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Dear Editor of Bioprinting, 

Please find enclosed our original work entitled “Bioproduction Cell Lines 3D Bioprinting,” 

which we would like you to consider for publication in Bioprinting. 

In this study, we investigate and quantify the physiological changes occurring when 

bioproduction cell lines are cultivated in a 3D bioprinted environment. We further identify key 

biofabrication parameters that influence these physiological changes using a design of 

experiment approach coupled with Partial Least Square analysis. As bioprinting is the only 

biofabrication tool that enables the reproducible, controllable, and scalable generation of 3D 

cellularized constructs, we bioprinted four distinct cell lines within an in-house developed 

biocompatible and proliferative hydrogel. The proliferation and metabolic behavior of these 

cells were then thoroughly characterized. A final aspect of our study explores how tuning the 

hydrogel composition can enhance cell proliferation and recovery of physiological behaviors, 

thereby optimizing the bioproduction process. 

This work provides novel quantitative insights into the metabolic and proliferative adaptations 

of bioprinted cell cultures, filling a crucial gap in the literature. Furthermore, our findings 

present compelling prospects for the use of bioprinting in bioproduction, particularly for 

therapeutic and vaccine development. Traditional bioproduction cell lines have long been 

cultivated in 2D or suspension cultures; our research explores the advantages of 3D cultures, 

where cells can densely colonize a volume while exhibiting metabolic adaptations that may 

favor biomolecule production or viral infection. Additionally, the 3D bioprinted constructs offer 

enhanced protection from hydrodynamic shear stress caused by media stirring and gas bubbles, 

which can be detrimental in standard bioproduction settings. 

We believe that our findings align well with the scope of Bioprinting and will be of interest to 

its readership. We appreciate your time and consideration and look forward to the opportunity 

to contribute to your esteemed journal. 

Best regards, 

Emma PETIOT, PhD 
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ABSTRACT 

Three-dimensional (3D) bioprinting presents a transformative approach to replicating vivo-like environments for 

mammalian cell cultures, offering potential advances in bioproduction and tissue engineering. In this study, we 

investigated the growth, metabolic activity, and structural organization of four mammalian cell lines (HEK, 

MDCK, CHO, and Vero) in 3D bioprinted constructs. Our results demonstrate that even highly selected, 

immortalised cell lines can regain physiological traits closer to their native tissue when cultured in 3D 

environments. We observed significant shifts in proliferation kinetics, including reduced growth rates and reduced 

fermentative activity. A Design of Experiment (DOE) approach identified critical biofabrication parameters—

such as hydrogel microporosity and consolidation conditions—that modulate cell behavior and proliferation in 3D 

matrices. These findings highlight the potential of 3D bioprinting not only for medical applications, such as 

regenerative medicine and drug testing, but also for enhancing bioproduction processes by supporting higher cell 

densities and metabolic efficiency. Our work underscores the importance of optimizing 3D culture conditions to 

mimic vivo-like behaviors and improve productivity, offering new insights into the scalability of bioprinted 

constructs for industrial applications.  
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1 INTRODUCTION 

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

functions. Cells have been cultured on flat, 2D surfaces for studying diseases and testing drugs for many years. 

This method is popular due to its simplicity, homogeneity, and minimal uncontrolled variables, making it easy to 

use. However, 2D cultures fail to accurately represent in vivo mechanisms (Anton et al., 2015; Hutchinson and 

Kirk, 2011). Over the past few decades, attention has shifted toward 3D cell cultures, which more closely mimic 

the in vivo environment (Ravi et al., 2015; Souza et al., 2018a). This approach is particularly valuable in research 

on tissue regeneration, cell signalling, cell interaction and disease modelling, and drug testing, as it allows for more 

complex interactions. However, it is more technically challenging, with a greater number of uncontrolled factors 

affecting cell behavior. As examples, cell-cell and cell-matrix interactions, mediated by integrins and cadherins, 

play key roles in cellular signaling and function in 3D environments (Hynes, 2002; Klezovitch and Vasioukhin, 

2015; Martinac et al., 2020). Cell behaviour and differentiation is then affected by 3D support nature (Chagnon-

Lessard et al., 2021; Guo et al., 2014; Kawaue et al., 2023), porosity and micro-pattern (Moussa et al., 2018) as 

well as its mechanical properties (Martinac et al., 2020; Mih et al., 2012). The interactions between cells and the 

extracellular matrix in 3D environments, along with the restricted diffusion of nutrients, waste, or drugs, are known 

to influence the expression of various genes, including those involved in regulating cell proliferation, apoptosis, 

survival, and differentiation. Despite these advances, detailed descriptions of physiological changes, particularly 

in cell proliferation rates and central carbon metabolism, in 3D cultures remain limited. This gap in knowledge is 

likely due to the absence of precise data on metabolic fluxes and rates in primary cells. In contrast, the 

pharmaceutical industry has accumulated extensive data on the proliferation and metabolism of various 

immortalized cell lines, particularly in 2D and suspension cultures. Biopharmaceutical production from animal 

cell lines has been developed since the 1980s, enabling the production of many therapeutic proteins and viruses at 

industrial scales (Kuystermans and Al-Rubeai, 2015). Over decades, cell lines have been optimized to enhance 

productivity. These animal cell lines have been selected and adapted to maximize bioproduction yields for decades. 

They are immortalized, highly selected or mutated, and present non-physiological behaviors (Reinhart et al., 2019; 

Yuan et al., 2018). Their growth, death and metabolic kinetics were extensively described with precise Flux 

Balance Analysis (FBA) (Bastin et al., 2021; Martínez et al., 2013; Martínez-Monge et al., 2019; Wahl et al., 2008; 
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Zamorano et al., 2010) and vast databases describing their biological kinetics are available. Such deep 

understanding of production cell line behaviors was mandatory to optimize biopharmaceutical production 

processes. 

In our study, we focus on physiological changes in four well-established production cell lines—HEK, MDCK, 

CHO, and Vero—grown in 3D environment. These cell lines are widely used in biopharmaceutical research and 

production. CHO cells, for example, are the leading platform for producing monoclonal antibodies, with 89% of 

approved mammalian-cell-based products derived from them (Walsh and Walsh, 2022). HEK293 cells are 

frequently used to produce recombinant proteins and viral vectors (Agarwal et al., 2020).  Increasing production 

capacity is now focused on cell densification as well as cell feeding strategies (Fed-batch / perfusion) (Schulze et 

al., 2021). On the counterpart, cell physiology and intrinsic secretion capacity is explored only with a genome 

editing point of view.  

