that plasmids are better retained in hydrogel after heavy consolidation. Yet, strong hydrogel 

consolidation was demonstrated in Chapter 4 to affect cell proliferation negatively. However, 

cell proliferation is essential to an efficient transfection process as it facilitates the insertion of 

plasmids in cell nuclei. Additionally, in 3D, cells would need to proliferate to come into contact 

with the plasmids entrapped in the hydrogel. The limited cell proliferation in 3D hydrogel 

cultures can provide another explanation for the absence of transfection in 3D cultures. 

In the case of transfection performed in cationic hydrogels, the 1,6-diaminohexane used to 

prepare the cationic gelatin was chosen due to its reported use to form DNA-binding molecules 

[655–657]. However, we came across some literature reporting cytotoxic effects caused by this 

molecule [656,661,662]. Even though no evident cytotoxic effect of diaminohexane-grafted 

compounds was detected in our work, its impact on cell proliferation and interaction with the 

matrix should be evaluated in the future. It might not be the most suitable source of amino 

groups for cationized gelatin synthesis. Other molecules such as ethylenediamine [448,496–

498], putrescine, spermidine or spermine [498] have already been used to generate cationic 

hydrogels. Some amino acids, such as Arginine, are also known to favour transfection and are 

used to produce cell-penetration peptides [482]. Such molecules should be evaluated as they 

could be better candidates. 

The zeta potential of cationic hydrogels should also be studied, as it is known that under 10 mV 

or over 17 mV can reduce cell adhesion and cause cytotoxicity [453,501,503]. On the contrary, 

increased cationic amino group content on the anchorage surface offered better cell adhesion 

and increased proliferation and stabilization of naked plasmids by electrostatic interactions 

[500–504]. 

Finally, the exact mechanism occurring during in situ transfection with cationic hydrogel has 

not been described in the literature. It is unknown if the hydrogel's cationic groups enable cell 

membrane crossing by destabilising its negative charge or if it enters the cells as a plasmid-

cationic complex. In the first scenario, the naked plasmids can enter the cells but do not reach 

the nucleus or cross its membrane, resulting in no transgene expression. Future work could 

investigate this hypothesis by performing in situ transfection with mRNA instead of plasmids. 
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mRNA would allow transgene expression upon internalization in cell cytoplasm without 

reaching the nucleus safely. 
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CHAPTER 8. GENERAL DISCUSSION 

 

The present study originated from the convergence of two distinct scientific domains: 

bioprocessing and bioprinting.  

  

Our primary objective was to assess a novel therapeutic bioproduction strategy leveraging 

bioprinting as a manufacturing tool. Our initial undertaking involved the development of tools 

specifically designed to characterize cell proliferation within 3D hydrogel structures, as no 

tailored methodologies were available at the time. This research is detailed in Chapter 3. We 

successfully formulated and refined a dissociation protocol for retrieving entrapped cells while 

minimizing process duration and cell loss. We also explored alternative methods, such as cell 

counting through image analysis of histological sections and live cell staining within intact 

constructs. Ultimately, the cell numbers were attempted to be estimated by correlating cell 

proliferation and lactate metabolism. Our findings revealed significant variations in cell density 

as assessed by each of these methods, attributed to multiple factors: 

- Sample variability: Even slight disparities in initial cell concentration, hydrogel 

consolidation, or construct geometry (over/under-extrusion) could lead to substantial 

differences in cell density after several days of culture, particularly during rapid cell 

proliferation phases. 

- Technical reproducibility and precision of analytical procedures: Each method we 

examined had inherent sources of error and lacked accuracy. 

- Operator errors: Some variability could be attributed to operator handling. Each 

sample was measured at least in triplicate following a strict protocol to mitigate this. 

 

Out of the three methods evaluated, dissociation was deemed the most representative of cell 

behaviour within the constructs. It was the sole approach to directly estimating total cell 

numbers within a hydrogel volume. However, it is essential to note that while we made 

substantial efforts to optimize this technique, the precision and calibration of hydrogel 

dissociation remain limited. It is due to the inability to assess total cell loss and mortality during 

the dissociation process, as no reference method exists for such evaluations. Our protocol was 

inspired and adapted from native tissue dissociation techniques, typically used to recover and 

isolate specific cell types. Our optimized dissociation protocol have recently been patented 

