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Introduction 
 

Three-dimensional (3D) printing applied to cells, also called bioprinting, is an emerging 

technology for printing complex biological systems that can reproduce patterns similar 

to native tissues (Santoni, 2022). This is based on the ability of bioprinting to position 

cells very precisely within a matrix of polymers reproducing the extracellular 

environment.  

Bioprinting has applications in regenerative medicine(Moghaddam et al., 2021), tissue 

engineering (Marga et al., 2012) (by example with the start-up Poeitis), pharmaceutical 

research (Peng et al., 2017) (Hagenbuchner, Nothdurfter and Ausserlechner, 2021) 

and cancer research(Augustine et al., 2021). 

The polymer matrix with living cells composes the bioink. This bioink can be printed to 

form structures with varying degrees of complexity, and thus reproduce architectures, 

properties and functions of specific tissues. To do so, different bioprinting technologies 

exist: extrusion printing, inkjet or Inkjet printing, laser-assisted printing and finally 

stereolithography printing (Hölzl et al., 2016). Each of these technologies has its 

advantages and limitations (such as printing speed, cost of use, cell viability). However, 

the most widespread and widely used technology is bioprinting by extrusion or 

microextrusion, as evidenced by the number of publications, patents and commercially 

available machines (Santoni, 2022). Extrusion bioprinting is based on the same 

principle as 3D printing of plastic materials, but instead of plastics, polymers with living 

cells are printed (Pati et al., 2015). Complex structures can thus be printed layer by 

layer to get as close as possible to native tissues, as demonstrated by V.M. Gaspar et 

al in their review Advanced Bottom-Up Engineering of Living Architectures(Gaspar et 

al., 2019). 

However, even considering their differences all bioprinting technologies have common 

limitations (cell density, vascularization etc.) (Sigaux et al., 2019) but in the case of 

extrusion printing we have identified two particularly unfavorable limitations. Indeed, a 

common limit to all these technologies is the low cell density of printed structures 

compared to the cell density of organs. Most human organs have a cell density 

between 10  and 10!! cells per mL (McClelland et al., 2012). However, it is very difficult 

to obtain these concentrations in the laboratory, all the more so for the large volumes 
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necessary for some experiments. The second limitation, more specific to this 

technology, is cell viability after printing. Indeed, during the extrusion of the cells, a 

shearing force is applied on the cells, damaging them. These shear forces considerably 

decrease cell viability in short- and long-term cultures (Zhao et al., 2015) (Ning, 2020). 

To address the issues of bioprinting, most research focuses on improving hydrogels 

and printing methods (Forget et al., 2017) (Boularaoui, 2020). In this thesis work we 

have implemented a new method that addresses the issues of cell density and viability 

after printing for extrusion bioprinting. Indeed, we have produced and adapted 

“microscaffolds” (or microcarriers) of porous Poly (D,L-lactide-co-glycolide) (PLGA). 

These microscaffolds have a double objective: to serve as "microcarriers" (or micro-

carriers) before printing to increase the cell proliferation surface and increase the cell 

density more quickly and at a lower financial cost (low quantity of culture medium and 

less working time). These porous microscaffolds will also serve as mechanical 

protection for the cells during extrusion. The cells will colonize the porosities of the 

microscaffolds which will thus absorb the shearing forces and protect the cells during 

the extrusion printing step. 

This thesis work seeks to develop production methods and demonstrate the benefits 

of using these microscaffolds on different cell types. Different methods of producing 

and adapting microscaffolds have been developed. Their impact on cell proliferation 

and viability was assessed. Microscaffolds have also been used to develop organoids, 

cell structures made in vitro in three dimensions. These printed cell structure have 

made it possible to study intercellular responses between stem cells and cancer cells. 

This manuscript is organized into four chapters. 

Chapter 1 will provide a state of the art on bioprinting, the use of PLGA microscaffolds 

in the medical field and finally the use of porous microscaffolds for bioprinting. 

Chapter 2 will be dedicated to the description of cell lines, bioprinting inks, printing 

parameters and finally microscaffolds used in this thesis. 

Chapter 3 will present the results of the production of microscaffolds and their impact 

on the proliferation, viability and migration of four cell types. It will include an article, 

titled “Enhancing cell viability, proliferation and migration in 3D printing of organoids 

with pre-cellularized porous PLGA microscaffolds” published in Bioprinting. This article 
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will be preceded by an introduction followed by complementary results and 

perspectives offered by this technology. A general conclusion on the production and 

contribution of microscaffolds will end this chapter. 

Chapter 4 will focus on the results of printing a membrane prototype with muscular 

cells to fill congenital diaphragmatic hernias. These results will be in the form of a draft 

article. It will be preceded by an introduction and followed by complementary results, 

showing the importance of the adaptation of microscaffolds to the cell type. To end this 

chapter, a conclusion and perspectives on the next steps of the study. 

To conclude, this thesis manuscript will end with a “General Conclusion and 

Perspectives” section. Appendices will be provided to give additional information.  
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1. BioPrinting 

Three-dimensional (3D) bioprinting is an emerging and recent technology. Indeed, in 

1988 Klebe (Klebe, 1988) tried to adapt an inkjet HP thermal printing to print collagen. 

The term organ tissue was only introduced in 1999. Following this, the first bioprinter 

was developed in 2003 with the modification, by the Boland group, of a commercial 

thermal Inkjet printer to deposit cells (Wilson and Boland, 2003).  

This technology relies on the ability of bioprinting to produce complex structures with 

living cells whose organization and functionality are similar to those of native tissues. 

In particular, the objective of bioprinting technologies is to better control the precise 

positioning of living cells, within a biopolymer-based matrix and in a layer-by-layer 

structuring, allowing the adjustment of the geometry and maturation of the tissue over 

time. The first step for the bioprinting process as a whole is the pre-processing with the 

cell selection, material selection and the design or morphology selection. The second 

step is the procession with the printing parameters setting, bioprinting and crosslinking. 

The third step is the post-processing with the cellular maturation, if needed cellular 

differentiation and cellular tests such as cellular viability and proliferation analyses. The 

fourth step is the evaluation of the bioprinted product, their structure, morphology and 

functionality. These steps are described in Figure 1.  
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Figure 1 Bioprinting process, evaluation and applications 

 

1.1. Bioprinting methods  

According to their mechanisms, bioprinting techniques can be classified into four major 

groups: extrusion-based bioprinting (Figure 2 A), inkjet or droplet-based bioprinting 

(Figure 2 B), laser-assisted (LAB) bioprinting (Figure 2 C) and stereolithography-

based bioprinting (Figure 2 D) (Khoeini et al., 2021). 

 

Figure 2 Bioprinting technologies With extrusion bioprinting (A), Inkjet bioprinting (B), 
Laser-assisted bioprinting (C) and Stereolithography (D) 

Here we will define these four groups and their applications. We will then discuss their 

limitations and new methods to improve these technologies.  



19 
 

 Extrusion-based bioprinting  

Extrusion-based bioprinting (Figure 2 A) uses physical force to “push” the bioink into 

cylindrical filaments by pneumatic, mechanical or by creating a magnetic field-driven 

micro- extrusion in a computer-controlled process (Figure 3) (Smith et al., 2004) 

(Ozbolat and Hospodiuk, 2016). 

 

                       

Figure 3 Extrusion bioprinting 

 

This is the most widely used technique due to its ease and cost effectiveness. This 

method has one of the highest cell density possible in bioprinting with a fast printing 

speed. It also allows printing different materials at the same time with different cell 

types, which facilitates the printing of complex cellular structures such as vascularized 

bone like structures (Leucht, 2020) or cardiac like tissues (Lee et al., 2019). This 

technique also has the advantage of being user-friendly, which contributes to its 

popularity. It should be noted that the forces used during the extrusion of the bioink 

with cells induce a shear stress on the cells. This shear stress can cause damages on 

the cell membranes, rendering them inactive or inducing apoptosis (Boularaoui, 2020; 

Ning, 2020) (Figure 4). This is one of the two major specific drawbacks of extrusion 
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bioprinting, the viability of extruded cells is low compared to other methods. The 

second specific drawback is the resolution of the printed constructs, which depends on 

the nozzle used, the thinner the nozzle, the higher the shear stress (Blaeser et al., 

2016). The shear stress of bioinks can be decreased by crosslinking the bioink during 

extrusion. Indeed, printing a bioink with a low viscosity reduces the shear stress during 

the extrusion, while reticulating it during the extrusion allows the bioink to have the 

mechanical strength to be printed into 3D structures. It has been done by the team of 

Cathal D.O’Connell et al (O’Connell et al., 2020): they developed a method to decrease 

shear stress while maintaining high mechanical force to print complex structures that 

do not collapse on themselves. This last point is a recuring problem for extrusion 

bioprinting where the viscosity of the bioink has to be considered to keep a low shear 

stress but mechanical force sufficient to have self-supporting constructs. The needles 

used for extrusion bioprinting have an important role on the resolution of the printed 

structure but also on the cell viability. Indeed, Li et al (Li et al., 2011) demonstrated that 

cell damage using a tapered needle is lower than using a cylindrical needle. Likewise, 

smaller diameter for the needle will have a stronger negative effect on the cell viability.  

 

Figure 4 Shear stress during extrusion bioprinting 

  

There are many derivations of extrusion bioprinting that reduce the limitations of this 

technology. For example, extrusion bioprinting in support media or gel baths 

(Bhattacharjee et al., 2015) (Highley, Rodell and Burdick, 2015) is an emerging 

technology where the deposition of the bioink is done in support media  (McCormack 

et al., 2020) (Figure 5). This technology is also named FRESH bioprinting for Freeform 
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reversible embedding of suspended hydrogels. This helps in the structuration of the 

3D structure and enables the use of inks with very low viscosities thus decreasing the 

shear stress and increasing cell viability with an increased resolution. Indeed, the team 

of Lee et al (Lee et al., 2019) bioprinted, into suspended hydrogels with a high 

resolution (20µm filament), components of the human heart and even capillaries. With 

this new method presented in their work they were able to print patient specific 

anatomical structures and perusable vasculature and micro-vascularization.

Another modification of extrusion bioprinting is the coaxial extrusion bioprinting, where 

several materials are printed at same time, from the same nozzle or different nozzles. 

This has been used to induce the reticulation of the bioink  (Ma et al., 2022) or to print 

different bioinks with different cell types. In their work Gao et al (Gao et al., 2015), 

used coaxial extrusion bioprinting to create a hollow structure inside the bioprinted 

structure for the exchange of nutriments, to reproduce blood vessels. 

Finally, extrusion bioprinting can be combined with imaging technology to observe 

directly the bioprinted constructs in real time. Indeed, the team of Brassard et al

(Brassard et al., 2021) use a microscope above the printing stage to precisely control 

the bioprinting position to print small structures such as capillaries.

Inkjet bioprinting

Figure 5 Extrusion bioprinting in a suspension bath

(Adapted from the work of Lee et al (Lee et al., 2019))

(taken from Daly et 2021
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Inkjet bioprinting (Figure 2 B) is defined as the printing of very small volumes (up to 

100 pico liters) of a viscous bioink (droplets) onto a substrate. This method uses 

various energy sources such as piezoelectric, acoustic or thermal (Gudapati, Dey and 

Ozbolat, 2016) (Li et al., 2020). Inkjet bioprinting of live cells was first proposed by 

Wilson and Boland in 2003 (Wilson and Boland, 2003) and done for the first time, with 

bacterial cells, by Xu et al (Xu et al., 2004). The droplets are deposited on receptive 

surfaces and assembled into complex structures layer by layer (Figure 1.6). The gap 

between two droplets should be considered and the stability of the construct should be 

taken into account.  

When using a thermal energy source, a micro-resitor heats up between 200-3000°C  

evaporating the surrounding bioink, and generating a vapor bubble that expand rapidly 

to expel bioink droplets (Miri et al., 2019) (Figure 6 A). The short-term heating does not 

affect cell viability, indeed, according to Martin et al (Martin, Hoath and Hutchings, 

2008) the cells are heated for only 2µs with a small temperature rise of 4 to 10°C. For 

acoustic or piezoelectric energy source (Figure 6 B), the bioink is extruded from the 

cartridge using actuators when a pulse is applied. This technique is defined by a high 

printing speed, with very good resolution (50–300μm), low cost, the ability to print 

different materials at the same time and good viability (higher than 80-95%) (Saunders 

and Derby, 2014) (Martin, Hoath and Hutchings, 2008). The limitations of this 

technique are the use of low viscosity inks, the difficulty of use, frequent clogging and 

the low density of cells (to avoid too much viscosity that would render the formation of 

droplets impossible). The team of Annalisa Tirella et al (Tirella et al., 2011) also 

demonstrated the importance of the stiffness of the deposition surface which can 

induce cell damage. The substrate stiffness tested were 5kPa, 5MPa and 5GPa and 

demonstrated an important negative impact of the highest stiffness on the cell viability 

at 4 hours.  

Inkjet bioprinting has been applied to several applications such as tissue engineering, 

cell micropatterning, in vivo cell printing, gene expression modification and drug 

development  (Li et al., 2020; Kumar, Ebbens and Zhao, 2021). For example, 

Christensen et al (Christensen et al., 2015) inkjet bioprinted cell structures to mimic 

blood vessels, by printing precise tubular structures. Furthermore, the inket technology 

can be used to formulate drugs, as was done by Melendez et al (Meléndez et al., 2008).  
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To resume, inkjet bioprinting has great performances but should not be considered for 

printing “large” constructs with high cell density, indeed, the fabrication speed is lower 

than extrusion bioprinting. 

 

Figure 6 Inkjet bioprinting 

With a focus on the two main technologies by thermal (A) and piezoelectric (B) 
energy source 

 

 Laser-assisted bioprinting  

Laser-assisted bioprinting (Figure 2 C) uses laser energy to precisely fabricate tissue 

constructs by selectively patterning hydrogels. This method does not use a nozzle but 

a donor slide composed of a slide of a light absorbent material (often metal), a coating 

of bioink and a transparent material. A laser pulse is absorbed on the donor slide which 

leads to the generation of a high-pressure bubble. The bubble expands and deposits 

bioink droplets onto the receptive surface (glass slide) (Dou et al., 2021). This is a non-

contact technique which limits the risks of contamination. It also decreases the forces 

applied to the cells, allowing a high viability rate around 85% (Hopp, 2012). The cell 

viability is high but can be reduced by thermal damage and mechanical stress of the 

bioprinting (Karakaidos et al., 2022) . The laser energy used for the bioprinting process 

can also affect the cell viability. Indeed, S. Cartos et al showed that increasing the laser 

energy has a negative effect on cell viability. They also demonstrated that other 

parameters such as ink viscosity and thickness have an effect on cell viability, with an 

A B 
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increase in thickness having a benefic effect on cell viability (Catros et al., 2011). LAB 

also allows the generation of high resolution droplets (10-100µm) with high cell density

(Karakaidos et al., 2022). LAB allows a smaller cell density than other bioprinting 

methods such as extrusion but can be as high as 10" cells/mL in microscale 

organization (Guillotin et al., 2010). But, as with inkjet the range of viscosity is reduced 

for the printing process, the limitations for the assembly of 3D constructs with droplets 

remain the same as for inkjet bioprinting. This method is also more expensive than 

others and is more complex to set up. 

LAB has application in bone, skin, cornea among others in tissue engineering. Indeed, 

Sorkio et al (Sorkio et al., 2018) used laser assisted bioprinting to print structures

mimicking corneal tissues. Human embryonic stem cells with adipose tissue derived 

stem cells were printed with a bioink composed of laminin and collagen to print the 

stromal constructs. The printed cells demonstrated a good viability after printing and 

expressed key proteins. It can also bioprint organoids and cell aggregates in very 

specific applications (Ventura, 2021). 

Stereolithography-based bioprinting 

Figure 7 Laser-assisted bioprinting

Donor 

slide

Acceptor 

slide

Laser
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Stereolithography-based bioprinting (Figure 2 D) is based on the polymerizing of 

photosensitive biomaterials to create complex structures. This technique requires a vat 

of photosensitive biomaterials with encapsulated cells. A laser beam selectively 

polymerizes sections of the bioink to create a complex structure (Derakhshanfar et al., 

2018). This technique allows to build  structures with a resolution of 50-100µm (Gauvin 

et al., 2012). The printing platform only needs to move in the Z direction, simplifying 

the use of this technology. No forces are applied to the cells during printing, only 

polymerizing light, thus, the viability rate is over 85% (Wang et al., 2015). But the use 

of UV light which can damage the cells as well as the limited choice of photosensitive 

biopolymers for the precursor bioinks and the use of photo-initiators, most often 

cytotoxic, are major limitations for the use of this bioprinting technique. This is way, 

visible light is studied to polymerize the bioinks, without damaging the cells (Lin et al., 

2017) (Z. Wang et al., 2018). Blue light, near the UV light (405nm) can be used instead 

of the toxic 365nm. Another limitation is the possibility to print only one material at the 

time and the use a vat of biomaterial. All these limitations restrict the range of 

stereolithographic bioprinting which is not often used with cells inside the bioink. It is 

preferred to print very complex structures compared to extrusion or droplet based 

bioprinting.  

Contrary to other bioprinting methods, stereolithography is used to construct cell-less 

scaffolds with a good resolution to be seeded after printing. Indeed, Gauvin et al printed 

complex scaffolds to mimic the microarchitecture of tissue with gelatin methacrylate 

(GelMa) hydrogel. Theses microscaffolds were then seeded with human endothelia 

cells to obtain a high cell density and adhesion (Gauvin et al., 2012).  
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Figure 8 Stereolithography schematic

1.2. Limits of bioprinting

Like any new technology, bioprinting has disadvantages that further limit its 

development and application in certain areas. Here we will present general limitations 

of bioprinting. The limits of each technology have already been presented in the 

previous section.

