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Co-culturing of cells in in vitro tissue models is widely used to study how they interact with each other. These models serve to represent a variety of processes in the human body such as development, homeostasis, regeneration, and disease. The success of a co-culture is dependent on a large number of factors which makes it a complex and ambiguous task. This review article addresses co-culturing challenges regarding the cell culture medium used in these models, in particular concerning medium composition, volume, and exchange. The effect of medium exchange on cells is often an overlooked topic but particularly important when cell communication via soluble factors and extracellular vesicles, the so-called cell secretome (CS) is being studied. Culture medium is regularly exchanged to supply new nutrients and to eliminate waste products produced by the cells. By removing medium, important CSs are also removed. After every medium change, the cells must thus restore their auto- and paracrine communication through these CSs. This review article will also discuss the possibility to integrate biosensors into co-cultures, in particular to provide real-time information regarding media composition. Overall, the manner in which culture medium is currently used will be re-evaluated. Provided examples will be on the subject of bone tissue engineering.
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INTRODUCTION: IN VITRO TISSUE MODELS

Before culturing of cells was possible, animals were used to study human physiology and pathophysiology, in particular in medical and pharmaceutical industries (Russell and Burch, 1959). Animal models frequently failed to capture important facets of human physiology and pathophysiology and thus failed to mimic true human responses (Holmes et al., 2009). The possibility to culture human cells increased our insight into healthy and diseased states of the human body (Thomson et al., 1998; Holloway et al., 2019). First, cells were cultured in monolayers which in some cases lacked the complexity needed to study diseases and responses to drugs thoroughly (Esch et al., 2014; Fu et al., 2017; Zhang et al., 2019). Three-dimensional (3D) models enabled the creation of a cell environment closer to the natural microenvironment, increasing the potential to predict physiological responses and also increasing complexity. For example, different 3D in vitro models to study osteocytes were established recently, mimicking their native environment and showing superior morphology and behavior compared to monolayer cultures, enabling future development of human disease models (Zhang et al., 2019).

The approach for the design of in vitro tissue models originates from tissue engineering (TE; Langer and Vacanti, 1993; Caddeo et al., 2017). TE combines cells, scaffolds, growth factors and mechanical stimuli to create tissues in vitro. Traditionally, TE has focused on the creation of tissue grafts for implantation. More recently, TE has been applied to develop in vitro tissue models. In contrast to tissue grafts that need clinically relevant sizes of engineered tissue, in vitro models aim to resemble the smallest functional unit of a tissue. Such in vitro models show potential to study processes of the human body such as development (Robin et al., 2016), homeostasis (Rossi et al., 2018), regeneration (Guzmán et al., 2014), and disease (Salamanna et al., 2016).

The development of 3D human in vitro models depends on the ability to partially recreate the complexity of the native microenvironment that defines cues (physical, chemical, and biological) for cell function, proliferation, and differentiation (Holmes et al., 2009). The challenge is to define the aspects of the microenvironment which are important in order to engineer the smallest functional unit that captures the interaction between key cues in the cell system which it controls (Holmes et al., 2009). Research has shifted toward improving in vitro models by increasing their complexity in order to understand how mature intricate tissues form (Holloway et al., 2019). An increase in complexity can be accomplished by culturing different cell types together in one culture, called co-culturing.



CO-CULTURES WITH THE APPLICATION FOR IN VITRO TISSUE MODELS

Co-culturing of cells is widely used to study interactions between cell populations in many fields including (but not limited to) synthetic biology (Goers et al., 2014), ecology (Jessup et al., 2004), TE both 2D and 3D (Liu et al., 2015; Paschos et al., 2015), and multi-organ microphysiological systems (Wang et al., 2017). Models have been developed for a variety of tissues such as lung (Strikoudis et al., 2019), intestine (Jalili-Firoozinezhad et al., 2019), kidney (Takasato and Little, 2017), bone (Rossi et al., 2018), embryo (Saadeldin et al., 2014), ovary (Saadeldin et al., 2015), neuron-glia (Skaper and Facci, 2018), and liver (Coll et al., 2018). Co-cultures can be used to represent both physiological and pathological tissue states. Ideally, human, or even patient-specific cells are used to create cellular environments that are more representative for humans rather than animal derived cells (Caddeo et al., 2017). Most co-culture studies involve two cell types, owing to an increased complexity in establishing a stable system when more cell types are involved (Goers et al., 2014). There are also studies reporting the use of three (Venter and Niesler, 2018; Churm et al., 2019; Lin et al., 2019) or even four cell types (Zhang et al., 2009; DesRochers et al., 2015).