We propose exploring a new approach by introducing 3D culture techniques for production cell lines. We believe 

that gaining insights into the physiological differences associated with 3D cell cultures could offer innovative 

perspectives for bioproduction applications. Notably, recent studies have reported enhancements in the production 

capabilities of cell lines when cultivated in 3D environments (Wong et al., 2007). This research aims to bridge the 

knowledge gap between conventional 2D culture / suspension systems and the more complex, but promising, 3D 

environments. Our goal is to advance both fundamental biological understanding and potential further industrial 

applications. Specifically, we aim to describe the growth capacity, central carbon metabolism kinetics, and 3D cell 

organization of four production cell lines, marking a significant step in understanding and quantifying the 

physiological changes that occur in 3D cultures. For the biofabrication process, microextrusion 3D bioprinting 

was chosen. Over the past decade, this method has become a pivotal tool in 3D biofabrication. Its advantages 

include uniform and reproducible cell distribution (Matai et al., 2020), the ability to create intricated and controlled 

3D structures (Pourchet et al., 2017), and scalability (Matai et al., 2020). Extensive preliminary studies also 

demonstrated the ability to support growth of several primary and continuous cell lines (Marquette et al., 2024). 

Thus, the final part of our work focuses on identifying biofabrication parameters, such as scaffold composition 

and printing conditions, that influence 3D cellular kinetics using a design-of-experiment (DoE) approach. 
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2  MATERIAL AND METHODS 

2.1 Cell culture 

The experiments were performed using HEK293T cells kindly provided by Dr. C. Maisse-Paradisi (INRA-

UCBL-EPHE "Viral Infections and Comparative Pathology," Lyon, France), CHO DG44 (PTN1-CB-CC1; 

Cellca-Sartorius), MDCK (VirPath – CIRI - U1111 INSERM - UMR 5308 CNRS - ENS Lyon - UCBL1) and 

Vero (CCL-81™; ATCC®). HEK, MDCK, CHO, and Vero were cultured in Dulbecco's Modified Eagle 

Medium (DMEM, Gibco, Thermo Fisher Scientific, Etats-Unis, 31966-021) supplemented with 10% (v/v) FBS 

(Gibco Cell Culture, 10270-106). This report will refer to this culture medium as DMEM(+). The cells were 

amplified before bioprinting experiments in T75 flasks (Corning) in a standard incubator (5% CO2, 80% humidity 

at 37°C).  

2.2 Formulation, Bioprinting, and Consolidation of Cellularized Bioink 

The bioink was prepared by mixing Fibrinogen, Alginate, and Gelatin in calcium-free DMEM (Thermofisher, 

21068028) supplemented with 10% FBS (Thermofisher scientific, A3160), 250 U/mL Penicillin/Streptomycin 

(15140122, GIBCO), and 5 µg/mL Amphotericin B (15290026, GIBCO). Two formulations were used: 

Formulation A (2% w/v Fibrinogen, 2% w/v Alginate, 5% w/v Gelatin) and Formulation B (2% w/v Fibrinogen, 

1% w/v Alginate, 10% w/v Gelatin). Cells at concentrations of 1.0 x 10⁶ or 3.0 x 10⁶ cells/mL were mixed with 

the bioink, homogenized, and loaded into sterile syringes, followed by a 30-minute incubation at 21°C for 

Formulation A or 28°C for Formulation B. Bioprinting was performed using a BioAssemblyBot 3D printer 

(Advanced Solution, Inc) with pneumatic extrusion at pressures of 20-50 psi, using either a 400 µm nozzle for 

standard prints or an 800 µm nozzle for DOE screening. The constructs, designed with CAD software (3D 

Builder), were printed in parallelepiped geometries with a volume of 0.2 cm³ (1x1x0.2 cm). After bioprinting, the 

constructs were consolidated with solutions containing CaCl₂ (Sigma Aldrich) and transglutaminase (Activa WM, 

Ajinomoto), with some also including 10 U/mL thrombin (Merck T4648 10kU). The solutions, prepared in 

demineralized water or DMEM (0.026% CaCl₂), were sterilized via filtration. Consolidation was carried out at 

37°C, 21°C, or 4°C for 15 or 60 minutes, followed by rinsing the structures twice with sterile 0.9% NaCl solution. 

The detailed panel of consolidation solution prepared is presented in Supplementary 1. 
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2.3 Monitoring of cell viability and Proliferation 

Cell viability within the bioprinted 3D constructs was monitored using Calcein green staining. The constructs were 

incubated at 37°C for 30 minutes with 2 µM Calcein AM (Thermo Fisher Scientific, C1430) and then observed 

under a fluorescence microscope (Nikon Eclipse Ts2R). Proliferation trends were tracked by cell counting after 

construct dissociation every 2 to 3 days (n=3). The dissociation protocol, optimized in Supplementary 1 and 

Supplementary 2, involved a two-step process: first, incubating the construct in 3% w/v Collagenase A (Merck, 

10103586001) at 37°C for 15-20 minutes, followed by centrifugation at 300g for 5 minutes to separate cells and 

hydrogel debris. The remaining hydrogel was dissolved in a 0.5 mg/mL alginate lyase (Sigma, A1603) solution, 

prepared in 100 mM Sodium Citrate buffer (pH 7; Sigma ref 71497), and incubated at 37°C for 3-10 minutes. 

After another centrifugation at 300g for 5 minutes, the complete cell pellet was recovered, resuspended in 1 mL 

DMEM (+), and counted using a hemocytometer with Trypan Blue staining. Cell growth rates were calculated 

based on the total and viable cell counts. The Integral Viable Cell Concentration (IVCC) and Integral Viable Cell 

number (IVC) were determined using the trapezoidal rule, calculating the area under the curve of cell concentration 

(cells/mL) and total cell number (cells) as functions of time (days). These metrics were used to describe the global 

µ or maximal growth rate µmax throughout the culture period. Detailed calculations are presented in 

Supplementary 3. 

2.4 Monitoring of cell central carbon metabolism 

The lactic acid concentration was quantified on spent media using the L-Lactic Acid Assay from Megazyme (K-

LATE, Megazyme) for auto-analyzer procedures. The assay was performed according to the manufacturer's 

instructions. Each sample was deposited in triplicate in the 96-well plate, and the final absorbance was measured 

at 340 nm (TECAN infinite®). The glucose concentration was measured by NMR analysis (Bruker Avance III 

spectrometer - 500MHz 1H resonance frequency). Sample pretreatments necessitate lyophilization and 

resuspension in Deuterium Oxide (D215F; Eurisotop). An internal reference, the 3-(Trimethylsilyl)propionic-

2,2,3,3-d4 acid sodium salt (TMSP) at a concentration of 1,285 g/L, was used for quantification. To further 

characterize cell metabolism, the average cell-specific rates of lactate production or glucose consumption, 

respectively qlact and qgluc, and the glucose-to-lactate conversion yield (Ylact/gluc) were calculated. Detailed 

calculations are presented in Supplementary 3 and list of associated symbols in Table 1. 
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2.5 Characterization of hydrogel properties and 3D cellular structures 