Cell density

The first limitation of bioprinting is the amount of cells needed to print a cellular 

structure. Indeed, if we want to reproduce a tissue or an organ, it is necessary to get 

as close as possible to the density found in vivo which is between 10 and 10!!cells per 

mL (McClelland et al., 2012). However, it is very difficult today to produce so many 

cells. It would take considerable time, many resources (human and material) and it 

would have a significant cost. Therefore, it is necessary to find a solution to increase 

the number of cells available before printing. It is possible to culture with microcarriers, 

which increases cell proliferation by increasing the proliferation surface before printing. 

R. Levato's team produced Polylactic acid (PLA) microcarriers and cultured them with 

mesenchymal cells before printing them. This made it possible to obtain a faster 

proliferation of cells before printing and after printing to obtain a higher cell density than 

without microcarriers (Levato et al., 2014) (Figure 9). The study also demonstrated the 
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importance of the inoculation step, indeed, when mixing separately the cells and the 

microcarriers in the bioink, the cells were observed in the first steps of adhesion after 

4h (Figure 9 A). Whereas when pre-seeding the cells on the microcarriers before 

mixing in the bioinks, the cells were found adhered and expressing organized actin 

fibers (Figure 9 B).  

 

Figure 9 Cell laden microcarriers 

Adapted from R. Levato et al (Levato et al., 2014) scale bar 40µm 

 Cell viability 

Cell viability is an extremely important parameter that goes hand in hand with cell 

density. Different printing techniques will have different effects on cell viability. Indeed, 

some techniques will have a high cell viability (greater than 85%) but a low cell density, 

others will have a high cell density but will apply a shear stress on the cells at the time 

of printing which will induce damage and increased cell death. 

Inkjet and extrusion techniques have indeed a higher cell density but during the printing 

phase apply a high shear stress on the cells. Cell viability can therefore be greatly 

reduced during the extrusion phase. This is because extrusion methods use constant 

pressure to dispense the bio-ink from the print nozzle as a continuous filament, which 

generates shear stresses that can damage the cell membrane and ultimately cause 

cell death. Indeed, according to the review by Boularaoui et al (Boularaoui, 2020) 

damage to cells and more particularly to the cell membrane is proportional to the shear 

stress applied. It starts at no damage when there is no stress to 100% damage at high 

stress. The  shear stress is directly related to the parameters of extrusion pressure, 



28 
 

diameter of the printing nozzle and the viscosity of the bioink (Blaeser et al., 2016) 

(Ning, 2020). 

The viscosity of hydrogels has a determining role for the shear stress applied to the 

cells in a complex structure. The team of Zhao et al (Zhao et al., 2015) demonstrated 

a proportional decrease in cell survival when increasing the viscosity of a bioink 

composed of gelatin and alginate. 

The optimization of the bioprinting process is necessary to obtain the best possible 

viability. The team of Ouyang et al (Ouyang et al., 2015)  obtained a cell viability as 

low as 55.52 ± 2.37% after bioprinting. After optimization of the diameter of the printing 

nozzles, the temperature in the cartridge and the printing chamber, the bioprinting 

process showed a viability of 90.84 ± 1.02%. 

 Vascularization 

Vascularization is one of the essential points in the bioprinting of tissues and organs 

because the viable maturation of printed tissues and organs depends on their 

vascularization (Sigaux et al., 2019). Indeed, the vascular system on any organ has 

the role of exchanging nutrients, gases and removing waste (Leucht, 2020). During 

longer term maturation, cell viability may also be decreased by cell asphyxiation. 

Indeed, if the bioprinted construction is too large a size without vascularization, then 

the nutrients, oxygen and waste will have difficulty in crossing all the reticulated gel 

and will cause increased mortality in this zone (Chen et al., 2021). 

Thus, to survive and proliferate a cell must be less than 100-200µm from a source of 

nutrients and waste exchanges (Carmeliet and Jain, 2000; Rouwkema, Rivron and van 

Blitterswijk, 2008). This limits the size of the constructions to less than 1mm without 

vascularization. This also poses a limitation for the implantation of printed tissues in 

vivo because the neovascularization is too reduced to support the new implanted 

tissue. The vascular supply must be present at the time of implantation (Clark, 1939). 

It also depends on the bioink used, the rate of crosslinking and the cell density. This is 

why all bioprinting methods need vascularization methods. Different approaches are 

used depending on the desired application, the tissue being constructed and the 

bioprinting method. 
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It is possible to use so-called sacrificial cell-free printing gels to form "channels" in a 

printed structure (Datta, 2017) (Miri et al., 2019). Indeed, when printing a complex 

structure, it is possible to use a sacrificial ink in the construction, which will be removed 

during the maturation phase to leave a space where the culture medium can infiltrate 

in order to exchange nutrients and wastes. Inks that can be used as sacrificial inks are 

inks that can be easily removed without damaging the construction as a whole. For 

example, Pluronic F127® (Shamma et al., 2022) can be printed at room temperature 

and then removed by lowering the temperature of the construction and rinsing it with 

sterile Phosphate buffered saline PBS. 

The impression of cells that can differentiate into blood vessels (Novosel, 2011; Leucht, 

2020). The team of Chen et al (Chen et al., 2012) demonstrated in their work that it 

was possible to bioprint in GelMa hydrogels of blood-derived endothelial colony-

forming cells ECFCs and mesenchymal stem cells MSCs that would allow the 

development of blood vessels inside the bioprinted construct. When the bioprinted 

constructs were implanted in vivo, blood vessels with erythrocytes from the graft 

developed and connections with blood vessels of the host developed. The team of Lise 

De Moor (De Moor et al., 2018)  also developed a method of bioprinting vascularized 

spheroids with Human umbilical vein endothelial cells (HUVEC) that spontaneously 

formed a capillary-like network.  

It is also possible to use coaxial bioprinting, and to print a hallow structure. This was 

done by Gao et al (Gao et al., 2015) who printed a double layer construct tube with 

alginate hydrogel to permit the exchange of nutriments (Figure 10). Indeed, the team 

of Gao et al printed CaCl2 with the inner nozzle printed alginate with the outer part of 

the coaxial nozzle (Figure 10 A). The CaCl2 solution diffused and reticulated the 

alginate solution creating a hollow tube (Figure 1.10 B). Finally, the most outer solution 

of alginate was not reticulated (due to the diffusion of the CaCl2 solution) to adhere to 

the next printed layer (Figure 10 C) before being immerged into a bath of CaCl2 to 

complete the reticulation of the construction.  
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Figure 10 Coaxial bioprinting to produce hallow tubes 

Adapted from Gao et al (Gao et al., 2015) 

 

 Microbial contaminations  

Two main sources of contamination can be identified. The first comes from printed 

objects and the ink itself, which represents a rich environment enable the proliferation 

of microorganisms over longer study times. The second comes from the printing device 

itself, which is often bulky and not compatible with printing under a biosafety cabinet 

(PSM), therefore generally not allowing work under a sterile atmosphere 

(Muthukrishnan, 2021). 

The norm is to use antibiotics or antifungals in culture media, but we have been 

observing, for years, an increase in antibiotic resistance (Tenover and McGowan, 

1996). Antibiotics in the culture medium may not prevent or limit the proliferation of 

pathogens protected by the bioink and the construction because of the limitation of 

exchanges with the culture medium in the printed constructs. This is one of the reasons 

why 3D bioprinting is starting to study and develop antibiotic-free antibacterial bio-inks 

(Muthukrishnan, 2021). 

In this light, the use of bioink components with antimicrobial properties seems 

promising to limit microbial infections. However, intrinsic modifications of the bioink can 

decrease its biocompatibility or its physico-chemical characteristics (O’Connell et al., 

2019). For example, the biocompatibility of the bioink can be reduced by the addition 

of toxic antibacterial functions, as shown by the addition of quaternary ammonium 
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functional groups (Yue et al., 2015) or the addition of silver nanoparticles (Wu and 

Hong, 2019). 

 No bioprinting gold standard  

Finally, regardless of the technologies used, each bioprinting laboratory has its own 

printing methods, bioprinting inks and printing parameters. De facto, the reproducibility 

of work and the standardization of bioprinting in a major issue. There are four main 

families of bioprinting technology, with particularities for each of them, a very large 

number of printing inks with very varied compositions and finally all the printing 

parameters (Correia Carreira, Begum and Perriman, 2020). It is therefore extremely 

difficult to reproduce the work of another group without using the exact same 

conditions, inks and parameters according to N. Sigaux et al (Sigaux et al., 2019). 

 Choice bioprinting technology  

The choice of printing technique will therefore be based on a compromise of all the 

elements mentioned above to obtain the desired results for the intended application. 

For example, if a high cell density is sought, the choice will be preferentially oriented 

towards extrusion bioprinting, while the LAB or stereolithography will be favored to 

obtain the best resolution.  

 Ethics of bioprinting 

The ethical aspect of a technology is an often overlooked aspect of research. Being a 

relatively new technology, and very future looking, bioprinting involves many ethical 

and regulatory questions (Vijayavenkataraman, Lu and Fuh, 2016; Patuzzo et al., 

2017).  

The first ethical question is: should we simply repair and replace or should we enhance 

the human body? Indeed, with bioprinting it would be possible, in the future, to replace 

organs with better functioning organs, enhancing the human body.  

The second ethical consideration we can have is the source of the cells used for 

research. Indeed, the use of human embryonic stem cells is questioned and legally 

controlled (Lo and Parham, 2009). 

The third ethical question that can be asked is the price and access to bioprinted 

organs in a free market society. Indeed, there is a risk that organs would be only 
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available to the rich. But it would help to develop and make organs available in the 

future. It could also help in the problematic of finding organs in dead donor (consent) 

and in live donors (motivation of donating tissues), reducing the waiting list.  

Finally, bioprinting could enable the reduction or even elimination of the need to involve 

tissue or animal experiments in scientific research (Patuzzo et al., 2017).  

1.3. Applications of bioprinting 

Bioprinting finds applications in many fields, which we briefly discuss here. 

3D printing is already used to assist with surgeries or to reproduce human models with 

anatomical dimensions from medical images (Pugliese et al., 2018). In surgery, these 

models make it possible to produce exact models of intervention areas and therefore 

allow greater preparation of the medical team. This has already been used in 

neurological and spinal surgery (Waran et al., 2014). 

In tissue engineering, native tissues could be produced with allogenic cells from the 

patient to make allografts. Synthetic bioprinted skin has already been commercialized 

by the French start-up Poietis. Several research teams are developing bio-printed 

artificial skin that matures faster than skin produced by traditional tissue engineering 

such as the team of Pourchet et al (Pourchet et al., 2017). 

Bioprinting can also be used in pharmaceutical development and research of new drug 

molecules. Indeed, the selection and validation of new drug molecules takes on 

average ten years and between 314 million and 2.1 billion with a median of 1.3 billion 

dollars. These estimations are for the marketing of a single drug (Van Norman, 2016; 

Wouters, McKee and Luyten, 2020). This high cost and very long time to bring a new 

drug to market is largely explained by the study designs used, which are expensive 

and use sub-optimal models. Indeed, the first selection of the molecules of interest is 

done on 2D cell models and animal models. Many molecules of interest are selected 

because they work in these model but will have a lesser effect in human clinical studies 

and in 3D models (Kuriakose et al., 2019; Dhamecha et al., 2020). These inappropriate 

models allow the selection of molecules that will not have an effect in vivo involving 

unnecessary costly and long studies. With more suitable bioprinted models (X. Wang 

et al., 2018), the number of studies would be greatly reduced and the time and cost to 

bring a new product to market molecule would be greatly reduced. In a 2020 study, the 

team of S. Han et al (Han et al., 2020) demonstrated the greater action, on a certain 
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type of tumor, of a combination of anti-tumor molecules and of a molecule inhibiting 

the development of blood vessels than the anti-tumor molecule conventionally used. 

This study demonstrated the interest of a bio-printed model to test new therapies with 

a model closer to the human model. 

This drug selection is even more important and specific in the case of cancer drugs 

and personalized medicine. Indeed, clinical studies can be biased in the choice of 

patient cohorts and each disease/cancer is unique and will respond differently to drug 

molecules. With bioprinting, in vitro models of the tumor microenvironment are 

extremely close to in vivo. In a 2019 study, Ellen Langer et al (Langer et al., 2019) 

bioprinted different cell types derived from patient cells to form a tumoroid that was 

able to self-organize, produce extracellular matrix and respond to external stimuli. This 

study has shown that it is possible to extract cells from a patient to bioprint them in a 

specific configuration and reproduce a diseased organ or tissue. This could make it 

possible to select the most suitable molecule to treat a type of disease with specific 

characteristics or to treat a person in a specific way. In a recent study, Erick 

Breathwaite et al (Breathwaite et al., 2020) bioprinted a bone model and demonstrated 

their model was more sensitive and biologically relevant as a drug screening model 

than traditional 2D in vitro testing models. Therefore, bioprinting could allow to select 

and test more specifically new molecules, but also molecules that have been rejected. 

Bioprinting also opens new perspectives to understand the mechanisms of complex 

biological processes with new and more accurate models (Daly et al., 2021). With 

various bioprinting technologies it is possible to print complex structures to observe 

cell-cell interaction in completely controllable environments from the cell types, cell 

matrix and external stimuli.  But it is very difficult to reproduce exactly the biochemical, 

structural and biophysical properties of a native tissue, so most often simplified 

versions are bioprinted.  

1.4. Summary 

The four bioprinting methods discussed above have their own perks and drawbacks, 

recapped in Table1. Among these methods, the one that is the most employed 

bioprinting technique is extrusion bioprinting for technical and financial reasons. It also 

the fastest and can use the highest cell density of all bioprinting methods.  
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TABLE 1.1 SUMMARY OF ADVANTAGES AND LIMITATIONS OF EACH BIOPRINTING METHOD 

Method  Advantages  Limitations 

Inkjet bioprinting -Compatible with live and 

non-living materials 

-Speed of printing 

-High-cell viability 

-High resolution 

-Clogging of nozzle  

-Low cell density 

-Shear-stress 

-High-viscosity bioinks 

-Low mechanical strength 

Extrusion bioprinting -Cell density 

-Speed of printing 

-Cost effective 

-High versatility (multi 

materials) 

-Ease of use 

-Shear-stress inducing low 

cell viability 

-Low resolution 

Laser based 
bioprinting 

-Speed of printing 

-High cell viability (>85%) 

-High variability of printing 

inks 

-Low fabrication speed 

-Low cell density 

-High cost 

Stereolithography -High cell viability (>90%) 

-High resolution of printing 

-No need for X-Y movement 

-Large amount of bioink 

-Low cell density 

UV light reticulation 

-Lack of multi-material 

bioprinting  

 

2. Bioprinting bioinks 

Bioinks are generally classified into two categories, scaffold based and scaffold free. 

The most common category is the scaffold based bioink, where cells are loaded into 

hydrogels or similar materials and printed into 3D structures (Figure 11). At the 

contrary, cells are printed without any external biomaterial for the scaffold free bioink, 

mimicking embryonic development (Hospodiuk et al., 2017). In this work, we have 

chosen to focus solely on scaffold based bioinks.   
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Figure 11 Bioink formulation

In example the red circles represent amines, blue squares methacrylate groups and 
the yellow triangles the cross-linker (adapted from (Rutz, Lewis and Shah, 2017))

2.1.Hydrogels and soft materials for bioprinting

The bioink is a necessary and essential component that combines living cells with 

hydrogels or soft materials that will be printed. The choice of the bioink components is 

essential for their physical properties. They must promote the printability of the bioink, 

allow gelation (physical or chemical) and be biodegradable.

Important features of the ideal bioink material for any application are biocompatibility, 

printability (shear thinning ability), high mechanical integrity and stability, insolubility in 

cell culture medium, in vitro or in vivo biodegradability at a rate appropriate to the 

regenerating tissue and the ability to promote cell adhesion (He et al., 2016). After 

printing, constructs need to maintain the designed shape and structural strength and 

integrity, maintain 3D architecture for a defined period of time in vitro, and easily 

maintain cells within the construction and degrade over time in vivo.

According to C. A. DeForest and K. S. Anseth (DeForest and Anseth, 2012) cells will 

thrive best in an aqueous environment, in which their migration and matrix deposition 

is not hindered by a dense polymer network. Unfortunately, hydrogels with a low 

Cells
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polymer network will lack mechanical strength and the ability to maintain their printed 

shape, resulting in a low shape-fidelity (Malda et al., 2013). Thus, most bioprinted 

hydrogels are done so with some amount of polymer network which impacts the overall 

viability rate of cells.  It is then important to balance between shape fidelity and cell 

viability to obtain the ideal bioink. 

Hydrogels are a class of crosslinked polymeric substances capable of retaining large 

quantities of water. They are wildly used in tissue engineering and cell-laden hydrogels 

allow cell proliferation and growth, and facilitate formation of tissue. These materials 

can absorb up to 1,000 times their initial weight in aqueous medium without dissolving 

(Ahmed, 2015), making them ideal for cell encapsulation. Furthermore, hydrogels are 

very permeable to oxygen, nutrients and other water-soluble compounds, rendering 

them very attractive materials for bioengineering (Thomas et al., 2009; Zhu and 

Marchant, 2011) and tissue engineering. 