Different strategies to co-culture cells in 3D exist, each allowing for a different degree of contact between the cell types. Through this contact, the cells are able to stimulate each other. Direct co-cultures facilitate physical contact between the different cell types which allows for communication though their surface receptors and gap junctions, defined as juxtacrine communication (Figure 1A). Indirect co-cultures incorporate a physical separation between cell types, such as a semi-permeable membrane in the form of a transwell system, only enabling signaling via the cell secretome (CS; Figures 1B-I). In addition, in indirect co-cultures, conditioned medium is frequently used (Figures 1B-II). Medium is first used for culturing one cell type and then transferred to the second cell type. The medium contains the CS of the first cell type, which then affects the second cell type. Conditioned medium contains numerous CSs that may positively and/or negatively regulate cell behavior (Katagiri et al., 2017). The mechanisms that support the effect of these CSs remain insufficiently defined and are highly dependent on the cell source (Marolt Presen et al., 2019).
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FIGURE 1. (A) Direct co-cultures facilitate physical contact between the different cell types which allows for communication though their surface receptors. (B) Indirect co-cultures incorporate a physical separation between cell types only allowing for communication via cell secretomes. (I) Physical separation in the form of a transwell system using a semi-permeable membrane. (II) Conditioned medium is first collected from one cell type and then transferred to the other cell type. The medium contains the cell secretome of the first cell type, which then affects the second cell type.


Cell secretomes ensure cell-cell communication and comprise of soluble factors and cell-derived membranous structures. These so-called extracellular vesicles (EVs), are nanosized particles (exosomes, 30–100 nm; microvesicles, 50–2000 nm; Martins et al., 2016) that transfer proteins, bioactive lipids between cells. Moreover, EVs are also capable of transferring RNA between cells, called exosomal RNA or esRNA (Lotvall and Valadi, 2007; Valadi et al., 2007). EVs are present in biological fluids and are involved in multiple physiological and pathological processes (van Niel et al., 2018). For example, EVs derived from osteogenically committed mesenchymal stromal cells were shown to induce osteogenic commitment of homotypic cells without further supplementation (Martins et al., 2016). EVs are widely studied for their potential as a cell-free therapeutic method for regeneration of numerous tissue types. Subsequently, EVs might be used to study cellular interactions in vitro omitting the requirement for a co-culture experiment and thus overcoming co-culture challenges. The biggest challenge of using EVs lies within the development of purification and characterization protocols (Lee et al., 2019).

Overall, co-cultures are versatile models to create cellular environments in which interactions between different cell types can be studied in vitro. These interactions can take place by direct contact and by exchange of soluble factors and EVs. This review article will focus on steps that can guide optimization of medium composition and volume in co-cultures with a particular focus on cell communication via the CS.



GENERAL CONSIDERATIONS REGARDING CULTURE MEDIUM IN CO-CULTURES


Selecting Culture Medium Composition

In cell culturing, culture medium is added to nourish the cells. Culture medium is a liquid nutritive substance consisting of a mixture of base medium, serum, and regulating factors. Firstly, base medium fills the nutritional requirements of the cells. The first base medium was developed in 1959 and was defined as the Minimal Essential Medium (MEM), including 13 amino acids, 8 vitamins, 6 ionic species, and glucose (Eagle, 1959). Secondly, serum, such as fetal bovine serum (FBS) contains important basic proteins including growth factors and hormones for maintaining cell survival, growth, and proliferation (Gstraunthaler, 2003). FBS is a complex and natural mixture that is extracted from fetal blood. The use of FBS is controversial due to quality and reproducibility issues as well as animal welfare concerns which is elaborately reviewed elsewhere (van der Valk et al., 2018). Thirdly, regulating factors such as growth factors are added to the medium to guide specific and desired cell behavior such as proliferation and differentiation into a particular cell lineage. These factors are key in cell cultures as they predominantly determine cell fate. Establishing a functional and precise mixture of these culture medium ingredients is of great importance for creating in vitro tissue models.