For histological staining, samples were rinsed in PBS and fixed in paraformaldehyde (Antigenfix, DiaPath) at 4°C 

overnight. After PBS rinsing, they were dehydrated through an ethanol gradient (30% to 70%) and stored in 70% 

ethanol at 4°C. For paraffin embedding, samples were processed in 90% ethanol at 35°C, then in 100% ethanol 

and Methylcyclohexane at 55°C, before impregnation with paraffin at 60°C. Sections (5 µm thick) were prepared 

for staining. For Hematoxylin-Eosin (HE) or DAPI staining, sections were deparaffinized, rehydrated, and stained 

using standard protocols. The HE-stained sections were processed with Hematoxylin and Eosin Fast Quick kit 

(Diapath 010263), while DAPI (Invitrogen, D3571) staining used a 0.3 µM solution incubated for 15 minutes in 

the dark, followed by PBS rinsing and mounting in FluoromountTM (Sigma Aldrich, F4680). For hydrogel 

ultrastructure characterization, bioprinted constructs were fixed with 2% glutaraldehyde (Electron Microscopy 

Sciences EMS) in PBS at 4°C for 15 minutes, followed by storage in 2% glutaraldehyde with 0.1 M sodium 

cacodylate (pH 7.4). Samples were post-fixed with osmium tetroxide, dehydrated in ethanol, and embedded in 

Epon resin. Ultrathin sections (100 nm) were stained with uranyl acetate and lead citrate and analyzed via 

Transmission Electron Microscopy (TEM) (Jeol 1400JEM microscope and Orius 1000 camera and Digital 

Micrograph). TEM images were processed with ImageJ to evaluate microporosity.  Hydrogel mechanical 

characterization to assess elasticity was performed by Dynamic Mechanical Analysis (DMA). DMA 

measurements were performed according to a protocol already described in a previous work (Chastagnier et al., 

2023). 

2.6 Image analyses 

Images of calcein-stained constructs, DAPI-stained histological sections, and TEM images were processed in 

Image J software. The images were converted to 8-bit binary, and thresholds were set on the pixel intensity to 

measure microporosity (TEM) and cell coverage (calcein/DAPI).  To measure the per cent of void (porosity), the 

threshold on the pixels intensity corresponding to the TEM image’s light area in the images was set at a value of 

140-150 (see Supplementary 4). Cell surface coverage in percent was achieved thanks to manual thresholding 

on DAPI or calcein images (ranges of 24-32 for calcein and 40-70 for DAPI images). Porosity and cell 

proliferation data were used to compare hydrogel structures and evaluate cell distribution.  
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2.7 Design of Experiment (DOE) for Bioprinting Optimisation 

A Design of Experiment (DOE) approach was used to investigate the impact of bioink formulation, reticulation, 

and micro-extrusion settings on cell growth and metabolism. The experimental matrix was designed using 

MODDE13® software (Sartorius) with a fractional factorial plan (Supplementary 5). Proliferation, metabolism, 

and hydrogel properties data were analysed using Partial Least Squares regression to develop predictive models 

and optimise bioprinting conditions.  

3 RESULTS 

We aim to investigate the growth and physiological behaviour of production cell lines in 3D environments 

compared to traditional 2D cultures. The chosen 3D environment consists of a biocompatible and proliferative 

biomaterial, structured via 3D bioprinting, which supports cell adherence and growth within a defined volume. 

The hydrogel used is a proprietary bioink formulation containing 2% w/v Fibrinogen, 2% w/v Alginate, and 5% 

w/v Gelatin (Marquette et al., 2016; Pourchet et al., 2019). Small-scale bioprinted structures (10×10×2 mm) were 

seeded with 1.0 x 10⁶ cells/mL of hydrogel. After biofabrication, the constructs were consolidated for 1 hour at 

37°C in a solution of 3% w/v CaCl₂, 4% w/v transglutaminase, and 10 U/mL thrombin. The constructs were 

cultured in a serum-containing medium for 20 days, with the medium refreshed three times per week. The cell 

lines selected originate from either kidney (HEK293, MDCK, Vero) or ovary tissues (CHO) of different 

mammalian species, and have undergone clone selection and spontaneous or induced genetic mutations to be 

optimised for bioproduction applications. 

3.1 3D distribution and organisation of production cell lines  

Cell morphology and organisation in 3D cultures were studied to assess cell physiology. Cell lines derived from 

kidney (HEK293, MDCK, Vero) or ovary tissues (CHO) were evaluated over 20 days. Live cell staining 

confirmed the survival and proliferation of all lines within the 3D hydrogel structures (Supplementary 6). Thanks 

to this live cell staining, which was complemented by histological analysis (Hematoxylin-Eosin), their 3D 

organization was also observed. 

3.1.1 CHO 

During the first 10 days, CHO cells in 3D bioprinted structures remained in single cells or small aggregates. After 

this period, cells began forming layers on the surface of the hydrogel, which was confirmed by histological 

staining. Large, irregular cell aggregates (~100 µm in diameter) visible on HE staining formed after 20 days 
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(Figure 1_a.1) and the DAPI staining revealed a uniform distribution of CHO cells within the hydrogel (see Figure 

1_d.1) The ability of CHO cells to secrete matrix metalloproteinases (MMPs) likely facilitated their spread within 

the hydrogel [32]. It is known that CHO cells originate from a fibroblastic cell in the ovary of a Chinese hamster 

(Wurm, 2013). While their exact nature is uncertain, the CHO cell organization in 3D resembles the interstitial 

tissue of the ovary (Alchalabi et al., 2016).  

3.1.2 HEK 

HEK cells formed spherical/ovoid aggregates in the first 15 days, later spreading as monolayers on the construct's 

surface. HEK cells growing at the surface presented irregular shapes and formed multilayers as observed in 2D 

HEK cell cultures. HE histological staining revealed dense, circular cell clusters (~100 µm) after 20 days (Figure 

1_a.2). HEK cells, known to secrete MMPs (Liu and Wu, 2006), showed similar colonisation of the hydrogel as 

CHO cells, but with more regular structures. DAPI staining revealed HEK cells predominantly located at the 

periphery of the hydrogel, with fewer cells in the deeper layers (Figure 1_d.2). Cell density was 2-fold higher 

within the hydrogel periphery up to 1.75 mm depth than in its center, which indicates a growth limitation. HEK 

clusters resemble kidney glomeruli (Ernst and Ruchelli, 2019) or adrenal medulla, and potentially reflect the 

oncogenic traits of HEK cells (Stepanenko and Dmitrenko, 2015a). HEK cells exact origin remains debated. 