Hydrogels used in tissue engineering can be classified into two groups: naturally-

derived hydrogels such as gelatin, fibrin, collagen, chitosan, alginate and synthetically-

derived hydrogels such as Pluronic® or polyethylene glycol (PEG) (Malda et al., 2013). 

 Natural based hydrogels 

Natural based hydrogels can be classified according to their extraction origin. 

Hydrogels such as collagen, fibrin, and gelatin can be extracted from vertebrates and 

thus possess signaling molecules inherent to cell adhesion whereas hydrogels like 

alginate and agarose are extracted from other living organisms such as algae or sea 

weeds that do not possess these signaling molecules (Lee and Mooney, 2012; 

Gasperini, Mano and Reis, 2014). Considering their origin, some of these compounds 

are able to mimic the native tissue environment as they possess several essential 

features of the native extracellular matrix (ECM) components (Tibbitt and Anseth, 

2009).  

In this work we used alginate, gelatin, collagen and hyaluronic acid, so we will focus 

on these natural components.  

Alginate is one of the most used hydrogel in bioprinting because it is a biocompatible 

and inexpensive material. It is a polysaccharide composed of alternating β-D-
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mannuronate and its C-5 epimer α-L-guluronate units (Jungst et al., 2016).  Ionic 

reticulation is usually used by reticulating in solution of calcium chloride (CaCl2) or 

calcium sulphate. Divalent calcium ions form a bridge, due to the attraction of 

negatively charged carboxylic acid groups between two close alginate chains (Lai et 

al., 2016). However, despite the intrinsic properties of alginate that make it a good 

candidate for hydrogel bioprinting, it was shown that due to its hydrophilic nature 

proteins are minimally adsorbed thus decreasing cell attachment (Rowley, 

Madlambayan and Mooney, 1999). Therefore, chemical modifications are often 

required to promote cellular adhesion and survival. The concentration of alginate 

determines the viscosity of the solution and the crosslinking time. It is also possible to 

work with a semi-crosslinked solution by mixing with a low concentration of CaCl2 

(Hazur et al., 2020) before printing.  

Gelatin is a water-soluble protein, a denatured form of collagen. Gelatin is a base 

component in many hydrogels for biopritning such as, gelatin/alginate, 

gelatin/chitosan, gelatin/hyaluronic acid, gelatin/fibrinogen, gelatin/alginate/fibrinogen, 

and gelatin/alginate/fibrinogen/hyaluronic acid (Wang et al., 2017). The combinations 

are numerous and have very interesting characteristics, such as excellent 

biocompatibilities, rapid biodegradability, good cell migration, proliferation and non-

immunogenicity (Wang et al., 2017). Gelatin can easily form a gel by thermally inducing 

crosslinking and reversing at 37°C. All these properties make gelatin based hydrogels 

and methacrylate gelatin (GelMa) (see Figure 12) some of the most used hydrogel in 

bioprinting (Liu et al., 2017) . 

Another protein extensively used in bioprinting is collagen, which is one of the most 

important proteins in mammals, composing almost 25% of the protein mass. It is also 

a highly conserved protein cross-species inducing minimal immunological proteins and 

has a helical structured (Ferreira et al., 2012). It facilitates cell adhesion and growth 

through abundant cell-binding domains (Gullberg and Lundgren-Åkerlund, 2002). 

However, its use is usually coupled with another component. Indeed, it remains in a 

liquid state at low temperatures and forms fibrous structures with higher temperatures. 

The gelation time of collagen alone is too long for regular bioprinting, taking up to half 

an hour at 37°C. This slow reticulation makes it difficult to build complex 3D structures. 

The low mechanical properties of collagen induce a need to use of other hydrogels or 
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the chemical modification of collagen such as methacrylation to increase the speed of 

reticulation. Indeed, D. Wallace et al (Wallace, 2003) and C. Helary et al (Helary et al., 

2010) presented collagen hydrogels as having poor mechanical properties such as 

poor mechanical stability and durability. Thus, collagen hydrogels needed to be 

modified to present interesting uses in tissue engineering.   

Hyaluronic acid is a major component of the extracellular matrix of cartilage. It is a non-

sulfated linear glycosaminoglycan. It is comprised of repeated disaccharide units of D-

glucuronic acid and N-acetyl-D-glucosamine fragments linked by alternating β-1,4 and 

β-1,3 glycosidic bonds (Zhong et al., 1994) .  It has excellent biocompatibility and ability 

to form hydrogels of different mechanical forces. However, similarly to collagen, 

hyaluronic acid has a slow gelation rate and poor mechanical properties. Nevertheless, 

its intrinsic proprerties such as controllable architecture and degradation make it a 

perfect candidate mixed with other components for bioprinting hydrogels to improve its 

reticulation. Indeed, hyaluronic acid is important in cell migration (Baier et al., 2007), 

has very few cross species variations and excellent biocompatibility (Baier Leach et 

al., 2003). 

Chitosan is a natural polymer used for the fabrication of bioinks (Vanaei et al., 2021). 

Chitosan is biocompatible and has antimicrobial capabilities, however, hydrogels of 

chitosan have low gelation rates. This is why chitosan is most often used in 

combination with other. Indeed, chitosan has been used with alginate for neural tissue 

(Gu et al., 2016)  and with collagen in tissue engineering (Suo et al., 2021)  

Silk and fibrin are also natural components used to produce hydrogels. Fibrin is a 

protein derived from fibrogen and silk a natural fiber protein produced by weaver spider 

and some insects. Both have a high biocompatibility. 

 Synthetic based Hydrogels 

As discussed, natural based hydrogels generally have poor mechanical properties but 

contain important bioactive molecules, while their synthetic counterparts have 

adaptable mechanical properties but lack bioactive molecules for cell adhesion or 

migration (Zhu and Marchant, 2011).Contrary to natural polymers, synthetic polymers 

do not possess favorable intrinsic properties to cell culture. However, synthetic 
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polymers can be adapted to the bioprinting process to improve their biocompatibility 

and increase cell viability, migration and proliferation by adding RGD elements (cell-

binding sites) by example. They can also be enhanced to improve their structural and 

mechanical proprieties with rapid gelation and better shear thinning proprieties for 

bioprinting. Synthetic polymers have a better 3D structure but are often less 

biocompatible and lack bioactive components. Indeed, the primary advantage of 

synthetic bioinks over naturally derived sources is the ability to manipulate their 

chemical and physical properties as necessary. The molecular weight, functional 

groups, crosslinking rates, and other mechanical properties of the components of 

synthetic bioinks can be adapted for a specific bioprinting method. The main 

disadvantage in using synthetic bioinks is the lack of signals for cellular interactions. 

Synthetic bioinks do not typically contain natural cellular attachment sites and do not 

effectively mimic the environment of a biological ECM (Bishop et al., 2017).  

Pluronic® F-127 (mainly used as sacrificial ink) and Poly(ethylene glycol) are two of 

the mainly used synthetic polymers.  

So-called "sacrificial" inks, most often based on polymers of non-natural origin, can be 

used as a support or sacrificial ink intended to be eliminated during the maturation of 

the print (Aydin, Kucuk and Kenar, 2020). 

PLGA can also be used as a synthetic polymer. Indeed, PLGA could be directly 

bioprinted with embedded living cells (and other biological elements) as demonstrated 

by the study of E. Naseri et al (Naseri et al., 2020)  by printing PLGA at low 

temperatures.   

 Commercial bioinks 

There are numerous commercial bio-inks available on the market for numerous 

applications. The most used components for commercial bioinks are alginate, gelatin 

and gelatin methacrylate (Tarassoli et al., 2021) supplemented with other components. 

In the Table 2, we present some examples of ready to use bioinks offered by well-

established bioprinting private companies. 

TABLE 2.2 LIST OF COMMERCIAL BIOINKS AND THEIR COMPOSITION 
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The most used bioprinting method is still extrusion bioprinting, which explains why most 

available commercial bioinks are produced for extrusion bioprinting. These industrial 

bioinks were developed to enable having the same conditions and printing conditions 

for precise cell types. However, it is interesting to note even with all these advantages, 

many laboratories will still work with their own lab-made bioinks.  

2.2. Crosslinking of bioinks 

Crosslinking is an important process after bioprinting, it allows the reticulations of 

printed hydrogels, either by extrusion/laser or inkjet bioprinting. There are different 

reticulation methods that can be classified into different groups: mechanical ionic, 

hydrophobic and hydrogen bonding interactions, stereo-complexation, self-assembly 

of peptides or amphiphilic polymers into micellar structures are some of the well-

established mechanisms which are known to drive physical crosslinking of hydrogels 

(Jungst et al., 2016). 

 Chemical crosslinking 

Chemical reticulation provides mechanically better stability compared to physical 

reticulation discussed previously (Jungst et al., 2016) It is characterized by covalent 

bindings between polymer chains. Chemical crosslinking requires external crosslinker 

which can result in cytotoxicity (Hennink and van Nostrum, 2012).The concentration of 

reticulation agent will determine the degree of reticulation, which will result in a 

hydrogel with a higher mechanical propriety. The photo-initiated radical polymerization 

of methacrylate groups (Fig 1.12) is a very suitable method for to control the 

crosslinking in time and space as shown by B.D Fairbanks et al (Fairbanks et al., 2009) 

where monomers undergo curing to form a crosslinked polymetric network when 

exposed to UV light (Decker, 2002) . Hydrogels need to be modified with functional 



41 
 

groups such as methacrylate to undergo photopolymerization.  A photo-initiator is also 

needed for the photopolymerization. Irgacure or Lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP) are some of the most widely used photo-initiator in 

bioprinting community (Fairbanks et al., 2009) Y. Yan et al in their work describe the 

methacrylation of gelatin and the reticulation process with LAP and blue light 405nm, 

less toxic for cells than UV light (365 nm) (Yan et al., 2022)  

 

Figure 12 Methacrylation of Gelatin methacrylate and reticulation by blue light 

 (taken from Y. Yan et al.(Yan et al., 2022) 2021) 

But these photo-initiators can be cytotoxic, even at low concentrations as well as the 

UV light radiation. To counter this, it is possible to leach the photo-initiator from the 

hydrogel after reticulation (Arcaute, Mann and Wicker, 2006) and to switch from UV 

light to visible light. Indeed, it is possible to use LAP with a radiation at 405 nm (blue 

light) which is non-cytotoxic whereas Irgacure requires UV light. It is also possible to 

use very low concentrations of (<0.1%) photo-initiator (0.1% or lower) as in done in 

Oliveira et al (Oliveira et al., 2021)  and recommended by Fedorovich et al., 2009 

(Fedorovich et al., 2009).  

 Physical crosslinking 

A growing interest in the bioprinting community is to be able to crosslink the bioink 

without adding an external agent.  

Physical crosslinking such as ionic bonding, hydrogen bridges or hydrophobic 

interactions, which are often temperature dependent (Oryan et al., 2018), are the three 

most commonly used physical crosslinks in hydrogels for bioprinting.  

 Enzymatic crosslinking 
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A lesser commonly used way of crosslinking hydrogels is to employ enzymatic 

reactions. The most usual is to take advantage of the reaction of fibrin with thrombin 

the two main precursors of blood clotting (Benedikt et al., 2000; Scheraga, 2004). 

Indeed, with its cytocompatibility and cell adhesion properties, fibrin is a widely used 

bioink in bioprinting (Lee et al., 2010; Ehsan et al., 2014; Shpichka et al., 2020).  

 

2.3. Characterization of bioinks  

To mechanically characterize bioinks, before and after crosslinking, application of 

rheometer is the most popular method. Doing so, the yield stress (minimum force 

required for the bio-ink to begin to start flowing), the storage modulus (G'), the loss 

modulus (G'') and the viscosity can be determined. Parameters G’ and G’’ are 

particularly interesting to analyze. As described in the review “Printability and cell 

viability in extrusion-based bioprinting from experimental, computational, and machine 

learning views” by A. Malekpour (Malekpour and Chen, 2022), the loss tangent (G’’/G’) 

which makes the bioink behave more like a solid or a liquid is an important parameter, 

allowing to characterize a bioink. Indeed, a high loss tangent shows that the bioink has 

a very fluid behavior, therefore will extrude easily but will lack mechanical strength. 

Whereas, a low loss tangent shows that the bioink has an almost solid behavior, a high 

stiffness and shear stress, allowing a good mechanical strength but requires more 

pressure to be extruded. Nevertheless, viscosity is the most important parameter for 

the rheological characterization of the hydrogel (Essentials of 3D Biofabrication and 

Translation, 2015). 

 Viscosity  

The viscosity of a fluid is the resistance of the fluid to flow when stress is applied. The 

importance of viscosity during bioprinting has been raised in particular by Chimene et 

al work (Chimene, Kaunas and Gaharwar, 2020). They showed high viscosity will 

helped maintain a structure after printing for extrusion bioprinting but increased the 

shear stress thus decreasing the cell viability. High viscosity also impedes the surface 

tension necessary for droplet formation in inkjet bioprinting. The viscosity of a polymer 

and more particularly of a hydrogel is mainly determined by the polymer concentration 

and its molecular weight. The printing fidelity and shape retention depends on the 

viscosity of the hydrogel used. It has been showed by Celikkin et al (Celikkin et al., 
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2018) that a lower concentration of polymers promotes more cell proliferation and cell 

migration but has lower mechanical proprieties. Polymers with high molecular weights 

are then more attractive in hydrogels, offering higher viscosities with low polymer 

concentrations. Such polymers are found in natural derived polymers such as collagen 

and hyaluronic acid (Malda et al., 2013).  

 Shear thinning 

Shear thinning refers to the non-newtonian behavior in which the viscosity decreases 

as the shear rate increases.  

In the shear thinning phase after extrusion bioprinting, the viscosity of the bioink 

decreases with the increasing shear stress rate, which is suitable for further extrusion, 

the formation of uniform filaments and increased cell survival during extrusion. Holzl et 

al (Hölzl et al., 2016)  claimed that one of the key characteristics of a bioink in the 

extrusion phase is shear-thinning, which minimizes shear stress. If the viscosity 

changes little with the shear force or if the yield stress is high, the hydrogel is not 

suitable for extrusion bioprinting.  

 Yield stress 

 The yield stress is the minimum force that changes the proprieties of the deformation 

of a materiel from elastic to plastic deformation. If this yield stress is too high, it will be 

impossible or very hard to apply enough force for the material to form a printable 

filament without applying a very high shear stress to the cells during extrusion 

bioprinting (Mouser et al., 2016).  

2.4. Bioink requirements and limits  

Bioink requirements are highly dependent on the printing technique. 

Indeed, for extrusion bioprinting hydrogels used fall into the category of non-

newtonian fluids, where viscosity is strongly dependent on shear rate (Jungst et al., 

2016). Hydrogels with shear thinning and thixotropic behavior (a viscosity that 

decreases when stress is applied) are also well suited. For shear thinning hydrogels, 

during the extrusion or phase creating the shear thinning, the shear forces will align 

the polymer chains, rendering them extrudable. The phenomena of thixotropy, which 

is time dependent, enables a stable form for a material at rest, and exhibit low viscosity 
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for the bioink when inside the printing nozzle during extrusion and still be able to regain 

its stability after extrusion. 

The limits of viscosity for extrusion bioprinting ranges from 30 mPa/s to 60 × 10#MPa/s 

according to Mandrycky et al (Mandrycky et al., 2016). The adding of cells can impact 

the viscosity of cells. Ouyang et al (Ouyang et al., 2020) showed that bellow 2 × 10$ 

cells/mL there is no significant difference in bioink viscosity. One of the main limitations 

of hydrogels for extrusion bioprinting is their non-supporting characteristics. Indeed, 

according to D. Chimene et al (Chimene et al. - 2020)  conventional hydrogel bioinks 

are mechanically weak and require reinforcement. As showed previously, the viscosity 

of the bioink affect cell viability (Zhao et al., 2015). Cell viability decrease with the 

increase of bioink viscosity.  

For inkjet, the bioink usually has a low cell concentration (<10$ cells/mL) and low 

viscosity so that it can flow easily through the tube system and nozzle without clogging 

(Hölzl et al., 2016). These bioinks should possess rheopectic properties, where 

rheopectic materials have a time-dependent non-Newtonian behavior implying an 

increase in viscosity as shear stress is applied, triggering droplet formation. The 

surface tension of the bioink is a very important parameter on which the final result 

depends. The viscosities supported and used in inkjet bioprintning are between 3.5 

and 12 mPa/s (Mandrycky et al., 2016). As seen before, an important cell density will 

increase the viscosity of the bioinks, thus limiting the cell concentration of inkjet bioinks.  

In addition, the droplets should solidify immediately after landing on the receptive 

surface to be able to form complex 3D structures. Finally, the droplets need the have 

a fast gelation when landing on the substrate.  

Laser based or cell transfer techniques consists of transferring the bioink from a 

reservoir to a suitable surface by the formation of laser-induced jet, with viscosity in 

general ranges from 1 to 300 mPa/s (Mandrycky et al., 2016). The bioink should have 

a viscosity high enough to stay in the cartridge before printing and be able to transfer 

thermal energy into kinetic energy.   

In stereolithography bioprinting a laser is used to polymerize a photocurable bioink 

material in a vat. The bioink thus needs to be a photolymerizable hydrogel, which limits 

the choices of material and should be further reinforced with photo-initiators (but at a 
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low concentration because are often toxic) and light absorbers to initiate 

photopolymerization and enable fabrication of complex 3D structures (Hospodiuk et 

al., 2017). Important requirements of these bioinks are stability over time and high-

mechanical strength as well as the ability to keep cells uniformly distributed in the non-

reticulated bioink solution, are other important requirements of bioinks used with this 

technology.   