[549]. In literature, dissociation is used to recover cell from tissue biopsies for experimental 
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[663] or clinical [664] purposes. The main technics are based on enzymatic digestion, 

principally conducted with Collagenase. This enzyme is commonly used for dissociating tissues 

such as dermis [203], fat [665], pancreas [666] or liver [667] allowing for the recovery of cells 

with high viability [664] and structural integrity  [663,668]. Pepsin is another enzyme used for 

digesting extracellular matrix or deparaffined tissues, but it is not recommended for cell 

recovery with high viability purposes due to its strong acidic conditions [669]. Dispase is a 

gentler alternative to trypsin for cell detachment [670] and is used for separating epidermal 

sheets from dermis or tissue dissociation [671]. Mechanical methods like GentleMACS can 

also be used for mechanical tissue dissociation [672]. Alginate lyase has also been used to 

dissociate micro-beads made of alginate [673] and alginate-poly-l-lysine-alginate[674]. In the 

last, cells were recovered with an 83% viability. Overall, different enzymes and methods are 

employed depending on the specific purpose and requirements of the cell recovery process. 

 In those applications, there is no need for a comprehensive assessment of total cell recovery or 

estimation of cell mortality before or during the process. Thus, while dissociation appears to be 

the most suitable method for cell retrieval and assessment of cell density in 3D hydrogel cell 

culture, further work is necessary to optimize and calibrate this method or to identify more 

suitable analytical tools. As an example, our team has worked on the development of automated 

microscopy technics with Incucyte® (Sartorius) coupled to Artificial Intelligence-based image 

analysis to have automated culture imaging and analysis in the incubator (Patent EP22306652.3 

- PCT – 2023). The use of MTT assays [214] or measurement of LDH activity [193] used in 

standard cell cultures could also be implemented in our 3D constructs. 

Following establishing a protocol for evaluating cell numbers in hydrogel, Chapter 4 focused 

on characterizing the behaviour of four bioproduction cell lines within bioprinted constructs in 

small-scale, static cultures. Our bioink favored the survival and proliferation of all the tested 

mammalian cell lines. Our findings indicated that bioproduction cell lines cultured in bioprinted 

constructs exhibited altered metabolic and proliferative kinetics compared to 2D culture 

conditions. All four cell lines displayed a significant reduction in cell proliferation, with CHO, 

HEK, and MDCK also showing notably increased metabolic rates. These three cell lines could 

proliferate within the hydrogel, displaying cell- and tissue-specific morphologies, 3D 

organization, and structural features. This proliferative capability within the hydrogel may be 

attributed to these cell lines' ability to secrete MMP 2 and 9, enzymes capable of degrading 

gelatin in the hydrogels [302,304,305,598]. In contrast, Vero epithelial cells, that do not secrete 

MMP under normal conditions [305], could not proliferate within the hydrogel. Instead, they 

formed cell layers on the surface, consistent with their epithelial nature.  
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Our results demonstrated that production cell lines could exhibit cellular behaviours more 

closely aligned with in vivo cell physiology, characterized by reduced growth rates and 

increased metabolism. These cells also displayed tissue-specific morphologies and 

organizations. We could observe cyst formation for MDCK cell 3D culture, as already 

identified in the literature. Further characterization is warranted to identify tissue-specific 

markers and functions to validate these findings. For instance, work is currently underway to 

develop histological staining protocols targeting GP135, a membrane protein of MDCK located 

in the apical membrane of fully polarized cells [229,233], and collagen IV, which is expected 

to be expressed by Vero cells in the epithelium's basal matrix [305]. Electron microscopy 

analysis on thin sections of our hydrogels was also explored to identify cells and hydrogel 

ultrastructures. Hydrogel characterization was furthered with mechanical analysis. Being costly 

and labour-intensive, such analysis were only performed on optimized HEK samples. 

Nevertheless, they should now be transferred to the other cell lines as it is known that cell 

behaviour is also affected by the 3D support nature [208–210], porosity and micro-pattern [211] 

and mechanical properties [19,212]. 

 

As a second phase of the 3D growth capabilities of these cell lines, we explored the possibility 

of densifying our 3D cultures. Here, we employ a Design Of Experiment approach to identify 

parameters affecting hydrogel properties, cell proliferation, and metabolism. We concluded that 

cell density and growth rate were primarily influenced by hydrogel microporosity and 

parameters related to bioink consolidation. Therefore, enhancing hydrogel microporosity could 

increase the maximum achievable cell density within 3D bioprinted constructs. However, the 

cell concentrations achieved in our study remained lower than those reported in industrial 

processes with suspension or microcarrier cultures. Further investigations should be conducted 

to evaluate those hydrogel parameters further and gain deeper insights into how hydrogel 

microporosity affects cell proliferation. Targeted topics would be : 

- Studying the gelatin/alginate/fibrinogen ratios and their impact on the consolidation 

strength and culture duration. 