Studies have shown that they exhibit diverse genetic and phenotypic traits, including epithelial and mesenchymal 

characteristics (Inada et al., 2016),  fibroblast-like markers (Stepanenko and Dmitrenko, 2015b), neuronal lineage 

genes (Shaw et al., 2002), cancer stem cell features (Debeb et al., 2010),  and adrenal gland markers (Lin et al., 

2014). Notably, HEK cells grown in 3D aggregates display increased expression of kidney progenitor cell markers, 

particularly from the glomeruli and proximal tubule (Stepanenko and Dmitrenko, 2015b; Su et al., 2013). 

3.1.3 MDCK  

MDCK cells initially grew as small aggregates but later organised into monolayers, forming cyst-like structures 

with a central lumen after 10 days (Figure 1_a.3). This cyst formation, typical of early kidney tubule 

morphogenesis (Bryant and Mostov, 2008; Zegers et al., 2003), was confirmed by the presence of GP135, an 

apical membrane marker (Figure 1_c.3) confirming the correct polarisation of the cysts.  The renal tubule’s origin 

of MDCK cells is well established [45], and such structures have already been reported for MDCK grown in type-

I Collagen and Matrigel 3D hydrogels (Bryant et al., 2014). The DAPI-stained MDCK nuclei showed a 4-fold 

increase in cell density within the first 1.75 mm depth of the construct compared to the centre, indicating a 
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proliferation gradient (Figure 1 d.3). MDCK cells can degrade ECM by MMPs secretion (Jordà et al., 2005) which 

may facilitate their proliferation in the hydrogel by degrading the gelatin.  

3.1.4 VERO 

Vero cells initially organized as single cells until 10 days of culture but later formed cell layers on the surface of 

the constructs. Few cells survived inside the hydrogel; a finding consistent with their epithelial origin (Figure 1_a.4 

& d.4). The Vero cell line is derived from the kidney of an African Green monkey and is recognised for its 

epithelial nature. Such behavior was already reported for Vero cells seeded over Collagen or Gelatin scaffolds 

where they formed monolayers with elongated morphology (Koban et al., 2020a; Nocera et al., 2018; To and 

Bhunia, 2019). Histological analysis revealed Collagen IV secretion, indicating the recovery of Vero cell epithelial 

phenotype. Unlike the other cell lines, Vero cells do not secrete MMPs (Liu et al., 2000), which explain their 

limited ability to colonise the hydrogel.  

3.2 Study of cellular kinetics in 3D bioprinted environment 

To better understand the physiological changes in 3D bioprinted cultures, we evaluated cell growth and 

metabolism compared to 2D culture and literature (Figure 3 and Table 2). Growth rates were monitored using an 

optimised hydrogel dissociation protocol, allowing recovery of ~85% of seeded cells. Growth profiles and central 

carbon metabolism were studied to estimate each cell type's maximum specific growth and metabolic rates in 3D 

constructs (Figure 2 & 3). Unlike 2D cultures, where exponential growth began by day 2, all 3D cultures showed 

a prolonged lag phase of at least 6 days followed by linear growth, without growth arrest after 20 days. Regarding 

proliferation rate, the specific growth rate (µ) in 3D cultures was reduced by 2 to 9-fold compared to 2D conditions 

(Figure 3). Comparing metabolic rates, all cell lines demonstrated a shift in specific glucose consumption and 

lactate production in 3D. In bioprinted 3D cultures, two key metabolic phases (Phase I and Phase II) were identified 

for all the cell types (Figure 2.B - background colours) where their cell-specific lactate production and glucose 

consumption rates are constant. Notably, the glucose-to-lactate conversion yield (Ylact/gluc) was 2-3 times higher in 

2D cultures, indicating metabolic differences between 2D and 3D environments (Table 2). The total lactate 

production and glucose consumption correlated to the cell growth rate.  

3.2.1 CHO cells 

A growth phase was identified in CHO cell cultures, starting after a 17-day lag phase. The lag phase was 

characterised by a growth rate close to zero and cell density maintained under 1.0 x 106 cell/mL of hydrogel. Later, 
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during the linear growth phase, µ was 0.29 day-1, and the highest cell density reached 2.7 x 106 cells/mL of 

hydrogel. The growth rate during this proliferative phase decreased more than 3-fold compared to the growth rate 

measured in 2D cultures and the reference growth rate reported for such cells in the literature (Chevalot et al., 

1994) (Figure 3 & Table 2). In bioprinted CHO cultures, two key metabolic phases (Phase I and Phase II) were 

identified based on lactate production and glucose consumption rates. The shift from Phase I to Phase II occurred 

after 10 days of culture. In Phase I, which coincides with the lag phase, specific lactate production was 1.6 times 

higher, and glucose consumption increased 10-fold compared to 2D cultures (Figure 2.A & B). In Phase II, 

correlating with the end of the lag phase and the onset of growth, glucose consumption stabilized, but lactate 

production doubled compared to Phase I, reaching a rate 4 times higher than in 2D conditions and literature (Ahn 

and Antoniewicz, 2011). Throughout both phases, CHO cultures exhibited a glucose-to-lactate conversion yield 

(Ylact/gluc) below 1, indicating primarily oxidative metabolism. However, this ratio may be underestimated due to 

the inability to assess lactate consumption. 

3.2.2 HEK 

HEK 3D cultures showed linear growth after 15 days of culture. During the lag phase, cell density remained 0.3 

x 10⁶ cells/mL of hydrogel. The linear growth phase, starting on day 15, had a growth rate at least twice as slow 

as in 2D cultures and compared to literature-reported rates for HEK cells (Yang et al., 2019) (see Figure 3 & Table 

2). The lag phase ended with a brief rise in cell density to 0.7 x 10⁶ cells/mL between days 8 and 13, followed by 

a drop back to 0.3 x 10⁶ cells/mL before growth resumed on day 15. The main growth phase lasted 5 days, with 

the highest density reaching 5.0 x 10⁶ cells/mL of hydrogel. 

HEK bioprinted cultures also exhibited two key metabolic phases, like CHO cells. The transition from Phase I to 

Phase II coincided with the onset of the main growth phase. In Phase I, specific glucose consumption and lactate 

production rates increased 20-fold and 9-fold, respectively, compared to 2D cultures. Both rates decreased 5-fold 

in Phase II but remained higher than in 2D cultures and reported values (Henry et al., 2011).  During both metabolic 

phases, the Ylact/gluc ratio in HEK cultures exceeded 1, suggesting glucose was mainly converted to lactate via 

fermentation or that additional carbon sources contributed to lactate accumulation. The Ylact/gluc ratio in 2D cultures 

was even higher, exceeding the aerobic glycolysis threshold, indicating the involvement of other carbon sources, 

such as amino acids, in pyruvate and lactate production (Petiot et al., 2015). 
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3.2.3 MDCK  

MDCK cells exhibited a 6-day lag phase, followed by a linear growth phase (Figure 2.B). During the lag phase, 

cell density stayed below 0.3 x 10⁶ cells/mL of hydrogel. The growth phase reached a maximum rate of 0.10 day⁻¹, 

with a peak cell density of ~2.0 x 10⁶ cells/mL of bioink. This growth rate represents a 9-fold reduction compared 

to 2D cultures and reported values for adherent MDCK cells (Bock et al., 2009). Metabolic analysis revealed two 

phases aligning with the lag and growth phases. In Phase I, specific glucose consumption increased 20-fold, and 

lactate production increased 8-fold compared to 2D cultures. Both rates halved in Phase II but remained higher 

than those observed in 2D cultures and the literature (Bock et al., 2009). Like HEK cells, MDCK cells exhibited 

a lactate-to-glucose ratio (Ylact/gluc) greater than 1, indicating a predominantly fermentative metabolism. 