For all bioprinted products, the degradation is an important parameter, depending on 

the materials used for the bioinks and the maturation environment. The degradation of 

the bioinks should release only non-toxic components for biocompatibility. Finally, the 

degradation rate should be slow enough for the cell to have time to maturate but fast 

enough to not “trap” the cells after the maturation. Wu et al (Wu et al., 2016) 

implemented a new bioink with controllable degradation to improve the alginate bioink 

applications. Indeed, in this study the limitation of the degradation of alginate was put 

in light, reducing the maturation and proliferation of cells in these bioinks. With their 

novel method, the degradation rate is controlled thus increasing the proliferation of the 

studied cells.  

 

 

3. Cell aggregates  

The terms of spheroid and organoid have been used indifferently to name one or the 

other in literature. And indeed, these two biological constructions have overlapping 

applications and origins, but can be differentiated by their cellular source, method of 

production and complexity. Bioprinting cellular aggregates enables the research on 

already formed cellular structures and increases the cellular density of bioprinted 

constructions.  

3.1. Spheroid 

A spheroid is a 3D aggregate of cells that allows the study of tissues and micro-tumors 

on a smaller scale. These aggregates are self-organizing 3D structures of 500 μm in 

cross-section that are generally spherical in shape and have a size limitation due to 

the diffusion of nutrients, gases and signals (Hayden and Harbell, 2021). Scaffold free 
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methods are the most common and used methods as they are easy to set up, 

inexpensive and fast. The spheroid architecture is considered more relevant to study 

cell-cell interaction and cell matrix interaction than 2D cultures. Thus, spheroids have 

been used in numerous applications ranging from the production of tumorous cells 

models to drug screening (Santi et al., 2020)  or tumor cells models and cell interaction 

(Kunz-Schughart et al., 2001; Jiang et al., 2005). 

Cells for spheroids can have multiple origins and are not limited, they can come from 

cell lines, primary cells or even cells from tumor tissues, where they will be enriched 

with cancer cells (Raghavan et al., 2017; Tomás-Bort et al., 2020). 

Spheroids can be fabricated by three main methods. The first and historic method is 

the suspended drop method. In this method, a plate containing drops of cells and 

medium is inverted and cells aggregate spontaneously at the bottom of the drops 

(Harrison, 1906; Timmins and Nielsen, 2007), as shown in Figure 13. The size of the 

spheroids can be controlled with the concentration of cells in the droplet. This method 

is very simple to set up but the monitoring of the development of the spheroid is difficult. 

Indeed, due to the configuration, visualization of cells by microscopy for example can 

be tricky. 

 

Figure 13 Spheroid formation by drop method 

 (adapted from Chew et al(Chew et al., 2020)) 

A second method is to use spinner flasks with or without scaffolds, where the cells will 

aggregate under the agitation (Sutherland, 1971). Indeed, under the agitation the cells 

will aggregate together rather than on the surface of the flask, creating a spheroid. 

Thirdly, cells can form spheroids when cultured with non-adherent substrates, causing 

them to aggregate into spheroids. For example, this method is used in the static overlay 

technique where cells cannot adhere on the surface and aggregate (J M Yuhas, 1977). 
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More recently, this method was used for the technique of non-adherent micro-

patterned surfaces, where a flow of cell medium traps cells inside micro-patterns in the 

surface, aggregating the cells into spheroids (Rivron et al., 2009). A gentle rocking of 

the surface can help produce aggregates faster. The main issue with this method is 

the lack of control over the size and shape of the produced spheroids(Costa et al., 

2018).  

Except for the newest methods (Vinci et al., 2012; Fennema et al., 2013), spheroid 

reproducibility is very difficult to achieve and is one of the major limitations of spheroid 

production with the size limitation. But there are other problems, such as the difficulties 

in imaging these cells aggregate or the lack of control of cell positioning with 

multicellular spheroids.  

To address some of these issues, microscaffolds can be used in the fabrication 

process of the spheroids. In some cases, these spheroids are considered as micro-

tissues rather than spheroid (Jiang et al., 2005). 

Bioprinting could also be used with spheroid formation to improve both technologies. 

Indeed, it is possible to print either individual cells or cell aggregates inside the bioink 

to obtain dense cellular constructs. This new emerging technology is named either 

spheroid assembly, cell spheroid bioprinting or even bio-assembly. This is not only 

limited to spheroids but also organoids (Moldovan, Hibino and Nakayama, 2017).  

Compared to organoids, spheroids are simpler 3D models but are very easy to 

fabricate and can mimic several aspects of tumors or other cellular constructions.  

3.2. Organoid 

The term organoid appears for the first time in 1946 with Smith and Cochrae and 

means “to resembled an organ”. Today, organoids are more often considered 3D self-

organizing constructions of cells closely resemble and mimic the original tissue from 

which they are derived, both histologically and genetically (Gunti et al., 2021). The 

source of cells for organoid production is more limited than for spheroids. Indeed, the 

source of cells are pluripotent stem cells (embryonic stem cells or induced pluripotent 

stem cells) and organ specific adult stem cells (Dutta, Heo and Clevers, 2017).These 

constructions are self-organizing 3D cellular structures, but instead of one cell adhering 

to another, the cells differentiate in response to physical or chemical signals.   
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Organoids can be fabricated by employing growth factors on the different stem cells 

described earlier. The cells will differentiate and auto organize into small scale 

structures mimicking organs or tissues. It is also possible to use the 3D growth 

environment of the cells to guide the organoid formation in concert with growth factors. 

Indeed, the team of Gjorevski et al (Gjorevski et al., 2022) developed intestinal crypt 

like structures in specific 3D environment to better control their formation and 

reproducibility. Usually matrigel is used to support the development of complex 

organoids as a basal support.  Matrigel is an extracted reconstructed basement 

membrane from the Engelbreth-Holm-Swarm (EHS) mouse sarcoma. Matrigel is 

composed of 60% laminin and 30% collagen IV (Corning). But due to the complexity 

and poor definition of matrigel, studies are looking into replacing matrigel to better 

control the signal of differentiation received by the cells (Kozlowski, Crook and Ku, 

2021). 

Organoid of varied organs have been developed, organoids of colon, stomach, ovaries, 

pancreas, prostate, lung, liver (Dutta, Heo and Clevers, 2017) and intestine as shown 

in Figure 14.   
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Figure 14 Intestine crypt organoid 

 (adapted from Hofer et al (Hofer and Lutolf, 2021)) 

Organoids can be used to model diseases such as inflammatory bowel disease and 

cystic fibrosis among others, allowing to better understand them and develop 

personalized drugs by using patient derived cells (Dutta, Heo and Clevers, 2017). 

Another possible use of organoids is to model infectious diseases.  Indeed, organoids 

have been used to model infections by the Zika virus (Garcez et al., 2016; Wells et al., 

2016) or bacterial infections (Bartfeld and Clevers, 2015). These models could be used 

for clinical approaches for new treatments. A special case is made for tumor organoids, 

also called tumoroids (Xu et al., 2018). Tumorous cells, derived from the patient can 

be cultured, in spinning flasks or non-adherent plates. 

To help with the complexity and variability of natural matrices, PLGA scaffolds as well 

as derivate as polyethylene glycol (PEG) were developed to support organoid cultures 

with hydrogels (Kaur et al., 2021).  

An important limitation of organoid or spheroid production is the reproducibility and 

heterogeneity (Hofer and Lutolf, 2021). While, the environment and chemicals in the 

model can be controlled, the precise localization of cells cannot.  This is why organoids 

and spheroids can also be produced by bioprinting into compatible bioinks where the 

localization, layers and morphology of cells and structure can be precisely controlled. 

3.3. Bioprinting of cellular aggregates  

The development of complex cellular models by 3D bioprinting could be useful to better 

mimic in vivo environments and study intercellular responses. The advantage of 

printing a multi-culture is that the 3D location of cells can be precisely chosen to mimic 

the in vivo model. Moreover, organoids and cell aggregates have a size limitation 

without a vascular system. Indeed, as previously discussed in 1.3 Limits of bioprinting, 

the size limit a non-vascular system is of 400 µm. Bioprinting cell aggregates with a 

vascular system could remedy this size limit. Finally, bioprinting can be applied to 

precisely control the bioink components with ECM components and organize them into 

defined spatial positions.  

This spatial position of ECM components has been achieved by bioprinted by the team 

Yi et al to induce an oxygen gradient to recapitulate the structure and biochemical and 
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biophysical proprieties of an in vivo tumor (Yi et al., 2019). This model was used to 

determine the best therapeutic drug combination with the bioprinting of patient derived 

cells.  The team of X. Cao et al (Cao et al., 2019)  also controlled the environment of a 

tumoroid by bioprinting. X. Cao et al designed a coaxial bioprinting to construct a 

tumoroid with hollow vessels, modeling blood and lymphatic vessels and integrated 

with a gelatin bioink breast cancer cells to form a tumoroid containing both blood 

vessels and lymphatic vessels. This allow a better modeling of the complex micro-

tumor environment.  

Bioprinting cell aggregates can also help to reduce important limitations of bioprinting 

such as vascularization. Indeed, the team of De Moor et al (De Moor et al., 2018)  

bioprinted spheroids of endothelial cells to create a vascular network.  

Extrusion bioprinting is the most used bioprinting method but also a common method 

used to bioprint organoids (Ren et al., 2021). The team of Bertassoni et al (Bertassoni 

et al., 2014) bioprinted blocks of loaded GelMa bioinks to bioprint organoids and 

cellular aggregates.  The bioprinted constructs maintained cellular activity over time.  

4. Microscaffolds for bioprinting 

Microscaffolds are three-dimensional matrix providing mechanical support for cell 

adhesion, proliferation and cell survival (Loh and Choong, 2013). To our knowledge 

mere two studies combined microscaffolds with bioprinting. This combination was also 

hypothesized in the work of Ibrahim T.Ozbolat (Ozbolat, 2017). The first study by 

Levato et al produced PLA microcarriers (or microscaffolds) to increase the cellular 

density before printing (Levato et al., 2014). The cell laden microcarriers were then 

bioprinted into complex structures with a high density and viability. The second study 

attempted to bioprint porous PLGA microscaffolds by extrusion bioprinting to enhance 

cellular viability, without success due to clogging of the printing nozzle (Tan et al., 

2016) . Nevertheless, the combination of microscaffold technology with bioprinting 

opens new pathways to improve extrusion bioprinting. Indeed, these porous 

microscaffolds can serve as a proliferation surface for the cells before and after 

bioprinting and also serve as a mechanical protection for the cells against shear forces 

during the physical extrusion action of bioprinting.  
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Both applications using microscaffolds for bioprinting used PLGA or PLA, two similar 

polymers. We chose to focus our study on PLGA microscaffolds as this polymer used 

in many biomedical applications due to its highly versatile, stable, biocompatible and 

degradability proprieties (Danhier et al., 2012).  

4.1. Poly(DL-lactic acid-co-glycolic acid) 

As previously noted, PLGA is a biodegradable polymer which degrades into two non-

harmful monomers (Elmowafy, Tiboni and Soliman, 2019). This polymer is formed by 

monomers of glycolic and lactic acid assembled to form a linear aliphatic polyester 

(Figure 15). 

 

Figure 15 Poly Lactic co-Glycolic Acid (PLGA) 

Where x equals the number of lactic acid units and y equals the number of glycolic 

acid units (credits Fvasconcellos) 

PLGA typically has a glass transition temperature between 40 and 60 °C depending 

on the ratio of lactic and glycolic acid. Indeed, PLGA are identified according to this 

ratio, a PLGA 75:25 is composed of 75% of lactic acid and 25% of glyclic acid. The 

properties of PLGA change according to the ratio. Some of these properties were 

tested by Soon Eon Bae et al (Bae et al., 2009). The team found that as the proportion 

of lactic acid increases, the polymer becomes mechanically stiffer when the proportion 

of lactic acid increases.  

 PLGA degradation 

 The degradation of PLGA leads to metabolite monomers, lactic acid and glycolic acid 

(Figure 16). Lactide and glycolic are endogenous and easily metabolized by the body 

via the Krebs cycle. Minimal toxicity is associated with the use of PLGA in the human 

body (Kumari, Yadav and Yadav, 2010)  
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Figure 16 Degradation of PLGA into Lactic acid and glycolic acid monomers 

Taken (Kumari, Yadav and Yadav, 2010) 

The polymer degrades by hydrolysis of the ester bond, a process that is enzymatically 

catalyzed (Dunne, Corrigan and Ramtoola, 2000). Polymer properties such as 

molecular weight also control the degradation rate. The degradation time can vary from 

several months to several years, depending on the copolymer ratio.  

It is also possible to verify the degradation of PLGA in solution or in medium. Indeed, 

Yoon JJ et al (Yoon and Park, 2001) tested the degradation time of PLGA in a PBS 

solution and found that the PLGA particles will present mophology changes, swelling, 

when degradating. The pH of the medium can be tested and recorded during the 

experiments because there is a release of acid when PLGA particles are degraded, 

thus inducing an acidification of the media around the particles (Fu et al., 2000). This 

acidification of the medium is an indicator of the degradation rate of the particles.  

The degradation products of PLGA have also been shown to accelerate the 

degradation of PLGA. Thus it is possible to accelerate the degradation by adding the 

products of degradation or remove them to slow down the degradation over time.  

The size and shape of the PLGA have an effect on the degradation time. Indeed, large 

particles (>50 µm) appear to degrade faster (Dunne, Corrigan and Ramtoola, 2000). 

The degradation products formed in the small particles can diffuse faster while they 

remain longer in the larger particle, catalyzing the degradation of the remaining particle 

(Dunne, Corrigan and Ramtoola, 2000). Having pores within the particles can also 

impact the degradation rate. Indeed, with the pores, the degradation products can 

more easily escape from the particle and in fine diminish the degradation rate. 
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It is also possible to accelerate the rate of degradation by increasing the temperature 

of the medium (Dunne, Corrigan and Ramtoola, 2000).The in vivo environment can 

have an important impact on the degradation compared to in vitro. Indeed, 

inflammation can occur naturally when PLGA is introduced into the body. An increase 

in temperatures of one or up to three degrees is possible.

The density of the particles is an important parameter for the degradation rate of said 

particles. To density can be determined by the following equation (Smith et al., 2019): 

number of particles

g
=

6 × 10!%

&'(3

Where & is the particle density in  
)

*+,
and ( is the size of the particles in mm. 

4.2.PLGA applications

PLGA is used in biomedical applications to deliver specific drugs or biological agents 

in the body (Kumari, Yadav and Yadav, 2010). Indeed, one of the most important and 

most documented uses of PLGA is as a drug delivery agent. PLGA drug carriers allow

the controlled drug release over long periods of time with a single injection (Makadia 

and Siegel, 2011) (Ford Versypt, Pack and Braatz, 2013). 
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Figure 17 Release profile in time for PLGA 50:50, 65:35, 75:25, 85:25 

Taken from Hirenkumar K. Makadia et al (Makadia and Siegel, 2011) 

The release of the carried drug depends on the degradation of the PLGA. There are 

two phenomena in the drug release. The PLGA degradation and the PLGA erosion. As 

we can see with the results of drug release in vivo (Figure 17), there is an initial burst 

of drug release, related to the drug type, the drug concentration and the polymer 

hydrophobicity. The moment of this burst will also depend principally on the molecular 

ratio of the PLGA used. In the second phase of the drug release, there is a slower 

release from the degradation of the polymer bulk.  Monomeric products are released 

in the medium, creating an escape route for the drug.  

Rohiverth Guarecuco et al (Guarecuco et al., 2018), used the drug release PLGA 

particles as vaccine carriers. Indeed, a problem with vaccination comes from the need 

of a second or third injection, sometimes months after the first one. With the use of 

PLGA particles, a first burst of vaccination agents was spontaneously released in the 

media and a second burst and third burst were released after a few months. Thus 

abolishing the need for further injections. 

The second use for PLGA is as biological agents. Indeed, PLGA is biocompatible and 

has been used for cell expansion (Qutachi et al., 2014, 2018) and in in vivo applications 

for cell replacement or therapy such as building of organoids (Langer et al., 2019).  

The required diameter of PLGA particles will be of at least  of 50µm with a pore size of 

at least 20µm, to permit the circulation of nutriments (Choi et al., 2010). PLGA particles 

can be used as scaffolds to form organoids and cell platforms to assess the response 

of engineered 3D tissues versus 2D tissues in vitro (X. Wang et al., 2018; Kuriakose 

et al., 2019; Dhamecha et al., 2020)(Langer et al., 2019).  

Indeed, Kuriakose et al tested six cancer drugs in a 2D monolayer of A549 lung tumor 

cells compared with a tested 3D configuration of A549 lung tumor cells within PLGA 

particles. They found that the drugs induced more cell death in the 2D configuration 

than 3D (Kuriakose et al., 2019). Lung cancer cells cultured on porous PLGA particles 

showed higher drug resistance compared to 2D models at the same concentration of 

cancer drugs. This shows that cells respond differently depending on their special 
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arrangement. Disease models were produced with microporous particles of PLGA 

used as scaffolds for different type of cells, forming the tissue and the extracellular 

matrices to better understand natural phenomena and find new therapeutic treatments 

(Reid et al., 2019). Finally, PLGA particles can also be used to directly treat diseases 

such as strokes, inducing the repair of the neural tissue, increasing the proliferation 

and transport of neural cells (Bible et al., 2009). 