- Describing the molecule/oxygen diffusion kinetics within the hydrogels. 

- Evaluating the hydrogel micro/nano-patterning effect  

 

Our laboratory recently developed a gelatin quantification protocol based on a collagen assay 

kit to address the first point. This protocol can be implemented in future work to quantify the 

gelatin content of different hydrogels and/or the amount of gelatin released in culture 
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supernatants post-consolidation. Understanding the hydrogels' precise composition and gelatin 

content along the culture is crucial for evaluating the abundance of RGD motifs  for cell 

adhesion [273]. Quantifying fibrin content would also be valuable for comparing the abundance 

of adhesion motifs in various hydrogels [265]. 

The second point is a valuable addition to our estimation of microporosity percentage. 

Estimating the global microporosity of hydrogels is insufficient for predicting the diffusion 

kinetics of various biomolecules within the hydrogels. Multiple methods could be employed to 

evaluate the diffusion rate within the hydrogel. For instance, probes exist for measuring oxygen 

levels in vivo [675,676]. They could be inserted at various sites within a bioprinted construct 

to calculate the gradient of the target molecule. Other works report the use of biocompatible 

oxygen-reactive molecules directly incorporated to the hydrogels to monitor oxygen diffusion 

[677]. Additionally, we are exploring an alternative approach involving live imaging of a 

fluorescent molecule deposited in the centre of a cylinder-shaped hydrogel construct. This allow 

us to estimate the molecule's diffusion rate and identify diffusion mechanisms and potential 

retention phenomena, as described in the "drunken sailor" analogy [678,679]. 

Furthermore, while TEM imaging provided 2D images of hydrogel sections and information 

about microporosity, it did not enable the precise determination of the 3D micro-pattern of the 

anchorage molecule network. On the other hand, Scanning Electron Microscopy (SEM) has 

previously been employed to observe the microstructure of gelatin and alginate-based hydrogels 

[680–683]. Such imaging techniques could offer additional insights into the characterization of 

hydrogels, including the micro-pattern [204] and topography [684] of the anchorage surface. 

Atomic Force Microscopy (AFM) is another technique that could provide information about 

hydrogel topography [683]. 

Following the confirmation of four production cell lines' ability to proliferate within 3D 

bioprinted constructs and the characterization of their behaviour in 3D conditions, we deployed 

a scale-up strategy of the cultures by producing larger 3D constructs.  

To achieve this, we developed the first and unique bioreactor setup suitable for cultivating 

large bioprinted constructs exceeding 10 cm3. The technical aspects of this setup are detailed 

in Chapter 5. Our work established a "dynamic fed-batch" system based on a regulated stirred 

tank as a media reservoir, supplying a perfused "construct culture chamber." The culture 

chamber received a continuous media supply from a circulation loop connected to the stirred 

tank. Additional studies were conducted on the setup to incorporate online analytics, such as a 

Raman spectroscopy probe. This system was used to successfully cultivate HEK and CHO cells 

for 14 to 20 days, as presented in Chapter 6. As described in Chapter 5 and 6, implementing 
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such a bioprocess culture protocol for cultivating  3D bioprinted structure was not trivial. It 

relied on consideration and expertise of several scientific fields (Material science, Chemical 

engineering and Bioprocess, Cellular biology and Bioproduction). 

Results demonstrated that dynamic bioreactor cultures of 10.8 cm3 constructs led to a more 

uniform colonization of the hydrogel volume than static conditions, where cells were 

predominantly located on the hydrogel's surface. Cell proliferation appeared to be slower in 

dynamic conditions compared to static cultures. Nevertheless, again as described earlier, the 

absence of suitable non-destructive cell number monitoring tools during culture hindered the 

assessment of cell density evolution or the identification of potential cell concentration peaks 

during the culture. We proposed Raman spectroscopy to continuously and non-destructively 

monitor cell metabolism and cell proliferation within the hydrogel to address this issue. This is 

the first time that a bioreactor system with such level of monitoring and control has been 

reported for 3D bioprinted constructs culture and could offer interesting perspectives in other 

applications such as tissue engineering. Indeed, the bioreactor setup and technologies developed 

during this Ph.D project have then been successfully transferred to other applications such as 

the culture of bioprinted fibroblasts culture for the reconstitution of connective tissue. 