3.2.4 VERO 

Unlike other cell lines, Vero cells in a 3D environment exhibited slow, continuous proliferation from day 1, with 

a growth rate of 0.08 day⁻¹—5 to 15 times lower than in 2D cultures and reported values  (Petiot et al., 2010). Vero 

cells reached a maximum density of 3.5 x 10⁶ cells/mL of hydrogel. Despite only showing one proliferative phase, 

Vero cells displayed two distinct metabolic phases, with a shift occurring after 6 days. Notably, Vero cells were 

the only ones to show equal or reduced metabolic activity in 3D compared to 2D cultures. During Phase I, glucose 

consumption was nearly zero, and lactate production was reduced 5-fold compared to 2D conditions. The Ylact/gluc 

ratio was extremely high, indicating lactate production relied primarily on non-glucose carbon sources like amino 

acids. In Phase II, glucose consumption matched 2D cultures, while lactate production dropped 4-fold compared 

to standard cultures  (Petiot et al., 2010) and the cells shifted to a more oxidative metabolism (Ylact/gluc < 1). 

3.2.5 Impact of 3D seeding density on cell proliferation and organisation 

Like 2D or suspension cultures, low seeding density in 3D bioprinting can result in reduced growth rates, extended 

lag phases, and low cell densities (Rodriguez et al., 2001). The micro-extrusion process in bioprinting significantly 

affects post-printing cell recovery (Chastagnier et al., 2023; Lemarié et al., 2021). In our study, post-printing cell 

recovery rates were evaluated, showing significant losses of 65-80% for HEK, MDCK, and CHO cells, while 

Vero cells showed much better recovery with only 20% loss. Seeding densities were tripled to address this, and 

cell growth was monitored over 20 days. This increase in seeding density reduced or eliminated the lag phase in 

all cases (Supplementary 7). Maximal cell densities were significantly boosted, with a 2-fold increase for Vero 

and MDCK cells and a 5-fold increase for CHO cells, which reached a maximum density of 10 x 10⁶ cells/mL of 
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hydrogel. Despite these improvements, the maximal densities remained much lower than those typically achieved 

in standard fed-batch processes, where CHO cells can reach up to 25 x 10⁶ cells/mL without specific process 

intensification (Ruhl et al., 2020). HEK cells showed a more irregular growth pattern, with a brief increase in 

density followed by stabilisation at around 1-1.5 x 10⁶ cells/mL of hydrogel. 

Increasing the initial cell density reduced the lag phase but did not eliminate it or significantly impact the growth 

rates. Importantly, the cell's morphology, organisation and distributions were like those described with lower 

starting cell density, with reduced cell concentration in the center of the construct for HEK and MDCK cells (data 

not shown). In conclusion, while increasing the seeding density accelerated the onset of 3D cell growth, it did not 

notably enhance growth rates in any bioprinted culture (Figure 3). The observed cell gradient in constructs seeded 

with HEK or MDCK cells suggests that nutrient and oxygen diffusion within the hydrogel may have a stronger 

impact on cell proliferation kinetics and distribution. 

3.3 Impact of Hydrogel Properties on 3D Cell Proliferation and Spreading 

The previous results indicated limited cell proliferation and poor survival in the centre of 3D hydrogels, suggesting 

that the properties of the hydrogel itself were a key factor limiting cell growth and distribution. In 3D cultures, cell 

behavior is influenced by various factors, including cell-cell and cell-matrix interactions, mechanical properties, 

microporosity, and the diffusion of essential molecules  (Baker and Chen, 2012; Colom et al., 2014). These factors 

help recreate a more physiological environment but can also restrict cell proliferation. Furthermore, several process 

parameters in bioprinting can affect biomaterial properties and post-printing cell recovery. 

In this part of the study, we aimed to identify biofabrication parameters affecting cell proliferation and spreading 

within the hydrogel. We used HEK cells, which had the longest lag phase (10 days), as a model to study the impact 

of biofabrication parameters on hydrogel properties.  Cultures were carried out for 10 days, using a high initial 

seeding concentration of 3.0 x 10⁶ cells/mL of hydrogel. Eight biofabrication parameters were screened in a design 

of experiments (DOE) (Supplementary 5), including bioink formulation, filament diameter, and hydrogel 

consolidation factors (temperature, duration, and concentrations of transglutaminase, CaCl2, thrombin, and 

DMEM). Data from 178 samples across 26 conditions were analysed using Partial Least Square (PLS) regression 
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to model the relationship between hydrogel properties and cell proliferation (see Table 3 for R², Q², and 

reproducibility). Only the regression coefficient R2 > 0.5 models were considered acceptable.  

Mechanical properties of the hydrogel were assessed using Young’s modulus, and microporosity was evaluated 

via transmission electron microscopy (TEM) and dynamic mechanical analysis (DMA). Immediately after 

printing, Young’s modulus ranged from 0.31 ± 0.24 kPa in less elastic hydrogels to 29.5 ± 7.1 kPa in the most 

elastic ones. After 10 days of culture, these values increased to 8.5 ± 2.1 kPa and 60.7 ± 12.0 kPa, respectively. It 

should be noted that a few hydrogel samples were too smooth and fragile to be measured (<0.01 kPa). 

Temperature, transglutaminase, CaCl2 concentration, and consolidation duration had the most significant impact 

in PLS models on hydrogel elasticity (Figure 4_b.1), with elasticity increasing by 2-log depending on these factors. 

 Hydrogel microporosity was inversely correlated with elasticity (R² = -0.67), with porosities ranging from 44 ± 

5% to 84 ± 3% on day 1 and from 41 ± 6% to 74 ± 4% on day 10 (Figure 4_a.2). Transglutaminase and CaCl2 

concentration, as well as consolidation duration, had the greatest influence on microporosity (Figure 4_b.2), with 

higher transglutaminase levels resulting in denser hydrogel structures due to increased cross-linking of gelatin  

(Bertoni et al., 2006) and fibrinogen  (Poole et al., 2022). Among them, transglutaminase concentration was the 

most decisive factor.  