However, D. Smith et al (Smith et al., 2019), showed that negatively charged PLGA 

particles (measured by zeta potential), although unfavorable for cell adhesion, does 

not completely prevent it. To increase cell adhesion on PLGA particles, the surfaces 

can be functionalized by extracellular matrix adhesion proteins such as collagen, 

fibronectin or laminin (Kuriakose et al., 2019)  and also with PLL (Smith et al., 2019) or 

amine groups (Chung et al., 2008). Indeed, the team of H. Tan et al (Tan et al., 2009) 

demonstrated that RDG modified PLGA/gelatin micro-particles has a better 

chondrocyte adhesion, proliferation and viability rate than PLGA/gelatin micro-particles  

The shape of the particles is also important for cell proliferation before injection and 

after injection in tissues for cell distribution. Indeed, Jin-Wook Yoo et al (Yoo, Doshi 

and Mitragotri, 2010)  have tested PLGA particles with either a spherical or ellipsoidal 

shape. The spherical shaped PLGA particle allows a better cell proliferation before 

injection and a faster endocytosis.  

4.3. Production of PLGA microscaffolds 

A wide range of protocols are mentioned in the literature for the production of PLGA 

(Makadia and Siegel, 2011)(Qutachi et al., 2014)(Choi et al., 2010). Various 

parameters such as PLGA concentration, solvent concentration, surfactant 

concentration, emulsions speed can be modified to obtain particles with specific 

shapes, sizes and pores diameters. The ideal pore size depends on the uses of the 

particles. For drug delivery the pore size has to be small (below 0,1 µm) or absent 

whereas for cell proliferation and adhesion the pore size must be large enough to allow 

cell adhesion and nutriment flow (Choi et al., 2010).  

As previously noted, non-porous particles are ideal for drug delivery, as the lack of 

porosities prevents the liberation of drugs before a specific time or reaching the 

targeted tissue. These particles are typically less than 50 µm in diameter, allowing 

faster particle degradation and drug release (Dunne, Corrigan and Ramtoola, 2000).  
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Teams like Daniel Smith et al (Smith et al., 2019) and Ki Woo Chun et al (Chun et al., 

2004)  have produced non-porous particles for various biomedical applications. They 

used single and double emulsion process.  

According to Tan et al (Tan et al., 2016), the pores of the particles used as scaffolds 

for mammalian cells cover an minimal optimal size ranging from 0,1-20 µm. Indeed, 

cell infiltration would be impossible with too small pores but submicron pores facilitate 

nutrient/gas/detritus exchanges. Sung-Wook Choi also showed that pore size under 

20 µm have a negative effect on the long term (longer than 7 days) for cell proliferation. 

Indeed, pore sizes smaller 20 µm can be obtruded very fast by the extra-cellular matrix 

synthesized by developing cells. However, small pore size may be an advantage as 

long as the culture time is short (less than 7 days)(Choi et al., 2010). Aneetta E. 

Kuriakose et al (Kuriakose et al., 2019) also demonstrated that a minimum size of pore 

for cell proliferation is of 20 µm. 

Different protocols can be used to produce particles with similar results. Indeed, the 

team of Chung et al (Chung et al., 2008) use a gas production method to obtain very 

of porous particles of 175µm. The team of Smith et al (Smith et al., 2019) used a double 

emulsion microfluidic method to obtain highly porous particles with a mean diameter of 

260µm. Finally, the team of Kuriakose et al used a double emulsion method to obtain 

particles up to 42µm (Kuriakose et al., 2019).  

 

In this first chapter, we have seen the different existing bioprinting technologies, their 

advantages and limitations, their applications and the selected bioinks. On this basis, 

we determined that extrusion bioprinting was the most suitable technology for our 

studies. For this reason, we focused on two of the main limitations of this technology: 

the cell density necessary and available at the time of printing and the low cell viability 

after printing. This low viability is due to the shear forces exerted by the bioink during 

the extrusion phase. To overcome these two limitations, we hypothesized that the use 

of porous spherical structures, like cell microcarriers of PLGA, can increase the 

proliferation surface before the printing process and mechanically protect the cells from 

shear forces, increasing cell viability. 
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5. Aim of the thesis 

With the conclusions of the last chapter, we have chosen, in this thesis work, to develop 

porous microparticles of PLGA to overcome the limitations of extrusion bioprinting. 

Non-porous microcarriers have already been studied in order to increase cell 

proliferation with bioprinting, and have demonstrated convincing but limited results 

(Levato et al., 2014). The addition of high porosity and coatings increases the 

attractiveness of the microparticles or microscaffolds for the cells to adhere to the 

surface and the interior of the microscaffolds. These microscaffolds colonized by the 

cells can then serve as “microcarriers” for the cells during bioprinting. Indeed, our 

hypothesis is that the cells that have colonized the interior and the surface of the 

microscaffolds will be protected from shear forces. Finally, the bioprinted 

microscaffolds can serve as scaffolds for the cells in the bioink, and serve as a platform 

for cell development over time. To this end, in this work, we first produced reproducible 

and reliable microscaffolds of PLGA with coatings from ECM constituents adapted to 

the cellular model selected. We then tested the efficiency of these microscaffolds on 

different cell types on their proliferation before printing and their viability after printing. 

Additionally, the impact of microscaffolds after printing on biological processes such 

as cell migration was studied. This work is presented in chapter 3: “Enhancing cell 

survival in 3D printing of organoids using innovative bioinks loaded with pre-

cellularized porous microscaffolds. » 

Based on our results from chapter 3 and on our microscaffolds, we set up a project 

with a biomedical application in partnership with Doctor Isabelle Talon. The objective 

of this partnership is to develop implants that reproduce the diaphragm in order to treat 

diaphragmatic hernia. Indeed, today there is a lack of implants to regenerate the 

diaphragm and the bioprinting of muscle cells on suitable membranes can respond to 

this lack. This is why we bioprinted, with our microscaffolds, muscle cells on BSA 

membranes produced by the Albupad group. We then observed the effects of our 

microscaffolds adapted to muscle cells and to this application on cell proliferation and 

viability. 
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1. Cell lines used and their characteristics  

In this thesis work we studied the effects of bioprinting with the microscaffolds on a 

variety of cells to demonstrate the beneficial effects on these cells. Each cell line is 

described and their culture method is explained.  

1.1. Dental Pulp Stem Cells (DPSCs) 

DPSCs are human dental pulps stem cells isolated in accordance with French 

legislation (informed patient consents, Institutional Review Board approval of the 

protocol used: C17-78, DC-2018-3353). DPSCs were extracted from human teeth at 

the dental clinic of the Hopital Civil of Strasbourg (for phenotypic characterization see  

Ehlinger et al (Ehlinger et al., 2021)). They were used at passages 2-6. The cells were 

cultured in minimal essential medium (MEM) Alpha Gibco supplemented with 10% fetal 

bovine serum (FBS) (Dutscher S1810-50) and 100 units/mL penicillin, 100 mg/mL 

streptomycin (Dutscher, L0022-100) in an incubator at 37°C and 5% CO2. Cells 

cultured until 90% of confluence were removed with trypsine (Dutscher, L0615-500) 

and either used for experimentation or subcultured with a ratio of 5x104 cells per 75 

cm2 flask. DPSCs in passage number 2 to 6 were used for all the experiments with 

similar results.  

DPSCs cells are adult organ specific stem cells which have the ability to differentiate 

into adipocytes, neural-like cells but also into cells with similar characteristics than 

mesoderm and endosteum cells (Jeong et al., 2020). DPSCs have been used for the 

formation of dental organoids by the team of Sang Yum Jeong et al. They 

demonstrated, after maturation and differentiation, mineralization and odontoblasts 

differentiation in the produced organoid.  

1.2. Periodontal Ligament Stem Cells (PDLSc) 

 PDLSc are human periodontal ligament stem cells isolated in accordance with 

French legislation (informed patient consents, Institutional Review Board approval of 

the protocol used: C17-78, DC-2018-3353). PDLSc were extracted from human teeth 

in the dental clinic of the Hopital Civil of Strasbourg. They were used at passages 2-6. 

The cells were cultured in MEM Alpha Gibco supplemented with 10% FBS (Fetal 

bovine serum, Dutscher S1810-50) and 100 units/mL penicillin, 100 mg/mL 
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streptomycin (Dutscher, L0022-100) in an incubator at 37°C and 5% CO2. Cells 

cultured until 90% of confluence were removed with trypsine (Dutscher, L0615-500) 

and either used for experimentation or subcultured with a ratio of 5x104 cells per 75 

cm2 flask.  

1.3. Chondrosarcoma cells (HCS-2/8) 

HCS-2/8 cells are a clonal cell line with cartilage phenotype established from a 

human chondrosarcoma from Takigawa et al (Takigawa et al., 1989). They were used 

at passages 10-28. Cells were cultured in Alpha MEM Eagle supplemented with 20% 

FBS and 100 units/mL penicillin, 100 mg/mL streptomycin in an incubator at 37°C and 

5% CO2. Cells cultured until 90% of confluence were removed with trypsine (Dutscher, 

L0615-500) and used for experimentation. 

1.4. Fibroblast cells (NIH/3T3) 

 NIH/3T3 are fibroblast cells originated from NIH Swiss fetal mouse were 

purchased from ATCC (CRL-1658TM). The cells were cultured in high glucose 

Dulbecco’s modified eagle medium (DMEM) supplemented with 10% FBS and 100 

units/mL penicillin, 100 mg/mL streptomycin in an incubator at 37°C and 5% CO2. Cells 

cultured until 80% of confluence were removed with trypsine (Dutscher, L0615-500) 

and used for experimentation. The cells were used at passages 10-28. 

1.5. Murin myoblast cells C2C12 

 C2C12 is a murrin myoblast cell line that is a subclone (produced by H. Blau, 

et al) of the mouse myoblast cell line established by D. Yaffe and O. Saxel) that were 

purchased from ATCC (CRL-1772). They were used at passages 8-25. The cells were 

cultured in high glucose DMEM and supplemented with 20% and 100 units/mL of 

penicillin, 100 mg/mL streptomycin in an incubator at 37°C and 5% CO2. Cells cultured 

until 70% of confluence were removed with trypsin (Dutscher, L0615-500) and used 

for experimentation.  

1.6. Human myoblasts cells  

Human myoblasts were used at passages 8-25. The cells were cultured in high 

glucose DMEM and supplemented with 20% and 100 units/mL of penicillin, 100 mg/mL 

streptomycin in an incubator at 37°C and 5% CO2. Cells cultured until 60% of 
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confluence were removed with trypsin (Dutscher, L0615-500) combined with scraping 

with a cell scrapper and used for experimentation. 

 

2. Bioink 

2.1. Bioink composition 

The first bioink used in this work, that we named CollHama is composed of 0.2% 

collagen methacrylate (CollMA) and 1% hyaluronic acid methacrylate (HAMA). Due to 

its low polymer concentration, the shear stress of this ink during printing is low, but its 

mechanical strength is also low. In this work we named it CollHama. 

The second bioink used in this study is named CollHaGel and is composed of 0.2% 

collagen methacrylate and 1% hyaluronic acid methacrylate with 5% gelatin. This bio-

ink is composed of products of natural origin with sacrificial gelatin serving as an 

additional support. Gelatin increases viscosity of the ink during printing and promotes 

crosslinking depending on temperature. Gelatin allows the first of two reticulations with 

a first induced by cold and the second by UV cross-linking. The gelatin is then removed 

by successive rinsing with culture medium at 37°C. The shearing stress of this ink is 

slightly higher than the CollHama ink but thanks to its double reticulation, its 

mechanical strength, during printing is better. In fact, the first reticulation by 

temperature is instantaneous, which makes it possible to have mechanical strength as 

soon as printing. Gelatin was included in the formulation as a bioprinting adjuvant, as 

it added a structural and reticulation component during printing. After printing, and 

following UV reticulation, the gelatin was removed with successive baths of heated cell 

medium (37°C), which allows to leach the gelatin without losing cells or structural 

integrity, as previously shown by L. Ouyang et al (Ouyang et al., 2020) (Figure 18). 

Indeed, in their work Ouyang et al used gelatin to induce a first gelation of the ink by 

cooling the printing bed followed by a UV crosslinking and finally a leaching of the 

gelatin with successive medium baths. It is also possible that the gelatin "leaching" 

makes the structures more porous thus increasing the exchanges between the 

structure and the culture medium. 
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Figure 18 Gelatin as mechanical support for bioprinting before leaching 

Adapted from Ouyang et al (Ouyang et al., 2020) 

 

For these two inks, we chose to work with hyaluronic acid, already widely used in 

bioprinting (Clark et al; 2019). This allows to have a structuring of the imprint but used 

alone has a low attraction for cells and allows low proliferation. Therefore, we added 

collagen here, which unlike hyaluronic acid does not allow structuring but promotes 

cell proliferation and viability. 

2.2. Bioink production 

The first hydrogel CollHama, was prepared by diluting 2% (w/v) HAMA in cell medium 

and mixing with 0.6% (w/v) stock CollMa. The solution was then neutralized with NaOH 

0.1M and the photoinitiator, lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), 

was added for a final concentration of 0.1% (w/v) (Fairbanks et al., 2009). The volume 

was adjusted with cell medium (Oliveira et al., 2021). 

The second hydrogel, was prepared by mixing a 10% (w/v) gelatin solution, 4% (w/v) 

HAMA solution, 0.6% (w/v) neutralized CollMa solution and the photoinitiator LAP (final 

0.1% (w/v)) to the aforementioned final concentrations, and by adjusting the final 

volume using cell medium.  

2.3. Reticulation 

In this work, we chose UV light as the main reticulation method for all our bioinks. We 

worked with UV light of 365 nm and tested the viability of our cells in each case. As a 
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second reticulation method, we chose temperature reticulations for the CollHamaGel 

bioink.  

 

3. Printing parameters 

The printing parameters are the settings used to properly produce complex 3D 

structures. They depend on the bioprinter used and the bioink printed. Only a very 

specific range of parameters will result in viable bioprinted structures.  

In this work, we used two different bioprinters: The BioBot Basic (from Advanced 

solution) which is an extrusion printer with polar coordinates. This printer can print up 

to 5 different materials at the same time and is controlled either directly with G-Code 

or by the company’s software with STL (Standard Triangle Language) models.  

We also used the BioX (from CellInk) which is also an extrusion and droplet printer 

(using for both cases extrusion heads). This printer can print up to 3 materials with 3 

printing heads that can be modified for other applications (UV reticulation, camera, 

plastic 3D printing etc.)  

We looked at five important printing parameters which should be adjusted before each 

new printing experiment, namely the speed, the pressure, the cartridge temperature, 

the bed temperature and the printing design.  

3.1. The printing speed  

The printing speed is a very important parameter because it will determine the printing 

time and, with the printing pressure, the size and shape of the printed filaments. The 

speed and the pressure have an intimate relationship. Indeed, a simple test can 

determine the best printing speed for a given printing pressure. By printing the same 

shape with the same pressure and changing the printing speed in a certain range (± 5 

mm/s), it is possible to find the best printing speed. 

For both BioBot and BioX bioprinters, and for both CollHama CollHamaGel bioinks, the 

printing ranged from 10 to 12mm/s.  
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3.2. The printing pressure  

The printing pressure can be considered as the most important parameter for the 

viability of the printed cells. Indeed, the higher the printing pressure, the faster the 

bioink will be extruded and the higher the shear stress. With a higher shear stress, the 

viability rate of cells is impacted and decreased(Boularaoui, 2020). It is therefore very 

important to find the right balance between pressure, viability and time of printing.  

For the BioBot printer with the CollHama bioink and CollHamaGel bioink the printing 

speed ranged from 0.7 to 2.5kPa. For the BioX printer with the CollHama bioink and 

CollHamaGel bioink the printing speed ranged from 70 to 103kPa.  

3.3. The cartridge temperature 

The cartridge temperature is the internal temperature of the bioink and the printhead. 

Most hydrogels used in bioprinting have an inversed relation between viscosity and 

temperature. Indeed, in most cases the higher the temperature, the lower the viscosity. 

Thus heating the bioink right before printing decreases the shear stress and allows to 

maintain cells in good temperature conditions.  

The Biotbot does not have a temperature controlled cartridge. Therefore, before each 

printing the syringes were heated at 37°C for 15 minutes and used for a maximum of 

10 minutes. With the BioX the cartridges were heated at 30°C for all bioinks.  

3.4. The bed temperature 

Some printers have a controllable bed temperature, either for crosslinking or keepings 

cells at the right temperature.  

For the BioX we choose to work with a bed at 10°C to reticulate the gelatin contained 

in the CollHamaGel bioink. In other cases, we kept the bed at room temperature (23-

25°C). This setup was not performed with the Biobot since it does not have the bed 

temperature control option. 

3.5. Printing design 

For the print design, a computer-aided design (CAD) software was used to produce 

STL files who are 3D models that are going to be printed. They are made from scratch 

or modified by the users. Most recent bioprints, such as the BioX have a user friendly 
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software to help produce of modify STL files. Otherwise CAD software such as Blender, 

Scli3r, Creo or FreeCAD can be used to produce the STL files (Junk and Kuen, 2016). 

For the BioBot we chose to work either with Scli3r or a homemade slicer, to transform 

our files are transformed into G-code, the code used to control the printer. A slicer will 

“slice” the 3D file to create the coordinates of the printed construct and send it to the 

printer. It is also possible to write the G-code from scratch to control precisely what will 

be printed, how and when. But this is a very tedious are difficult (at least I thought so 

when doing it) process, prone to errors.  