Each cell type has specific needs according to its function and requires a corresponding specific medium composition. When two or more different cell types are cultured together, choosing the right medium becomes a challenge (Goers et al., 2014). Several approaches are possible, such as mixed medium, supplemented medium and partitioned culture environments (Figure 2A). In a mixed medium, the medium of all used cell types is combined, possibly in different ratios. With this method, the original medium supplements might interfere with the other cell type, which is particularly important when culturing progenitor cells as these cells yet have to differentiate into the desired cell type. For instance, in a co-culture of precursors of osteoblasts and osteoclasts, the osteogenic supplements dexamethasone and β-glycerophosphate are needed for osteoblast differentiation and maturation, while these supplements have been shown to inhibit monocyte differentiation into osteoclasts (Haynesworth et al., 1996; Takeyama et al., 2001; Langenbach and Handschel, 2013). An optimum dosage of supplements has to be found in order to obtain both functional osteoblast and functional osteoclasts. Another approach could be to use a general base medium, supplemented with the soluble factors that stimulate both cell types without negatively affecting either of them (Zhu et al., 2018). This method makes it possible to modulate the medium more specifically than by just mixing two media types. The disadvantage is that it is time consuming to find suitable supplements and to optimize the combination. Additionally, a culture method that enables two physically partitioned medium flows can be used. In this way, both cell types receive their specific medium while cell-cell contact is still possible (Robertson et al., 2014). However, this is a complicated and precise method that can mostly be performed in 2D and for certain cell types.

In multi-organ microphysiological systems, the challenge of finding the right medium is even more difficult as a variety of cell types may each have their own optimal medium and supplements. For example, in a device combining liver, lung, kidney, and adipose tissue, it was shown that addition of transforming growth factor β1 (TGF-β1) supported the growth of lung cells but inhibited the growth of liver cells (Zhang et al., 2009). They overcame this by using gelatin microspheres that released TGF-β1 locally to support the lung compartment while in the circulation, low TGF-β1 levels could be maintained (Zhang et al., 2009).

Just as important, one cell type in a co-culture naturally provides CSs that influence the other cell type. As a result, medium supplements might have to be altered in concentration or might be fully omitted (Zhu et al., 2018). For example, osteoclasts in mono-culture are derived from mononuclear cells by addition of macrophage colony-stimulating factor and receptor activator of nuclear factor kappa-B ligand. Both molecules are naturally produced by osteoblasts (Boyce and Xing, 2007). Thus, in a co-culture with osteoblasts, no additional cytokines may be needed for osteoclast formation (Schulze et al., 2018; Zhu et al., 2018).

Medium optimization is crucial but is laborious and time-consuming because of the enormous number of possible combinations. Parallel assays using micro/nano-scale devices hold great promise for evaluation and optimization of a multitude of options (Sasaki et al., 2016). For example, a sensitive platform for optimum culture media investigation was developed in which image-based profiling was combined with microdevices to achieve high-throughput evaluation of culture medium conditions (Sasaki et al., 2016). Advances in this field could be of great value to ease the inconvenience of medium optimization.



The Effect of Culture Medium Volume

Medium volume is of importance as a higher volume leads to lower concentrations of the CS (Figure 2B). In bone cell cultures, osteoblastic mineral deposition and fusion of osteoclast-precursors into osteoclasts were shown to be dependent on the medium volume (Yoshimura et al., 2017). When culturing cells, often the medium volume suggested by the manufacturer of culture plastics is used. However, this volume is not optimized for specific cell types. For example, low culture medium volumes not only have been shown to be beneficial for culturing cell types such as neuron-like cells (Shimomura et al., 2016) and adipose derived mesenchymal stem cells (Simão et al., 2019), they are also more economical. On the other hand, some culturing conditions, for example in bioreactors, might require minimal volumes to operate, which makes volume optimization impracticable. In these cases, it should be recognized that the medium volume may impact a variety of cell culture aspects (Yoshimura et al., 2017).