We then examined the effect of hydrogel microstructure and mechanical properties on HEK cell growth kinetics. 

Cell proliferation was measured by both cell counting after hydrogel dissociation and image analysis of live-

stained cells. While predictive models for cell density and growth rate had poor fits (R² < 0.5), significant 

differences in growth were observed across the DOE conditions. The best-performing condition extended the 

growth phase up to 10 days, with a growth rate of 0.13 d⁻¹, compared to just 3 days in the initial protocol. This 

optimal condition also reduced cell mortality after bioprinting to 25%, compared to 67% in the initial setup. A 

maximum cell density of 10 x 10⁶ cells/mL of hydrogel was achieved, 15 times higher than the initial condition. 

The poor fit is likely due to low reproducibility between samples, with high variability and low precision in the 

analytical methods used. Dissociation and image analysis had 39% and 60% precision levels, respectively. Image 

analysis of 3D constructs was particularly variable due to heterogeneous cell distribution, while hydrogel 

dissolution and counting involved multiple steps that impacted cell recovery. These results were achieved using 

hydrogel formulation A, printed with a 400 µm nozzle and consolidated for 60 minutes at 21°C in a solution 

containing 0.4% w/v transglutaminase, 1.4% w/v CaCl2, and 10 U/mL thrombin in deionized water. This solution 
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had physiological osmolality (~300 mOsmol/kg), compared to the initial condition's higher osmolality (~648 

mOsmol/kg). Microporosity was positively correlated with both the growth rate (R² = 0.6) and the volume 

occupied by live cells (R² = 0.8) (Supplementary 8), suggesting that cell proliferation is strongly influenced by 

hydrogel microstructure, likely due to improved nutrient and oxygen diffusion or reduced space for cell 

aggregation. Further studies are needed to fully understand the relationship between diffusion kinetics, 

microporosity, and cell growth in different hydrogel formulations. 

4 DISCUSSION 

Although HEK, CHO, MDCK, and Vero cells have been previously cultured in 3D environments (Koban et al., 

2020b; Ouyang et al., 2015), detailed descriptions of their proliferation, metabolic kinetics, and organization in 3D 

have been lacking. Our study sheds new light on these cell lines' distinct 3D growth patterns, with some reverting 

to native tissue characteristics. For example, MDCK cells formed polarised cysts, while Vero cells created 

epithelial layers. The 3D hydrogel, which mimics the extracellular matrix (ECM), promoted more in vivo-like 

behavior than conventional 2D cultures. These results are consistent with prior studies showing that 3D 

environments closely replicate in vivo conditions  (Ravi et al., 2015; Souza et al., 2018a), enabling cells to grow, 

interact with their surroundings, and recreate tissue microstructures (Anton et al., 2015; Souza et al., 2018a). Cells 

grown in 3D exhibit more in vivo-like functions, including gene expression, growth rates  (Lagies et al., 2020; 

Rybkowska et al., 2023; Souza et al., 2018b), metabolic activity  (Ikari et al., 2021). These effects are largely driven 

by integrin- and cadherin-mediated interactions with the ECM(Hynes, 2002; Klezovitch and Vasioukhin, 2015), 

which influence cellular signaling, morphology, and proliferation. The 3D matrix environment provided distinct 

cues to each cell line, resulting in varied organizational patterns despite shared tissue origins (e.g., HEK, MDCK, 

Vero). These differences may stem from the cells' derivation from different tissues or species and the effects of 

decades of genetic modifications and clonal selection in bioproduction cell lines. 

Cell localization varied by cell lines ; HEK and MDCK cells concentrated at the hydrogel periphery due to nutrient 

limitations, while CHO cells displayed a uniform distribution, likely due to their metabolic flexibility, including 

adaptation to carbon source deprivation with a lactate consumption switch (Martínez et al., 2013). DAPI staining 

of histological sections further confirmed cell regionalization, with HEK and MDCK cells preferring the outer 

1.75 mm of the construct, consistent with the literature on limited proliferation in 3D due to oxygen and nutrient 

diffusion challenges already observed in 3D matrix (Lesher-Pérez et al., 2017).   
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The ability of CHO, HEK and MDCK cells to secrete matrix metalloproteinases (MMPs), enabling ECM 

degradation and cell migration, likely contributed to the differences in cell behavior. MMP secretion, especially 

collagenases (MMP-1, MMP-8 and MMP-13) and gelatinases (MMP-2 and MMP-9), enables cells to degrade 

ECM components like collagen and gelatin, facilitating processes essential for migration, wound healing, 

angiogenesis, or tumor invasion (Kandhwal et al., 2022).  

In standard 2D cultures, production cell lines typically exhibit high proliferation rates, with doubling times of 12-

24 hours, which is ideal for intensifying bioproduction processes  (Cervera et al., 2011). However, in our study, 

cell lines grown in 3D environments exhibited significantly slower proliferation, reduced growth rates, and lower 

maximum cell densities. This slower growth in 3D is well-documented and is thought to better mimic in vivo 

conditions   (Lagies et al., 2020; Rybkowska et al., 2023; Souza et al., 2018b). In 3D cultures, proliferation 

inhibition is often due to increased cell-cell and cell-matrix interactions, which trigger multiple signalling pathways 

that regulate cell growth, apoptosis, and differentiation (Anton et al., 2015). The cell densities achieved in 3D 

cultures (2.0 to 5.0 x 10⁶ cells/mL of hydrogel) were much lower than those in 2D cultures, where values range 

from 7.0 x 10⁶ to 25.0 x 10⁶ cells/mL in non-intensified processes  (Liu et al., 2009; Ruhl et al., 2020). In typical 

2D and suspension cultures, fast-growing cell lines exhibit metabolic deregulation, often leading to aerobic 

glycolysis, characterized by rapid glucose consumption, lactate accumulation, and reduced oxidative respiration 

also reported as “Warburg effect”  

Our findings highlight notable metabolic changes in 3D-cultured cell lines. CHO, HEK, and MDCK cells 

exhibited higher metabolic activity than in 2D cultures, while Vero cells showed minimal changes, likely because 

they grew mostly on the surface, resembling 2D growth. The increase in global metabolic activity in 3D cultures, 

as seen in other studies [80], suggests a closer alignment with in vivo conditions. Specifically, the lactate-to-glucose 

ratio was reduced by at least half during growth in 3D, indicating less reliance on lactic fermentation and a shift 

toward increased mitochondrial respiration, consistent with other 3D models  (Rybkowska et al., 2023). Diffusion 

gradients may drive this enhanced metabolic efficiency in 3D environments within the hydrogel, which regulate 

nutrient availability and balance metabolic pathways. While our study provides insight into the metabolic changes 

in 3D cultures, further analysis is required to fully understand these mechanisms across different cell lines.  