 

4. PLGA microscaffolds  

In this thesis, we studied and produced microscaffolds of PLGA 50/50 (P2191), PLGA 

75/25 and Resomer® 50/50. Resomer has exactly the same composition as PLGA 

50/50 but with a different production method. All PLGA and Resomer were purchased 

from Sigma and are acid terminated. All the microscaffolds produced had a goal size 

of 80µm ± 20µm.  

4.1. Microscaffolds production 

For the PLGA 50/50 production the protocol used is the following. First, a 2% (w/v) 

PLGA solution in DCM was produced. For this, PVA was dissolved in distilled water to 

form a 0.3% (w/v) solution. A 10% (w/v) gelatin solution was then produced by 

dissolving gelatin with the newly formed PVA solution. The first emulsion was created 

by mixing the PLGA solution with a 10% (v/v) of the solution of gelatin/PVA for 3 

minutes at 3000 rotations per minute (rpm). This formulation was then poured into an 

ice-cold solution of excess of PVA 0.3% (w/v) (hardening bath) to form the second 

emulsion. The suspension of microscaffolds was then steered at 200 rpm overnight to 

allow DCM evaporation. The next morning, the suspension was heated to 50°C for 30 

minutes and then washed with deionized water (DW) to remove all gelatin from the 

microscaffolds. The formed microscaffolds were then washed with DW and lyophilized 

for 24 hours. 

After lyophilization, the particles were etched in a solution of 70% (v/v) EtOH and 30% 

(v/v) 0.25 M NaOH. The absolute ethanol solution partially dissolved PLGA to increase 

the porosity of the microscaffolds and the NaOH improved the wettability (Qutachi et 
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al., 2014). The microscaffolds were agitated for 3 minutes in the etching solution before 

being washed three times with distilled water. 

The protocol production for microscaffolds of Resomer PLGA 50/50 is identical in every 

point.  

The production of microscaffolds of PLGA 75/25 has never been as successful in terms 

of size and porosity as with PLGA 50/50. We were able to produce microscaffolds of 

the right size but the size distribution of the microscaffolds was too large compared to 

PLGA 50/50. The intersect properties of PLGA 75/25 are very interesting but not 

necessary for the work of this thesis. Indeed, the degradation rate of PLGA 50/50 and 

75/25 are different, thus the ratio can be used to slow or accelerate the degradation of 

the produced microscaffolds.  

We quantified the size of the scaffolds and porosity by SEM imaging using a FEI 

Quanta FEG 250 microscope (FEI Company, Eindhoven, The Netherlands) with an 

accelerating voltage of 2 kV or optical imaging (with the Keyance) after each 

production.  

4.2. Degradation of microscaffolds 

The degradation of PLGA microscaffolds depends on the molecular ratio, the size of 

the microscaffolds used, their porosity and the acidity of the medium. According to the 

literature and information of the PLGA and Resomer used in this work, the degradation 

time is expected to be more than 3 months, longer than all our experiments. To check 

that our microscaffolds do not degrade during our experiments, we immerged 

microscaffolds in cell medium and checked the pH every week during four weeks. After 

this time, we found no change in pH. Since if the degradation had been degraded, the 

pH of the medium would have decreased, this means that our microscaffolds were not 

significantly degraded after one month of immersion. However, the pH constancy we 

observed does not mean that the surface of our microscaffolds is not degraded.  

4.3. Coatings 

Coatings have been developed to improve the attraction of PLGA microscaffolds to 

cells. Three coatings were tested and used in this work.  
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The first coating is a coating of collagen type 1-4 from rat’s tail. The protocol used is 

the following. First, PLGA microscaffolds were filtered with a 140 µm nylon filter 

(Sigma) and then immersed in 6% (v/v) hexanediamine in 1-propanol, with agitation 

for 10 minutes. The PLGA microscaffolds were then washed with DW three times and 

immersed in a 1% (v/v) glutaraldehyde solution for 4 hours. At the same time, a 0.5% 

(w/v) solution of collagen in 3% (v/v) acetic acid was prepared. The microscaffolds 

were then again washed three times with DW and immersed into the collagen solution 

for 24 hours at 4°C (Dhamecha et al., 2020).  

The second coating is a PLL coating. The PLGA microscaffolds were filtered using a 

140 µm nylon mesh (Sigma) and immersed in a 0.25 M NaOH solution at room 

temperature for 30 minutes under agitation. PLGA microscaffolds were then washed 

three times with DW and immersed for 24 hours in a 1 mg/mL PLL solution with 

0.25mM NaCL at 4°C overnight.  

The third coating is a coating of ε-PL. This coating was performed in the same 

conditions as in PLL coating, but instead of 1 mg/mL PLL solution we used 1 mg/mL 

ε-PL. 

4.4. Cell agitation culture  

Cells were put in contact with the microscaffolds before printing in bioreactors with a 

gentle agitation of 50 rpm during 3 hours in incubators at 37 °C and 5% CO2. After 3 

hours, the agitation was stopped and the bioreactors left in the incubator for 48 hours 

or 72 hours depending on the cell type studied. The cellularized microscaffolds were 

then added to the bioink and printed. Cells alone were also cultured into bioreactors in 

the same conditions to compare the effect of microscaffolds.  

4.5. Antimicrobial microscaffolds 

Nanoparticle formulation was based on the protocols of Yang et al (Yang et al., 2017). 

Briefly, 50mg of PLGA was dissolved in 3mL of dichloromethane (DCM). 10 mL of 2% 

polyvinyl-alcohol (PVA) in water was added and the sample was sonicated at 

puissance 8 (arbitrary measure), 20% active cycles for 5 minutes to create an 

emulsion. This emulsion was stirred at 1000 rpm overnight to evaporate DCM. 

Suspension was centrifuge at 13 200 rpm and wash three times with miliQ water at 

37°C. The formed nanoparticles were then coated with the antimicrobial ε-PL. 
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The ε-PL coating is identical to the PLL coating described earlier.  

Specific methods can be found in their relative works and chapters.  
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1. Introduction 

In 2002, Landers et al adapted the new rapid prototyping technology, a continuous 3D 

dispensing of liquids and pastes, to print for the first time hydrogel (Landers et al., 

2002). This lead to extrusion bioprinting and was commercialized as “3D-Bioplotter. 

Over the 20 years since these results, extrusion bioprinting was developed and 

incorporated living cells inside the hydrogels and became the most used bioprinting 

technology used today.  The technology is still based on the same principle. A force 

will “push” a bioink containing living cells to form a 3D structure. Compared to other 

bioprinting technologies such as inkjet, laser based bioprinting and stereo lithography, 

extrusion bioprinting is easy to use, can print high viscosity bioinks and important cell 

densities (>10"cells by militer and cell aggregates) (Heinrich et al., 2019).  

However, while being the most common bioprinting technology it has its limitations. 

Indeed, while it is possible to print with the highest cell densities compared to other 

bioprinting technologies, obtaining the same cell density than in vivo organs remains 

an unresolved challenge (McClelland et al., 2012). Furthermore, due to the shear 

stress applied during the extrusion phase, an increased in cell damage and a decrease 

in cell viability is induced (Mandrycky et al., 2016). 

To remedy to these two problems, we developed porous biodegradable PLGA 

microscaffolds. They act as microcarriers before bioprinting to increase the 

proliferation surface of the cells, thus, increasing the cell proliferation. During the 

extrusion process, the microscaffolds protect the cell from the shear stress. In our work 

we developed a new protocol of production of porous microscaffolds and studied the 

effects of our microscaffolds on cell proliferation and cell viability before and after 

bioprinting. We also studied the action of the microscaffolds on more complex cellular 

structures by monitoring the cell migration.  

Briefly, our results showed an increase in cellular metabolic activity before printing 

when cells are cultured with our microscaffolds. We also demonstrate an increase in 

cell viability (up to 10%) when bioprinting our cells with coated microscaffolds. Finally, 

we demonstrated an increase in cell migration when bioprinting complex multi-cellular 

structures with our microscaffolds compared to cells alone. These results are 

presented in the following article, published in Bioprinting. In addition, complementary 

results to those presented in this article are presented in the “Supplementary section”.  



73 
 

2. Article: “Enhancing cell survival in 3D printing of 

organoids using innovative bioinks loaded with pre-

cellularized porous microscaffolds”   
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SI Table 1

Storage modulus (Pa) Loss modulus (Pa)

CollHAMA 85±15 43±15

CollHAMAGel 354±60 144±50

CollHAMAGel +

UV irradiation

1310±200 148±40
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SI Figure 1

A B

3

AA

Representative confocal microscopy images of DPSCs cells within
bioink hand deposited A) Without PLGA micro-scaffold, B) With PLGA
micro-scaffold (collagen coated) using the apoptotic/necrotic/healthy cells
kit. Cell superpositions with Hoechst 33342 (blue: nucleus), EthD-III (red:
necrotic cells), Annexin V-FITC (green: apoptotics cells). White dotted lines
delimiting the micro-scaffolds. Scale bar: 60 µm.

Cells alone Cells with microscaffolds
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Representative confocal microscopy images of NIH 3T3, HCS-2/8 and DPSCs
hand deposited with or without PLGA micro-scaffolds (PLL or Collagen
coated) 3 min or 5 min reticulation and after 24 of culture using the
apoptotic/necrotic/healthy cells kit. Cell superpositions with Hoechst 33342 (blue:
nucleus), EthD-III (red: necrotic cells). White dotted lines delimiting the micro-
scaffolds. Scale bar: 50 µm.
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Representative confocal microscopy images of NIH 3T3, HCS-2/8 and DPSCs
hand deposited with or without PLGA micro-scaffolds (PLL or Collagen
coated) 3 min or 5 min reticulation and after 24 of culture using the
apoptotic/necrotic/healthy cells kit. Cell superpositions with Hoechst 33342 (blue:
nucleus), EthD-III (red: necrotic cells). White dotted lines delimiting the micro-
scaffolds. Scale bar: 50 µm.
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NIH 3T3, HCS-2/8 and DPSCs cells viability in bioink hand deposited with 5 min
reticulation and after 24h of culture, analyzed with the apoptotic/necrotic/healthy cell
detection kit (PromoKine) based on SI Fig. 1 . Results are means of three independent
experiments. * Significant difference with “cells” condition (p<0.05).
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Cell-laden micro-scaffolds incorporated in bioink enhance cell viability after bio-
bot extrusion A) Percentage of surviving NIH3T3, HCS-2/8, DPSCs (HCS-2/8 and
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3. Supplementary data  

Further work on this article has been conducted, some of which are being optimized 

and constitute prospects for the continuation of this work. We expose here additional 

information concerning the process of diameter and pore size optimization of the PLGA 

microscaffolds and the bioprinting of PDLSc cells.  

3.1 Diameter and pore size optimization of the PLGA microscaffolds 

 

To develop our microscaffolds, we chose to work with PLGA, a biocompatible polymer. 

We produced particles using PLGA 50/50 and PLGA 75/25 and tested the different 

variations of PVA concentration, emulsion 1 and 2 speed of agitation, temperature, 

PLGA concentration, porogen concentration and nature. 

We found that the PVA concentration have an effect on particle size. Indeed, the 

particles will be smaller with an increase in PVA concentration. The PLGA 

concentration will have an effect on the particle size and density, higher the 

concentration, bigger the particle but only up to a point where the particles will not have 

a more important diameter but will be denser and less porous. In addition, the PLGA 

concentration effect can be regulated with other parameters. Indeed, we adapted 

protocols using 2% of PLGA instead of using 20% of PLGA and obtained the same 

results. The agitation time and speed in both emulsions is primordial for the size and 

porosity of the particles. For the first agitation, the concentration and nature of the 

porgen is also of capital importance and will greatly influence the porosity of the formed 

particles. The speed and temperature of the second emulsion will impact the size of 

the particles and indirectly the size and amount of porosity. Indeed, in our case, the 

porogen mainly used gelatin which is temperature sensitive. By cooling our second 

emulsion at 0°C, we assured the maintaining of the microparticles of gelatin formed 

during the first emulsion, which form the porosities of the bigger PLGA particles.  

Furthermore, other parameters have a crucial importance, such as the cell culture 

parameters. Indeed, the cell culture and culture agitation time have a primordial role 

on the cell adhesion. To do so we first coated our microscaffolds with PLL and collagen 

coating. We then tested different cell agitation speeds and times and cell culture 

without agitation times. To compare the different conditions, we used alamar blue 
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assays and confocal imaging to evaluate the cell adhesion. For cells study in our work, 

we determined that an agitation speed of 50 rpm during 3 hours followed by a cell 

culture of 48 hours without agitation was the best condition, with the maximum 

adhesion for cells with microscaffolds. Of note, for other type of cells, new agitation 

speed and time would need to be investigated.  

3.2 Peridontal ligaments cells (PDLSc) 

 

Another cell type of stem cells was analyzed in this work: the PDLSc cells. We chose 

to work on models for periodontal regeneration. These cells showed a proliferation rate 

before printing very interesting, with an increase up to 400% with microscaffolds coated 

with PLL compared to cells alone (Figure 19).  The cell viability when bioprinted was 

also increased by 10% when printing with microscaffolds coated with collagen 

compared to cells printed alone (Figure 20).  
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Figure 19 Metabolic activity of PDLSc cells before printing 

PDLSc cell proliferation on the microscaffolds coated with Collagen and PLL. Proliferation was monitored after 48h and 72h of culture by 

resazurin measurements using alamar blue assay. 100% corresponds to the proliferation of cells alone for each time. Results are means of three 

independent experiments. 
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Figure 20 PDLSc cells viability 24h after bioprinting 

PDLSc cell viability on the microscaffolds coated with Collagen and PLL after 3 minutes of reticulation. 100% corresponds to all the cells 

alive. Results are means of three independent experiments. 
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4. Conclusion 

In this chapter, we have developed porous biodegradable porous PLGA microscaffolds 

and have demonstrated their benefic action for extrusion bioprinting. Indeed, the 

presence of the microscaffolds increased up to 4-fold the proliferation of 

chondrosarcoma cells, fibroblast cells, and dental pulp stem cells (DPSCs) before 

being incorporated within bioink (i.e. before printing) compared with those cultured 

without microscaffolds. The cell survival rate increased by 10% when bioprinting with 

coated microscaffolds compared to cells in bioink without microscaffolds. In addition, 

the microscaffolds allowed the migration of DPSCs stem cells towards HCS-2/8 cancer 

cells after 7 days of co-culture in a cellular construct created by bioprinting extrusion 

while without microscaffolds the cells aggregated and remained static meaning the 

production of a cellular model closer to the in vivo model when bioprinting with the 

microscaffolds.  

These results could be enhanced by adapting the microscaffolds to the bioprinted cells, 

by adapting the cell culture conditions and coating. Indeed, it is possible to use generic 

microscaffolds with an average size adapted to most cells, an interesting coating of 

collagen which will increase the adhesion and have very interesting results as shown 

in this article. But each cell type, application, is different and to obtain optimal results, 

such as optimal cell adhesion, proliferation and thus viability, the size and coating of 

the microscaffolds should be investigated.  

In the next chapter a direct application of our microscaffolds, was investigated for a 

medical application. Indeed, in the chapter 4, we investigated the use of our 

microscaffolds, and adapted them, to produce a new type of diaphragmatic patch with 

membranes of bovine serum albumin (BSA) and muscular cells. 

 
  



98 
 

  



99 
 

Chapitre 4: Bioprinting muscular cells onto BSA 
membranes for diaphragm regeneration  
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1. Introduction 

Following our first study and after having demonstrated the interest of the porous 

microscaffolds in bioprinting, we studied a direct application of this technology with the 

pediatrician Dr. Isabelle Talon. Indeed, bioprinting can be used to print patches and 

tissues to help heal damaged tissue. In this context, we collaborated with Dr. Isabelle 

Talon to study a new model of diaphragmatic patches by bioprinting muscular cells on 

BSA membranes to help heal Congenital diaphragmatic hernia (CDH). CDH is a 

malformation of the diaphragm where a hole is formed in the diaphragm during the 

development of the tissue. To help heal this malformation patches are implanted on 

the diseased area. Unfortunately, the patches used today are not ideal and in some 

cases new surgeries are necessary to implant new patches and remove the prior ones. 

For this reason, a new generation of diagrammatic patches is needed. In a previous 

work, Dr. Talon et al have worked on the functionalization of polytetrafluoroethylene (e-

PTFE) membranes (Talon et al., 2019). However, these membranes are non-

biodegradable. To remedy this, in this study we choose to work with bovine serum 

albumin (BSA) membranes produced by Albupad, which are biodegradable and 

cytocompatible membranes. By combining these novel membranes with extrusion 

bioprinting, we were able to print muscular cells into precise structures to reproduce 

the configuration of the diaphragm. To increase the cellular density and cellular viability 

before and after bioprinting, two major limitations of this technology, we used porous 

PLGA microscaffolds. Indeed, in our previous work, we demonstrated the 

enhancement of cell proliferation before and printing and the increase in cell viability 

by protecting them during the extrusion process.  

In this work, we found that during cell culture under agitation, the cell proliferation of 

the muscular cells was increased two fold with coated microscaffolds before printing. 

When printing muscular cells in well plates, the addition of the coated microscaffolds 

increased the viability by 29%. Finally, we found that 7 days after bioprinting the 

presence of the microscaffolds in combination with one type of BSA membrane 

increased the cellular proliferation inside the bioprinted construct by 655%.  