Medium volume is influenced by cell culture aspects such as nutrient supply, dilution, or concentration of waste products and metabolites, and changes in oxygen level (Zhu et al., 2018). Studies have demonstrated that the oxygen concentration in medium decreases with increasing medium depth, leading to altered cell growth characteristics (Oze et al., 2012; Place et al., 2017). Moreover, it has been recognized that cell proliferation and differentiation are largely influenced by the concentration of CSs (Yoshimura et al., 2017). With different medium volumes these CSs become either more or less concentrated resulting in faster or slower proliferation and differentiation of these cells. Thus, cells might function differently when cultured in different medium volumes. Again, optimization is key but laborious and, in some cases, even impracticable. Therefore, one should be aware of the effects of medium volume. Certainly, when unexplainable results are encountered and when protocols are adjusted to up- or down-scale experiments.




THE EFFECT OF MEDIUM EXCHANGE ON CELL-CELL INTERACTIONS


Waste Accumulation Problem

Medium is exchanged regularly to maintain nutrients and growth factors consumed by the cells and to eliminate waste products produced by the cells. Mammalian cells use glucose for energy and produce lactate as a metabolite (Ozturk et al., 1997). In vitro, every cell type needs a narrow pH range within 0.2 to 0.4 pH units of its optimum to grow (Paul, 1975). The production of lactic acid should not exceed the buffering capacity of the medium, because lowering the pH can inhibit cell growth (Zielke et al., 1980; Glacken et al., 1986; Ozturk et al., 1992, 1997). Also, high ammonium concentrations as a by-product of glutamine catabolism can be toxic to cells causing cytosol vacuolization and subsequent cell death (Glacken et al., 1986; Slivac et al., 2010). Exchanging the medium prevents these waste product accumulation effects.

However, after every medium exchange, also the CS is removed, and the cells must make a new effort to restore their communication by producing fresh molecules. This effort could negatively influence their behavior, not representing their natural state. The influence of medium exchange was for example investigated by measuring actin microfilament structure directly before and after medium exchange (Krüger-Genge et al., 2015). Medium exchange led to a rapid disturbance of stress fiber formation and disconnection of cell-cell contacts. Frequent medium exchange is also economically disadvantageous as medium can contain expensive additives such as growth factors and animal serum (Glacken et al., 1986). However, medium exchange cannot be prevented as nutrient deprivation and waste accumulation would lead to inevitable cell death.



Systems for Culture Medium Re-use

Driven by economical motives, re-use of medium was first described in 1977 by adding fresh nutrient supplements to used medium (Mizrahi and Avihoo, 1977). However, due to the accumulation of waste products, the medium could only be re-used once. A second re-use caused cell death. To overcome this issue, other cell culture systems were developed in which medium was dialyzed to remove waste products. In addition, dialysis could be used to harvest cell products such as antibodies (Adamson et al., 1983). The principle of dialysis relies on the exclusion of molecules based on their size (Figure 2C). Fresh medium contains low molecular weight (MW) molecules such as nutrients, amino acids, and vitamins. Depending on the chosen MW cut-off, the dialysis membrane allows for exchange of those molecules. In this way waste products can diffuse out of the culture medium while nutrients and vitamins diffuse back in. High MW components such as growth factors are retained in the medium compartment.
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FIGURE 2. (A) Several approaches for co-culture medium optimization have been tested, such as mixed medium, supplemented medium, and fluidically partitioned culture environments. (B) The culture medium volume has an influence on the concentration of the cell secretome. (C) The principle of dialysis of culture medium relies on the size of the components in the medium. Depending on the chosen MW cut-off, the dialysis membrane allows for exchange of low MW proteins, amino acids, vitamins, lactate, and ammonium while high MW components such as growth factors, are retained in cell culture insert.