The effect of the 3D environment and biofabrication tools on cell behavior was assessed using a fractional factorial 

design (DOE), identifying key parameters influencing both hydrogel properties and cell proliferation. Hydrogel 
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consolidation had the greatest impact on the mechanical and microstructural properties of the 3D environment. 

Adjusting transglutaminase activity—by modifying concentration, treatment duration, or temperature—led to 

forming denser networks with distinct microarchitectures and mechanical characteristics. The microstructure of 

the biofabricated support plays a critical role in promoting or limiting cell proliferation. The ability of cells to 

access nutrients and oxygen and remove metabolic waste largely depends on the thickness of the 3D construct, as 

well as the composition and structure of the matrix. These factors directly influence molecular diffusion rates, 

crucial for maintaining cell health and function (Lesher-Pérez et al., 2017). For example, nutrient diffusion is 

limited to about 300 µm in static liver tissue cultures and normal tissues. illustrating how matrix design can 

significantly impact cell behavior in 3D environments. 

5 CONCLUSION 

This study provides key insights into the physiological changes and factors influencing cell behavior in 3D cell 

cultures. We demonstrated that even highly mutated, non-primary cell lines can regain in vivo-like characteristics 

when grown in 3D biofabricated environments. These cell lines proliferated within 3D structures, with growth 

regulated by biofabrication protocols and hydrogel microporosity. We observed increased metabolic activity and 

reduced fermentative behavior in these 3D constructs. Beyond medical applications like regenerative medicine 

and drug testing, 3D bioprinting holds potential for bioproduction by supporting dense cell colonization and 

enhancing metabolic efficiency. This highlights the broad utility of 3D bioprinted cell cultures for both therapeutic 

and industrial purposes. 
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8 LEGENDS 

FIGURE 1: Evaluation of cell distribution and organization in 3D bioprinted constructs. Histological 

studies of bioprinted constructs at day 20: (A) Hematoxylin-Eosin staining, dark arrows indicate (a.2) cell 

aggregates, (a.3) cysts or, (a.4) cell layers, (B) Collagen IV staining (brown) indicated with dark arrows, (C) 

Staining of polarized MDCK GP135 membrane protein (red) indicated with white arrows, and cell nuclei with 

DAPI (blue), and (D) Cell distribution on full construct slice observed by nuclei staining with DAPI (blue), the 

numbers indicate the % of surface colonized by cells according to image analyses (d.2 & d.3) the orange dot line 

indicate the proliferation limit..  

FIGURE 2: Proliferation and Metabolic profiles for 3D bioprinted cell line. Growth curve (dark blue line) 

and specific rate of glucose consumption (orange bar) and lactate production (grey bar) of HEK, MDCK, CHO 

and Vero in 2D (A) and in 3D bioprinted constructs seeded with 1.0 x 106 cell/mL of bioink (n= 2 or 3) (B). The 

red arrows indicate the start of growth phase, and the blue arrows indicate de peak of maximal cell density. In (B) 

the two metabolic phases are identified by two different background colors. (C) presents a comparison of growth 

rates in 2D (dark blue) and 3D constructs seeded with 1.0 x 106 cell/mL of bioink (yellow) or 3.0 x 106 cell/mL of 

bioink (red) (n= 2 or 3).  

FIGURE 3: Growth rate in 3D bioprinted cell line. Comparison of growth rates axtracted from the literature 

(grey) or measured in 2D (dark blue) and 3D constructs seeded with 1.0 x 106 cell/mL of bioink (yellow) or 3.0 x 

106 cell/mL of bioink (red) (n= 2 or 3).  

FIGURE 4: Biofabrication impact on HEK cell proliferation in 3D environment. (a.1 & a.2) Distribution of 

hydrogel mechanical properties of the 26 tested conditions (day 1 & 10 : n>2),(a.3 & a.4) microporosity of the 

hydrogel (day 1 & 10: n>3), (a.5) cell density achieved at Day 10 and (a.6) associated growth rates (n=2). 

Associated impact of  biofabrication factor’s (b.1_DMA measures ;  b.2_ Microporosity).  

TABLE 1: List of symbols 
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TABLE 2: Comparison of growth and metabolic parameters in 2D cultures and 3D bioprinted constructs 

seeded with 1.0 x106 cell/mL of bioink. The several parameters are presented: Growth rate, specific metabolic 

rates of glucose consumption and lactate production, and average lactate to glucose molar ratio. 

TABLE 3: PLS models quality assessment. Regression coefficients (R2, Q2) and reproducibility of the predictive 

models established with DOE experiment. The quality of predictive PLS model fitting was evaluated on three 

variables. First, the regression coefficient R2 represents the variation of the response explained by the model. The 

second indicator Q2, is the predictive ability of the model, also known as model predictive power. It represents the 

ability to generalize to new, unseen data. According to the recommendation of MODDE13® software user guide, 

a Q2 tends to underestimate the model, it should be over 0.1 to have a significant model and a Q2 over 0.5 with 

(R2 - Q2) < 0.3 indicates a good model. The last indicator is reproducibility, representing the response variation in 

replicates of the same condition compared to the total response variation. This parameter is expected to be superior 

to 0.5. 

SUPPLEMENTARY 1: Characterization of cross-linking and dissociation solutions (pH and osmolality).  

SUPPLEMENTARY 2: Dissociation protocols screening efficiency. Dissociation protocols efficiency was 

evaluated in terms of cell viability, percent of cell recovery and estimated % of hydrogel dissociation. 

SUPPLEMENTARY 3: Methods used to calculate Cell growth rates, Integral Viable Cell Concentration 

(IVCC) and Integral Viable Cell number (IVC).  

SUPPLEMENTARY 4: Procedure for hydrogel micro-porosity quantification. Example of image Analysis 

on TEM images. A.1 and B.1 show the TEM imaging of two different hydrogels microstructures. Figures A.2 and 

B.2 show the setting of threshold for measurement of the percent of void surface (in green). 

SUPPLEMENTARY 5: DOE factorial fractional design, associated parameters selected (Bioink 

formulation, Nozzle diameter, crosslinking conditions) and the associated quantified response in growth rate 

when available.  

SUPPLEMENTARY 6: Growth trend monitored by calcein staining of 3D printed hydrogels over 20-days for 

HEK293, MDCK, Vero and CHO cells. Bioprinted structures were seeded at 1.0 x106 cell/mL. 

SUPPLEMENTARY 7: Compared growth profile for seeded cell lines at 1 and 3 x 106 cell/ml of bioink. 