These results are presented in the form of a draft article.  
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2. Paper draft 

Bioprinting muscle patches for the treatment of Congenital 

diaphragmatic hernia on BSA membranes.  

1. Introduction 

 

Congenital diaphragmatic hernia (CDH) is a naturally occurring malformation, where a 

hole appears in the diaphragm during the development of the fetus. The diaphragm is 

a thin layer of muscle and tendon separating the chest cavity and abdominal cavity and 

is the principal muscle in the respiratory system in humans. With the contraction of the 

diaphragm a depression is created in the lungs leading to the inspiration of air.  The 

expulsion of air is done with the relaxation of the diaphragm. When a hole occurs in 

this organ, during the fetus development, organs such as the bowls, lever or stomach 

can crowd the chest cavity. The presence of additional organ in the chest cavity can 

lead to respiratory complications and death. CDH occurs in 1 in 2 500 births without 

having determined causes (The Congenital Diaphragmatic Hernia Study Group, 2007).  

In the case of mild CDH, few complications and negative effects on the development 

of lungs occur and the treatment can be delayed after the birth to surgically close the 

hole in the diaphragm. To close the defect, surgically implanted biomaterials are used 

such as membranes of polytetrafluoroethylene (e-PTFE), a synthetic non-degradable 

biomaterial. This membrane, which has been functionalized (Talon et al., 2019), helps 

news cells colonize the newly formed tissue. But these biomaterials are not 

biodegradable are often supplementary surgeries are needed to replace the 

membranes with the growth of the patient. Furthermore, cell adhesion and colonization 

are not optimal, thus, new biomaterials and inoculation methods are needed.  

Therefore, in this work, we implemented the use of membranes of bovine serum 

albumin (BSA, from Albupad) to produce new patches for diaphragm defaults 

combined with the emerging technology of extrusion bioprinting with PLGA 

microscaffolds (Rousselle et al., 2022) to enhance proliferation, viability and  cell 

colonization before and after printing.  
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Indeed, bioprinting has been used in tissue engineering (Murphy and Atala, 2014) as 

it has the ability to create complex 3D structures with an organization and functionality 

similar to native tissues. This is due in part to the precise placement of bioprinted cell 

and the precise control of the cellular environment. Extrusion bioprinting is the most 

used technology today but has limitations such as the cell concentration needed to 

reproduce tissues and organs and the low viability rate due to shear stress. In our 

previous work, we demonstrated that porous PLGA microscaffolds enhanced the cell 

proliferation cell viability.  

In this work we adapted PLGA microscaffolds to bioprinting muscular cells. We first 

determined the most adapted microscaffold coating and 3D cell agitation to enhance 

the cell proliferation before bioprinting. We tested different coatings, the first one of 

collagen and the second one of Pol-Lysine (PLL) and determined the best condition to 

achieve the highest proliferation rate of our muscular cells. Following this, we 

bioprinted the muscular cells on two different BSA membranes. The first membrane is 

produced by mixing CaCl2 with BSA and the second by mixing NaBr with BSA. To 

bioprint our cells we worked with a bioink created and characterized in the work of 

Oliveira et al (Oliveira et al., 2021). We then determined wheter the microscaffolds and 

membranes affected cell viability at 24 hours and 7 days after printing. Indeed, the 

shear stress would affect the viability of the cells during the first 24 hours after printing, 

whereas the membranes would have an effect on the viability later in time after the 

bioprinting. We also determined the effect of the microscaffolds and the membranes 

on the proliferation of the bioprinted muscular cells 7 days after bioprinting.  

Finally, the differentiation of the muscular cells into mature myotubes was induced. 

The adhesion and colonization of the muscular cells on the BSA membranes was also 

determined.  

 

2. Materials and methods 

 

a. PLGA microscaffolds synthesis 

Poly (D,L-lactide-co-glycolide) PLGA (lactide-glycolide ratio of 50-50, ref P2191), 

Mowiol®, PVA (Polyvinyl alcohol, ref 81383), DCM (Dichloromethane, ref 270997) 
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Bovine skin gelatin (ref G9391) were purchased from Sigma Aldrich. The porous PLGA 

microscaffolds were prepared following a double emulsion technique using gelatin as 

porogen. The process is described in our previous study.  

The characterization of the microscaffolds is detailed in the same study. In addition, 

before each experiment with the microscaffolds, their size and porosity are determined 

by optical imaging with the Keyance VHX digital microscope.  

 

b. Surface Treatment and coating 

 

Different coatings were tested to increase the cell adhesion on the microscaffolds (data 

not shown) and the condition selected is a coating of PLL.  

To obtain this PLL coating, the PLGA microscaffolds were filtered using a 140 µm nylon 

mesh (Sigma) and immersed in a 0.25 M NaOH solution at room temperature for 30 

minutes under agitation. PLGA microscaffolds were then washed three times with DW 

and immersed for 24 hours in a 1 mg/mL PLL, in Tris NaCl 0.25M, solution at 4°C 

overnight. After etching and/or coating, the microscaffolds were washed with DW and 

lyophilized for further uses and stocked at 4°C.  

c. Albupad membrane production and characterization 

 

The fabrication protocol and characterization are described in the work of Aloui et al. 

Briefly, NaBr and CaCl2 salts are mixed with bovine serum albumin (BSA) and 

evaporated into specific molds.  

 

d. Cell preparation and culture  

 

C2C12 Murrin myoblast cell line is a subclone (produced by H. Blau, et al) of the mouse 

myoblast cell line established by D. Yaffe and O. Saxel purchased from ATCC (CRL-

1772). The cells were cultured in DMEM high glucose and supplemented with 20% and 

100 units/mL of penicillin, 100 mg/mL streptomycin in an incubator at 37°C and 5% 

CO2. Cells are cultured and before reaching 70% confluence, they were removed with 
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trypsine (Dutscher, L0615-500) and used for experimentation. Cells were used from 

passages 8 to 25.  

C2C12 grow as undifferentiated myoblasts when cultured in this cell medium. When 

replacing the cell medium with a medium enriched with 2% horse serum, the C2C12 

differentiate into mature myotubes.  

 

e. Cell expansion with PLGA-PLL coated microscaffolds  

 

Before printing, bioreactors are used to culture the cells in bioreactors with and without 

microscaffolds to increase the number of cells available for the bioprinting process. 

The microscaffolds of PLGA-PLL were used at a concentration of 10mg of 

microscaffolds for 1 mL of cell medium and with 5 x 105cells/mL. The cell culture was 

done in sterile 50 mL bioreactor tubes (Tubespin® Bioreaktor 50). Cell culture by 3D 

agitation with microscaffolds and bioreactors was adapted from a study of (Smith et 

al., 2019). To increase the adhesion of cells on the microscaffolds in the bioreactors. 

We proceeded as follows: The microscaffolds were put in the bioreactors at a 

concentration of 10mg/mL and sterilized with the UV lamp BioGlow® with an intensity 

of 6W and a wavelength of 365nm and used at 3cm of the particles. The cells were 

detached from their cell culture flask with a mild trypsin solution. The trypsin treatment 

was stopped with the suspensions of the cells in fresh cell medium with serum and 

counted with a Neubauer chamber. The cells were then seeded into the bioreactors 

with and without microscaffolds at a concentration of 5 x 105cells/mL. The bioreactors 

were then agitated at 50rpm in an incubator, at 37°C and with 5% CO2, during 3 hours. 

After the agitation, the bioreactors were left in the incubators for 72 hours before 

extracting the cells and microscaffolds for bioprinting.   

 

f. Bio-ink preparation and characterization 

 

The hydrogel used to produce the bioink was composed of CollMa collagen 

methacrylate 0.2% (w/v), HAMA hyaluronic acid methacrylate 2% (w/v) and gelatin 

5% (w/v). The preparation of the hydrogel is detailed in our previous study (Rousselle 
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et al., 2022) and is adapted from the study of Oliveira et al (Oliveira et al., 2021). Briefly 

the hydrogel is prepared by mixing a gelatin solution with HAMA and a neutralized 

CollMa solution with the photoinitiator LAP (final 0.1% (w/v)). Gelatin was included in 

the formulation as a hydrogel support, as it increases the mechanical strength of the 

bioink during printing. This bioink is doubly reticulated, a first reticulation of the gelatin 

with the temperature of the printing platform (10°C), to improve the structural integrity. 

Secondly, a UV reticulation in induced with a UV lamps. After the second reticulation, 

the gelatin was removed with successive baths of heated PBS or cell medium at 37°C, 

leaching the gelatin without losing cells or structural integrity, as previously shown by 

the team of L. Ouyang et al (Ouyang et al., 2020). The hydrogel without cells are 

designated as biomaterial inks, and the ones including live cells are designated as 

bioinks. The cells were added to the biomaterial ink by removing the cell medium from 

the bioreactors with a centrifugation and gently adding the ink. The newly formed 

bioink was homogenized and printed right after. 

g. Cell metabolic activity evaluation 

 

The metabolic activity or cell proliferation of the cells before and after printing was 

evaluated with and without the microscaffolds. This metabolic activity was evaluated 

using the Alamar Blue™ assay (O’Brien et al., 2000). Alamar Blue™ is a non-

fluorescent compound which is reduced into a fluorescent product. The reduction is 

done by living cells (Gloeckner, Jonuleit and Lemke, 2001).  Contrary to other viability 

or proliferation assays, Alamar blue™ is non-toxic and environment friendly, thus 

allowing to keep the same samples for all the time of the experiment. In this work, we 

establish a correlation between cellular activity measured by Alamar blue™ and cell 

proliferation as was done in the works of Gloeckner et al; 2001. Indeed, the rate of dye 

reduction is directly proportional to the number of viable cells present (O’Brien et al., 

2000), thus as a direct measure of the metabolic competence of cell cultures (Magnani 

and Bettini, 2000) resazurin reduction can give a cell proliferation index (Vega-Avila 

and Pugsley, 2011).  

Before printing 5 x 105 cells by mL were seeded in bioreactors with and without 

microscaffolds with the appropriate culture medium. For the micro-scaffold condition, 

the concentration was 10 mg / mL of microscaffolds. The metabolic evaluation was 

done at T0, T24 hours, T72 hours and T168 hours. 6 mL of cell medium with resazurin 
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(10% (v/v)) was added to each well and the bioreactors were incubated at 37 °C for 2 

h. Subsequently, 300μL of supernatant was transferred to dark 96 wells and the 

fluorescence was measured (excitation 640 nm, emission 690 nm, SAFAS, Xenius XC, 

Safas Monaco). Such measurements were done at T0h, T48h, and T72h. The 

metabolic activity was calculated with the difference between the measurement and a 

blank composed of cell medium with 10% resazurin.  

 

h. Statistical experiments 

 

The results and data are shown for two independent experiments. All data are shown 

as means ± standard deviations. All statistical analyses were performed using the 

SigmaPlot v. 14.0 software and the analysis were done with the test (ANOVA) by an 

appropriate pairwise comparison or comparison versus control group procedure (P < 

0.05 considered significant).  

 

i. Cell viability 

 

Cell viability percentage, after printing, was determined using the PromoKine Apoptotic 

/ Necrotic / Healthy Cells Detection Kit. Briefly, cells were stained with Annexin V-FITC 

(green for apoptotic cells), Hoechst 33342 (blue for viable cells) and EthD-III (red for 

dead cells) for 15 minutes, according to the kit’s protocol. Stained cells were then 

analyzed using a Zeiss LSM 510 confocal microscope equipped with a x20/0.40na 

objective. Five random images by sample were taken. Using the software ImageJ 

1.53c (http://rsb.info.nih.gov/ij/), the images were analyzed to determine the 

percentage of viable cells compared to apoptotic or necrotic cells. To do so, the total 

number of blue cells (live) per image were counted, compared to green and red cells 

(apoptotic and necrotic cells).  100% represents that all cells are alive in the 

experiment.  
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j. Extrusion Bioprinting 

 

The 3D printer used for this study was a pneumatic extrusion based 3D bioprinter BioX 

(CellInk). The bioinks were loaded into 3cc syringe (CellInk), and 18G (0.8 mm 

diameter) conical tips (FTM Technologies, Nanterre, France) were used during the 

printing process. The geometry and the printing path was created using FreeCAD or 

Scl3er softwares. The slicing of the constructs was done either with the software Scl3er 

or the built in slicer of the BioX. For the printing, the parameters used were set within 

a range of 15 to 20 Kpa, with a displacement speed of 10 mm/s. The syringes were 

heated at 30°C and the printing bed was set at 10°C. Immediately after printing, the 

printed structures were cross-linked using 365 nm UV light, for a duration of 3 minutes. 

After UV reticulation, the constructs were washed 3 times with cell medium or sterile 

PBS at 37°C to remove all the gelatin from the construct.   

To print on the BSA membranes, the calibration was done manually and adjusted to 

account for the height of each membrane. All printed constructs were identical for each 

experiment and consisted of a block 10 by 10 mm with a height of 0.8mm and used 

the same STL and slicing parameters. 

Six different conditions of bioprinting were tested, the first was the printing of cells 

without microscaffolds on the surface of a 12 well plate. The second was a printing of 

cells with microscaffolds on the surface of a 12 well plate. The third condition was the 

printing of cells without microscaffolds on the surface of a NaBr BSA membrane. The 

fourth condition was a printing of cells with microscaffolds on the surface of a NaBr 

BSA membrane. The fifth condition was the printing of cells without microscaffolds on 

the surface of a CaCl2 BSA membrane. The sixth and last condition was a printing of 

cells with microscaffolds on the surface of a CaCl2 BSA membrane. Table 2.1 

summarized all bioprinting conditions with and without microscaffolds, as well as the 

surface on which bioprinting were performed.  
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TABLE 3.1 ALL BIOPRNTING CONDITIONS  

/ With 

microscaffolds 

On Well plate 

surface 

On NaBr 

BSA 

On CaCl2 BSA 

Condition 1 - + - - 

Condition 2 + + - - 

Condition 3 - - + - 

Condition 4 + - + - 

Condition 5 - - - + 

Condition 6 + - - + 

 

All extrusion bioprinting conditions for each experiment were done at the same time, 

in the same printing conditions, with a printing speed of 10 mm/s, a pressure of 15-20 

Kpa and a temperature of nozzle of 30°C.  

 

3. Results  

 

a. PLGA microscaffolds of ideal size and porosity and two relevant coating 

 

As showed in our previous work (Rousselle et al., 2022), the produced microscaffolds 

have an average size of 102.8 µm ± 15.8 µm and 91.12% of the pores on the 

microscaffolds have a size superior to 8 µm. The microscaffolds are filtered through 

140 µm meshes membranes. These results show that the size and porosities are of 

sufficient dimension to allow cells adhere and penetrate the microscaffolds. Indeed, 

microcarriers usually have a size between 60-400µm (Ayyildiz-Tamis, Avcı and 

Deliloglu-Gurhan, 2014; Levato et al., 2014) and the 140 µm filtration prevents the 

printing nozzle from clogging with the microscaffolds.  
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Collagen and PLL coatings have been demonstrated to increase cell adhesion on 

PLGA surfaces (Zheng et al., 2019; Dhamecha et al., 2020). These coatings were 

performed as described in Rousselle et al (Rousselle et al., 2022). 

 

b. Collagen and PLL coated microscaffolds enhance C2C12 cell 

proliferation before printing 

 

The cell activity of C2C12 cells was evaluated and increased 2.1 times at 72h when 

cultured with PLL coated microscaffolds compared to cells without microscaffolds. At 

48h, the cell activity of PLL-coated microscaffodls was 1.4 fold higher than that of cells 

alone at T0. For collagen coated microscaffolds, we first observe a decrease in cell 

proliferation, with a decrease of 37.5% compared to cells alone at T0. At 72 hours of 

culture, cells cultured with collagen coated microscaffolds have the same cell activity 

as cells alone at T0. For microscaffolds without coating, there is a decrease of 10.5% 

of the cell proliferation at 48 hours of culture compared to cells alone at T0. Finally, 

there is no difference in cell activity between cells culture alone and cells cultured with 

uncoated PLGA microscaffolds at 72 hours of culture (Figure 21).  

 

Figure 21 Relative metabolic activity of C2C12 cells before printing 

C2C12 cell proliferation on the microscaffolds coated with PLL, Collagen and without coating. Proliferation was monitored after 48h, 72h and 

168h of culture by resazurin measurements using alamar blue assay. 100% corresponds to the proliferation of cells alone for each time. Results are 

means of three independent experiments. 
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TABLE 4.1 SUMMARY RELATIVE METABOLIC ACTIVITY OF C2C12 CELLS BEFORE 

BIOPRINTING 

Time/Condition Cells PLGA PLL Collagen 

48 hours 94.7 % 89.5 % 146.2 % 62.5 % 

72hours 117.9 % 141.2 % 215.1 % 103.3 % 

168 hours 162.9 % 192.5 % 208.0 % 128.3 % 

 

In summary, there is an increase in cell proliferation for the C2C12 cells when they are 

cultured in the presence of PLL coated microscaffolds compared to those cultured 

without microscaffolds. Cell proliferation is highest when cultured for 72 hours with 

PLL-coated microscaffolds.  

 

c. Cell proliferation is increased with PLL coated microscaffolds and NaBr 

membranes after bioprinting 

 

Having found the most adapted cell culture conditions and coatings for C2C12 cells, 

we bioprinted our precellurized PLL coated microscaffolds and cells alone on our BSA 

membranes. We printed the six conditions described in Fig 1. The cell activity of our 

cells inside the bioink products was measured.  