 

To assess the potential of this technology for biopharmaceutical production, we investigated 

the secretion of recombinant monoclonal antibodies (mAbs) from bioprinted constructs 

cellularized with IgG1-producing CHO cells. This research began with small-scale cultures in 

an incubator. We demonstrated that cell-specific IgG productivity could be enhanced in small-

scale bioprinted CHO cell cultures when cultivated in CHO-specific media using a fed-batch 

mode with an amplification phase post-bioprinting followed by a production phase. In these 

non-optimized conditions, the specific productivity matched those reported in the literature for 

optimized suspension fed-batch cultures, exceeding 30 pg/cell/day. We also established that 

scaled-up bioprinted constructs cultivated in our bioreactor setup produced mAbs with reduced 

media consumption. However, due to reduced cell density, the final volumetric productivity 

was significantly lower compared to suspension cultures. We estimated that bioprinted 

constructs of approximately 120 cm3 would be required to achieve a final titer equivalent to the 

suspension reference run of 250 ml. Such bioprinted structure scale were already achieved 

within the team for MDCK cellularized porous structures.  

As for Mabs product qualification, none of the traditional product quality characterization were 

perforemed as part of this work. We now envisage to perform host cell protein (HCP) and IgG 

glycosylation assay to asses the potential of our novel bioproduction strategy. 
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In the final chapter of this project, we explored the possibility of transfecting cells within the 

hydrogel constructs to enable more flexible and personalized production using a single 

technology. In this chapter, we demonstrated the stability of plasmid DNA within hydrogels 

over 13 days. We developed a cationic bioink to facilitate in situ transfection without 

commercial reagents. However, neither commercial reagents nor cationic hydrogels resulted in 

successful in situ transfection. The inefficiency of the protocols could not be conclusively 

explained due to a lack of understanding of the internalization mechanisms that occur during in 

situ transfection. Nonetheless, we provide multiple hypotheses and suggestions for potential 

improvements. 
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CONCLUSION 

In summary, this project has led to the development of a novel therapeutic biomanufacturing 

technology based on 3D bioprinted cultures of production cells. Our work has provided a deeper 

understanding of the global changes in cellular kinetics within 3D cultures and has described 

both the advantages and limitations of this culture method for bioproduction (see Table 8.1). 

We demonstrated that mAb-producing cell lines cultivated in such 3D bioprinted constructs, 

even in non-optimal static culture conditions in an incubator, exhibited higher specific 

productivity than the suspended bioreactor reference and equivalent specific productivity 

compared to values reported in the literature for optimized cultures in standard fed-batch 

suspension. Thus, we have demonstrated the potential of this technology to increase cell-

specific productivity (qp) and raise questions about the potential of this new bioproduction 

model to surpass the current maximum cell-specific productivity of 90 pg/cell/day. The 3D 

culture of these cell lines can be scaled up and cultivated in a custom bioreactor system with 

full control over key culture parameters. However, the inability of 3D cell culture to reach the 

high cell densities achieved in standard culture processes results in low volumetric productivity 

that cannot compete with current industrial bioprocesses. Our work has demonstrated that 

optimizing bioprinting parameters and hydrogel properties could enhance cell proliferation and 

increase the maximum cell density achievable. Nonetheless, while it is theoretically possible 

for cells to grow at very high cell density by colonizing 100% of the construct volume, it 

remains uncertain whether such a phenomenon is practically achievable. In fact, the greater 

resemblance of 3D cell culture to the in vivo environment may also trigger in vivo-like 

responses, such as cell-contact-induced apoptosis. Our research has indicated the presence of 

successive growth phases interspersed with stationary phases or even a reduction in cell density 

for some cell lines, which aligns with the growth-apoptosis cycles observed in tissues [685,686]. 

Furthermore, existing in situ transfection tools have not yet achieved efficiencies equivalent to 

those reported in monolayer or suspension cultures. Our work has not been able to overcome 

this obstacle, but we have proposed suggestions for improving in situ transfection efficiency. 

To date, the size of such 3D cultures would be limited to a few hundred cubic centimeters, 

which is the maximum size that our team can print and exceeds the size of any bioprinted 

construct reported in the literature. Consequently, we have concluded that with current technical 

capabilities, this technology does not present a compelling alternative to standard industrial 

bioproduction processes for recombinant proteins. Nevertheless, its similarity to the in vivo 

environment, increased specific productivity, and the cell-protective effects of the hydrogel 

matrix against hydrodynamic stresses present intriguing potential for personalized or niche 
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therapies, such as stem cell-based treatments or extracellular vesicle production. Additionally, 

the high potential of this technology for in situ infection, which was not explored in this work, 

offers interesting prospects for biomanufacturing viral products. 

Table 8.1: Main advantages and limitations of the technology developed in the present work 
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