SUPPLEMENTARY 8: Correlation matrix extracted from the DOE experiment, showing the correlation 

between factors and responses. Form. : Formulation of the bioink ; Diam Ø : diameter of the printing nozzle; TAG 
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: Transglutaminase concentration; Thr. : Thrombine concentration; Calcein : fluorescent surface of the bioprinted 

; Xmax : Cell concentration ; µ specific growth rate between D1 and D10; Micro. : Microporosité calculated on 

TEM images. 
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FIGURE 1: Evaluation of cell distribution and organization in 3D bioprinted constructs. Histological studies of 

bioprinted constructs at day 20: (A) Hematoxylin-Eosin staining, dark arrows indicate (a.2) cell aggregates, (a.3) cysts or, 

(a.4) cell layers, (B) Collagen IV staining (brown) indicated with dark arrows, (C) Staining of polarized MDCK GP135 

membrane protein (red) indicated with white arrows, and cell nuclei with DAPI (blue), and (D) Cell distribution on full 

construct slice observed by nuclei staining with DAPI (blue), the numbers indicate the % of surface colonized by cells 

according to image analyses (d.2 & d.3) the orange dot line indicate the proliferation limit.  
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FIGURE 2: Proliferation and Metabolic profiles for 3D bioprinted cell line. Growth curve (dark blue line) and 

specific rate of glucose consumption (orange bar) and lactate production (grey bar) of HEK, MDCK, CHO and Vero 

in 2D (A) and in 3D bioprinted constructs seeded with 1.0 x 106 cell/mL of bioink (n= 2 or 3) (B). The red arrows indicate 

the start of growth phase, and the blue arrows indicate de peak of maximal cell density. In (B) the two metabolic phases 

are identified by two different background colors. (C) presents a comparison of growth rates in 2D (dark blue) and 3D 

constructs seeded with 1.0 x 106 cell/mL of bioink (yellow) or 3.0 x 106 cell/mL of bioink (red) (n= 2 or 3).  
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FIGURE 3: Growth rate in 3D bioprinted cell line. Comparison of growth rates axtracted from the literature (grey) or 

measured in 2D (dark blue) and 3D constructs seeded with 1.0 x 106 cell/mL of bioink (yellow) or 3.0 x 106 cell/mL of 

bioink (red) (n= 2 or 3).  
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FIGURE 4: Biofabrication impact on HEK cell proliferation in 3D environment. (a.1 & a.2) Distribution of hydrogel 

mechanical properties of the 26 tested conditions (day 1 & 10 : n>2),(a.3 & a.4) microporosity of the hydrogel (day 1 & 

10: n>3), (a.5) cell density achieved at Day 10 and (a.6) associated growth rates (n=2). Associated impact of  biofabrication 

factor’s (b.1_DMA measures ;  b.2_ Microporosity).  
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Symbols 

∆ Variation of parameter (delta) 

δ  Statistical error on a parameter 

IVCC Integral Viable Cells Concentration 

IVC Integral Viable Cells number (in one bioprinted construct) 

t Time (days) 

 t0 Starting time of the studied period (days). 

n   Number of points on the curve / number of studied points 

X Cell concentration per mL of hydrogel in 3D cultures or per mL of supernatant in 2D 

cultures (cell/mL) at time t. 

X0 Cell concentration (cell/mL) at time t0 

 Xav Average cell concentration during ∆t  (cell/mL) 

x Total cell number (cells) in one bioprinted construct 

µ Growth rate (day-1) 

µmax Maximal growth rate (exponential growth) 

M   

 

Concentration of the studied metabolite (lactate or glucose) at a time t 

M0 Concentration of the studied metabolite (lactate or glucose) at a time t0 

qlact  Cell-specific lactate production rate 

qgluc Cell-specific glucose consumption rate 

qM Cell-specific production rate of the studied metabolite 

Ylact/gluc Glucose to lactate conversion yield (mol/mol) 

TABLE 1: List of symbols 
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  2D 
3D - 

Phase I 

3D - 

Phase II 
Reference Source 

CHO 

µ (d-1) 
0.72 ± 

0.03 
0.29 ± 0.02 0.96 (Chevalot et al., 1994) 

qgluc 

(pmol/cell/day) 

6.58  

±0.91 
70.6  ±22.13 4.82 

 (Ahn and Antoniewicz, 

2011) qlact 

(pmol/cell/day) 

14.4  

±1.95 

23.1  

±9.27 

57.2  

±17.26 
7.19 

Ylact/gluc 2.19 0.33 0.81 NA NA 

HEK 

µ (d-1) 
0.92 ± 

0.07 
0.42 ± 0.07 0.84 (Yang et al., 2019) 

qgluc 

(pmol/cell/day) 

4.73  

±0.85 

94.3  

±24.22 

18.7  

±9.24 
3.34 

(Henry et al., 2011) 
qlact 

(pmol/cell/day) 

15.1  

±2.66 

137  

±34.24 
28  ±10.13 5.04 

Ylact/gluc 3.19 1.45 1.50 NA NA 

MDCK 

µ (d-1) 
0.91 ± 

0.03 
0.33 ± 0.06 1.08 

(Bock et al., 2009) 
qgluc 

(pmol/cell/day) 

3.99  

±0.36 

78.4  

±12.19 

33.1  

±8.72 
3.72 

qlact 

(pmol/cell/day) 

10.6  

±0.98 

88.4  

±13.60 

38.5  

±10.08 
3.38 

Ylact/gluc 2.66 1.13 1.16 NA NA 

VERO 

µ (d-1) 
0.45 ± 

0.08 
0.08 ± 0.01 0.46 to 1.25 

 

(Arifin et al., 2010; Petiot et 

al., 2010) 
qgluc 

(pmol/cell/day) 

6.29  

±0.85 

0.02  ± 

0.00 

5.11  

±1.19 
8.40 to 11.52 

qlact 

(pmol/cell/day) 

19.8  

±2.70 

3.74  

±0.48 

5.01  

±1.17 
9.12 to 18.24 

Ylact/gluc 3.15 187.00 0.98 NA NA 

 

 

TABLE 2: Comparison of growth and metabolic parameters in 2D cultures and 3D bioprinted constructs 

seeded with 1.0 x106 cell/mL of bioink. Several parameters are presented: Growth rate, specific metabolic rates of 

glucose consumption and lactate production, and average lactate to glucose molar ratio. 
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 R2 Q2 Reproducibility 

H
y
d

ro
g
el

 

m
ic

ro
st

ru
ct

u
re

 

DMA day 0 (kPa) 0.61 0.51 0.66 

DMA day 10 (kPa) 0.70 0.55 0.84 

Microporosity day 1 0.70 0.62 0.88 

Microporosity day 10 0.52 0.45 0.56 

C
el

l 
p

ro
li
fe

ra
ti

o
n

 Xmax day 10 (cell/g) 0.30 0.03 0.29 

Xmax day 10 (total cell) 0.41 0.05 0.68 

µmax (d-1) 0.17 0.07 0.41 

Calcein  day 10 (%) 0.10 -0.09 0.32 

 

TABLE 3: PLS models quality assessment. Regression coefficients (R2, Q2) and reproducibility of the predictive 

models established with DOE experiment. 
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