We demonstrated that as before printing, without the BSA membranes, the adding of 

the PLL coated microscaffolds the cell activity was increased by 2.0, 7 days after 

printing.  

There is no difference when printing on CaCl2 BSA membranes when printing with or 

without microscaffolds. The cell activity is even decreased by 40% compared to cells 

alone bioprinted on well plates.  
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When printing on NaBr BSA membranes without microscaffolds, we also have a 40% 

decrease in cell activity compared to cells alone bioprinted on well plates. But when 

bioprinting on NaBr BSA membranes with PLL-coated microscaffolds, there is a 500% 

increase in cell activity compared to cells alone bioprinted on a well plate. The cell 

activity of bioprinted constructs is also increased by 2.5 compared to cells printed with 

PLL coated microscaffolds in well plates (Figure 22 and Table 4.2).  

We also inoculated, without bioprinting, NaBr BSA and CaCl2 membranes with C2C12 

cells and compared, after one week, the metabolic activity of the cells with that of 

C2C12 cells in a well-plate (Figure 23 and Table 4.3).  

 

Figure 22 Survival rate of C2C12 cells one week after bioprinting 

C2C12 cell proliferation on the microscaffolds coated with PLL, on well-plate, NaBr BSA and CaCl2 BSA membranes. Proliferation was 

monitored after one week after bioprinting by resazurin measurements using alamar blue assay. 100% corresponds to the proliferation of cells alone. 

Results are means of three independent experiments. 
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TABLE 5.3 SUMMARY RELATIVE METABOLIC ACTIVITY OF C2C12 ONE WEEK AFTER 

BIOPRINTING 

 Well Plate NaBr CaCl2 

Cells Alone 100 % 32.7 % 32.4 % 

PLL 210.4 % 655.5 % 83.5 % 

 

 

Figure  23 Relative metabolic activity of C2C12 cells one week after inoculation 

C2C12 cell proliferation on well-plate, NaBr BSA and CaCl2 BSA membranes. Proliferation was monitored after one week after inoculation by 

resazurin measurements using alamar blue assay. 100% corresponds to the proliferation of cells alone. Results are means of three independent 

experiments. 
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TABLE 6.4 SUMMARY RELATIVE METABOLIC ACTIVITY OF C2C12 ONE WEEK AFTER 

INOCULATION  

 Well Plate NaBr CaCl2 

Cells Alone 100 % 65.4 % 79.1 % 

 

To summarize, we can demonstrate the same increase in cell activity when printing 

cells with PLL-coated microscaffolds compared to cells printed without microscaffolds 

as before printing. When bioprinting on CaCl2 BSA membranes with and without 

microscaffolds and when printing on NaBr BSA membranes without microscaffolds, 

we can observe a decrease in cell activity compared to products bioprinted with cells 

alone on well plates. But when bioprinting on NaBr BSA membranes with PLL coated 

microscaffolds, we can observe a significant increase of the cell activity.  

 

 

 

d. Bioprinting with PLL coated microscaffolds on BSA membranes 

enhances C2C12 cell viability after bioprinting  

 

24 hours and 7 days after bioprinting for our 6 conditions, we determined the cell 

viability of the C2C12 cells. Our data show that 24 hours after bioprinting C2C12 cells 

on well plates with and without microscaffolds, the survival rate in inferior to 65%. 

When printing on the BSA membranes (NaBr or CaCl2) without microscaffolds, the 

survival rate is between 85-90%. We found the highest survival rate when bioprinting 

the C2C12 cells with PLL coated microscaffolds on the BSA membranes (NaBr and 

CaCl2) with survival rates superior to 95% and no significant difference between NaBr 

and CaCl2 membranes.  

After 7 days the viability rate of all conditions is above 95% with no significative 

difference between the 6 conditions.  

In conclusion, we can observe that bioprinting with BSA membranes improves cell 

viability at 24 hours and that bioprinting with PLL-coated microscaffolds on BSA 
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membranes yields the best cellular viability. After 7 days there are no more differences 

between the 6 conditions for the survival rate of C2C12 cells (Figure 24).  

 

Figure 24 Survival rate of C2C12 cells one week after bioprinting 

C2C12 cell viability on the microscaffolds coated with PLL on well-plate, NaBr BSA and CaCl2 BSA membranes. 100% corresponds to all 

the cells alive. Results are means of three independent experiments. 

 

TABLE 7.5 SUMMARY SURVIVAL CELL RATE 24H AFTER BIOPRINTING 

 Well Plate NaBr CaCl2 

Cells Alone 43.0 % 78.5 % 80.4 % 

PLL 71.9 % 82.0 % 81.1 % 

 

e. Colonization of BSA membranes after bioprinting 

 

C2C12 muscular cells can be differentiated into mature myotubes to form the 

precursors to muscle tissue. When adding horse serum to the cell culture medium 

C2C12 cells are differentiated into mature myotubes. Futhermore, we could observe 

mature myotubes not only in the bioprinted constructs but also on NaBr BSA 
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membranes, outside the bioink. The cells were able to migrate from the bioink onto 

the NaBr BSA membrane and colonize it (Figure 25). This  wasn’t observed on CaCl2 

BSA membranes but could be due to the difficulties of observing the surface of the 

CaCl2 BSA membranes. 

 

Figure 25 C2C12 adhesion on NAbR BSA membranes one month after bioprinting 

C2C12 cell adhesion on NaBr BSA membranes one month after bioprinting. Adhesion was observed by optical imaging and confocal imaging.  
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4. Discussion  

 

Cell proliferation before printing. When bioprinting any tissue or cell construct, the 

number of cells needed is considerable. Indeed, according to McClelland et al 

(McClelland et al., 2012), there are between 10   and 10!!cells by mL in any human 

tissue or organ. Such numbers are needed for the biofabrication of tissues or 

constructs mimicking human tissue. The production of this quantity of cells is often 

complicated and would necessitate important resources in cell medium and time. Thus, 

the use of our PLL coated PLGA microscaffolds for the cell culture of the C2C12 cells 

before bioprinting allows us to have more cells, faster and at lower cost. Indeed, the 

microscaffolds increase the surface area where cells can proliferate and the PLL 

coating increase the cell adhesion to the surface of our microscaffolds. This two fold 

increase in proliferation with our PLL coated microscaffolds could be further increased 

with the use of spinner flask, instead of individual bioreactors, with large volumes and 

more agitation cycles.  

Cell proliferation 7 days after printing. As for the results of cell proliferation before 

bioprinting, the cells with microscaffolds have an increase in cell activity compared to 

cells alone. The microscaffolds provide an additional surface on which cells can 

proliferate. Regarding bioprinted cells on BSA membrane, the cells can proliferate on 

coated microscaffolds, in the bioink but also on BSA membranes. Since the NaBr BSA 

surface is attractive to C2C12 cells, the proliferation rate of the cells is increased 

compared to cells printed with microscaffolds on well plates. This is not the case with 

the CaCl2 BSA membrane, which does not increase the metabolic activity of the cells. 

It appears that the NaBr BSA membrane is attractive to the cells and allow cell 

adhesion and proliferation after printing, thus increasing cellular activity with the 

microscaffolds. Indeed, when inoculating the membranes without bioprinting and 

without microscaffolds, there is a decrease of the cellular activity after 7 days compared 

to a culture in a well-plate.   

Cell survival at 24 hours after bioprinting. During the extrusion bioprinting process, 

cells are exposed to shear stress which can damage, kill or incapacitate the cells (Zhao 

et al., 2015; Ning, 2020). This will have an effect on the cell viability and will be visible 

24 hours after the extrusion process which for extrusion bioprinting can range from 40-
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86% (Murphy and Atala, 2014).  In extrusion bioprinting of C2C12 cells without 

microscaffolds, the survival rate is very low, bellow 43%. With microscaffolds, it is 

increased to 72%. But when printing on BSA membranes, with and without 

microscaffolds, the survival rate is increased to 80%. This can be explained by the fact 

that the surface of the well plates is stiffer than the BSA membranes, which increases 

the shear stress applied to the cells when printing in well plates. When printing on the 

BSA membranes the shear stress is reduced but not completely harmless for the cell. 

We can deduce this from the increase in cell viability when printing on BSA membranes 

with PLL coated microscaffolds. Indeed, the microscaffolds can further protect the cells 

from the shear stress during the extrusion process, increasing the viability rate. We 

can observe this when comparing the survival rate of cell printed alone in well plates 

to cells printing with microscaffolds in well plates which have a higher survival rate.  

The best condition, where the shear stress is the most reduced for the cells, is obtained 

when printing with PLL-coated microscaffolds and on the softer surface of BSA 

membranes.  

Cell survival at 7 days after bioprinting. 7 days after printing shear stress will 

have no effect on the survival rate but the bioink will. In this case, we used the bioink 

used in our previous work, adapted from the work of Oliveria et al (Oliveira et al., 2021). 

This bioink was created and tunned to be environment friendly for cells, having very 

good cell viability rates. Thus, explaining the very high cellular viability of the C2C12 

cells in all 6 conditions 7 days after printing.  

C2C12 cell colonization on NaBr BSA membranes Indeed, for NaBr BSA 

membranes, a layer of myotubes was able to colonize the surface of the membranes 

in the same space as the bioprinted products even after removing the construct. This 

could demonstrate that the bioprinted construct could be progressively replaced by 

muscular tissue. Muscle tissue could take the space of the bioprinted product after 

differentiation of the C2C12 cells.   

 

Conclusion 

Our results show a two-fold increase in proliferation before and after bioprinting with 

the aid of our adapted microscaffolds for C2C12 cells. These microscaffolds aid in the 
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cell survival against the shear stress induced by the extrusion process, which is 

enhanced by the bioprinting on BSA membranes. These BSA membranes have also 

been shown to allow the differentiation of the muscular cells into mature myotubes.  

In this study, NaBr BSA membranes paired with PLL-coated microscaffolds showed 

the most promise, with the highest cellular activity before printing and 7 days after 

printing. This condition demonstrated the highest survival rate. Finally, NaBr BSA 

membranes enabled the colonization of cells on their surface with mature myotubes, 

the first step in the production of mature tissue able to replace or patch defects in the 

diaphragm.  

In future studies, human myoblasts cells could be used to adapt with adapted 

microscaffolds and bioprinted into constructs with the same morphology and 

architecture than the diaphragm. The cellular activity, viability and maturation of the 

cells on the BSA membranes could be studied to work with the best conditions. This 

work could be the first step into the production of a new type of patches to help treat 

Congenital diaphragmatic hernia with cells extracted from the patient to recreate a 

functional diaphragm.  
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3. Perspective and conclusion 

This study shows that bioprinting of muscular cells on biocompatible membranes BSA 

combined with coated microscaffolds improves cell proliferation and viability. Indeed, 

by adapting porous PLGA microscaffolds for C2C12 cells, the cellular proliferation 

increased by 100% before and after printing. When bioprinting with the coated 

microscaffolds in well plates, the cellular viability at 24h was increased by almost 30%. 

When bioprinting on the BSA membranes the cellular viability was above 80%. After 7 

days, the cell viability for all conditions was higher than 95%. Finally, we were able to 

observe the colonization of the BSA-NaBr membranes with muscular cells directly on 

the membrane.  

In future studies, we will print anatomically relevant structures (Figure 26 similar to the 

configuration of the diaphragm) with human myoblastsand tendon cells, to create 

viable patches to heal diseased diaphragms. Indeed, we are working with human 

myoblast cells by adapting our microscaffolds to these cells. This is the first step 

towards bioprinting patches with human muscular and tendon cells.  
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Figure 26 Bioprinted diaphragm model 

Bioprinted diaphragm model, printed with BioX and ink cellink start using a 0.405mm nozzle. The axis represents muscular cells, to induce the 

direction of maturation of myoblastic cells into a desired direction. The center represents the tendon center. Scale bar 0.75 cm. 

 

Furthermore, these patches could be made to completely replace diseased or absent 

diaphragms with patient-derived cells.  

 



121 
 

Conclusion and future work 

 

Bioprinting is a powerful and versatile technology which can be used in numerous 

domains, from tissue engineering to drug discovery. In this work we have presented 

the different technologies of bioprinting. We have demonstrated the need for a solution 

for two significant limitations of extrusion bioprinting, the most frequent bioprinting 

technology. Indeed, the cell density and cell viability are lacking after and before 

bioprinting. The solution we have implemented is the production, adaptation and use 

of porous PLGA microscaffolds to act as proliferation surfaces for the cells before 

bioprinting, increasing the proliferation rates up to 450%. During the extrusion process 

the microscaffolds protect the cells and increase the cell viability 24 hours after printing. 

After printing, the use of microscaffolds increased stem cell migration towards cancer 

cells in an organoid cell construct, rendering the 3D model with microscaffolds more 

similar to the in vivo model and increasing cell proliferation up to 500%.  

After producing and demonstrating these novel microscaffolds, we bioprinted new 

diaphragm patches on BSA membranes as a first model to treat congenital 

diaphragmatic hernia with the help of these microscaffolds. Indeed, we bioprinted 

myoblast cells in specific spatial configuration on the biocompatible membranes with 

our porous microscaffolds. The microscaffolds increased the cell proliferation before 

printing by 100%, increasing the amont of cells available before printing. By bioprinting 

with our microscaffolds, we were able to obtain a cell viability after 24 hours above 

80% and a cell viability above 95% one week after printing. The use of the 

microscaffolds increased the cell proliferation by 500% one week after printing, 

demonstrating the benefic effect of the microscaffolds for the development of the 

muscular patch on BSA membranes. Finally, the cells printed with the microscaffolds, 

on the BSA membranes were able to differentiate into mature myotubes 4 weeks after 

printing. This study demonstrates the benefices in using the microscaffolds for tissue 

engineering, in proliferation rate before printing, cell viability during the printing process 

and tissue maturation in time.  

These new PLGA microscaffolds are a new solution to render extrusion bioprinting 

more accible and reduce its two major limitations. The microscaffolds can be adapted 

to most cells and extrusion based applications.  
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Bioprinting is a revolutionary technology that could overcome organs shortages and 

find new drugs to treat the most serious diseases. But bioprinting is still in its infancy 

and new methods are needed. Thancks to these microscaffolds it is my conviction that 

bioprinting is a step closer to becoming a mature tissue engineering technology.  

 

 Future work  

This work is still in progress and a pre-maturation project is planned with the Satt 

Conectus and could lead to industrial applications.  

We are also working to produce organoids to reproduce diseased organs with adapted 

PLGA microscaffolds. Indeed, as discussed before, scaffolds can be adapted and used 

to help produce organoids (Kaur et al., 2021). These scaffolds help control the spatial 

positioning of the cells and limit the necrosis in the center of the cell aggregate. As was 

done by Dye et al (Dye et al., 2020), we want to use the morphology of the scaffolds 

to promote cell maturation and control the organoid’s size. To do so, we produced 

PLGA microscaffolds with an average size of 180µm with an important porosity. 

Indeed, we intend to use these scaffolds to create a porous 3D environment for the cell 

adhesion, proliferation and development of an organoid while diminishing the necrotic 

center of an organoid.  
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Adrien ROUSSELLE 

Bioimpression de tissu 

biologiques à base de 

microparticules poreuses  

 

 

Résumé Francais 

L’impression 3D appliqué aux cellules et particulièrement la bioimpression par extrusion, est une technologie 

émergente permettant d’imprimer des systèmes biologiques complexes pouvant reproduire des modèles 

similaires aux tissus natifs. Mais cette technologie possède des limitations importantes telles qu’une densité 

cellulaire faible et la viabilité cellulaire après impression diminuée dû aux forces de cisaillement exercées sur 

les cellules lors de l’extrusion.  

Dans ce travail de thèse, nous avons élaboré de nouvelles particules poreuses de PLGA afin de servir de 

plateforme de prolifération aux cellules avant l’impression et de structure protectrice lors de l’impression. 

Ainsi, la prolifération cellulaire est augmenté jusqu’à cinq fois avec les particules et la survie cellulaire est 

augmenté, au minimum, de dix pourcent pour tous les types cellulaires.  Nous avons ensuite utilisé ces 

particules pour imprimer un modèle de diaphragme avec des cellules musculaires sur des membranes de 

BSA. La prolifération avant et après impression est augmenté jusqu’à cinq fois avec les microparticules et la 

survie cellulaires est augmenté jusqu’à trente pourcent.   

Mot clés : Bioimpression, extrusion, PLGA, micoscaffolds, survie cellulaire, densité cellulaire, diaphragme  

 

English summary 

3D printing applied to cells, particularly extrusion bioprinting, is an emerging technology for printing 

complex biological systems that can reproduce models similar to native tissues. But this technology has 

significant limitations such as low cell density and reduced cell viability after printing due to shear stress 

forces exerted on the cells during extrusion damaging the cellular membrane.  

In this thesis work, we have developed new porous PLGA microscaffolds to serve as a proliferation platform 

for cells before printing and as a protective structure during printing. Thus, cell proliferation is increased up 

to five times with the microscaffolds and cell survival is increased by at least ten percent for all cell types.We 

then used these particles to print a diaphragm model with muscle cells on BSA membranes. Proliferation 

before printing is increased up to two times and after printing is increased up to five times with 

microscaffolds. Cell survival is increased up to thirty percent with the microscaffolds when printing in well 

plates and reaches up to 85% when printing on BSA membranes. 

Key words: Bioprinting, extrusion, PLGA, microscaffolds, survival rate, proliferation rate, diaphragm 

 