The first dialysis system cultures were rather complex and large. For example, a bioreactor was developed using a 5 liter medium vessel coupled to a 2 liter perfusion system (Büntemeyer et al., 1992). Several fluid streams were connected to control waste removal, medium recycling, and nutrient supply. For the elimination of toxic waste products, a hollow fiber microfiltration system was used while nutrients were supplied by adding concentrated solutions. Most previous studies focused on mass production, generally using large scale reactors (Chen et al., 2011; Nath et al., 2017). Recently, a simpler dialysis culture system was presented that does not require the use of pumps and vessels (Shinohara et al., 2019). A deep well culture plate including an insert with a dialysis membrane was used (Figure 2C). Successful and continuous glucose supply and lactate removal through the dialysis membrane were shown. The retaining of cytokines and autocrine factor enabled to promote endodermal differentiation of induced pluripotent stem cells (iPSCs) without daily cytokine addition. This dialysis system for re-using culture medium still is not frequently applied and mainly used for proliferation and differentiation processes of (costly) iPSCs studies (Côme et al., 2008; Nath et al., 2017; Shinohara et al., 2019). Use of these dialysis systems in other cell culturing fields requires optimization. For example, the size of medium components should be known and taken into account as high MW proteins, which are also found in FBS, will not be able to cross the dialysis membrane. In our opinion, medium dialysis could not only reduce culture costs, it could also contribute to a more physiological environment for cell proliferation and differentiation. This would especially be true for co-cultures where the interaction between different cell types is investigated, by retaining the communication factors produced by the cells.




IMPLEMENTATION OF BIOSENSORS

Combining biology and technology advances cell culturing at a rapid pace. Addition of biosensors to cell cultures is one of these beneficial combinations. Biosensors show potential for monitoring of the microenvironments in in vitro systems and aim at providing real-time information regarding cell viability, growth and metabolism (Pereira Rodrigues et al., 2008; Modarres et al., 2018; Young et al., 2019). For example, on-line measurement of dissolved oxygen was applied for medium optimization of mammalian cell cultures (Deshpande et al., 2004). An oxygen sensor immobilized at the bottom of each well in a 96 wells plate was successfully used to optimize the concentration of glucose, glutamine and inorganic salts. This method was highly cost effective and time efficient, automatically analyzing many samples in one go in small medium volumes.

In order to maintain cell viability, experimental validity and reproducibility, it is essential that metabolite levels are maintained within physiological limits (Place et al., 2017). For example, fluctuations in oxygen and glucose concentration can affect cell growth, differentiation and signaling (Place et al., 2017). Multiplexed sensing, recording, and processing of real-time data could provide novel insights into the optimal nutrients and culture conditions needed to grow cells (Young et al., 2019). Furthermore, real-time data analytics can be used to respond to changes in culture conditions in a closed feedback loop, adjusting inputs to obtain desired results (Young et al., 2019). Sensors could provide help in determining the status of the cell culture. For example, medium composition can be tracked for the CS as a stem cell differentiates to determine how differentiation is progressing. Accordingly, growth factors can be removed or added to encourage further differentiation (Young et al., 2019).

It needs to be mentioned that while the technology is available, not many user-friendly and affordable techniques have been implemented into in vitro tissue cultures. Particularly techniques developed for continuous detection of biomolecules at low physiological concentrations require thorough understanding of electrochemistry, electrical engineering, and/or optics. Implementation will require a closer collaboration between researchers of different fields, willing to combine each other’s expertise, requirements, and possibilities.



CONCLUSION

Investigating cell-cell interactions through CSs requires complex tissue cultures where different cell types are being co-cultured. Co-culturing asks for a highly specific environment meeting the requirements of all involved cell types and therefore requires a great deal of optimizing. Advances in this field bring us closer to in vitro models that can be used to study physiological and pathological cell-cell interactions and will allow for the development of drugs that interact with cells. We highly recommend to reconsider today’s method of complete medium exchange to provide a more physiological environment to the cells. Combining current in vitro culturing techniques with existing technological inventions such as dialysis and biosensors could lead toward the goal of developing more complex, reproducible, nature-like in vitro tissue models.



AUTHOR CONTRIBUTIONS

MV and SH contributed to the conception of the review. MV wrote the first draft of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



FUNDING

The authors gratefully acknowledge the financial support for MV and SH by the research program TTW with project number TTW 016.Vidi.188.021, which is financed by the Dutch Organization for Scientific Research (NWO).



ACKNOWLEDGMENTS

The authors gratefully acknowledge Professor Menno Prins and Paul Vernooij for sharing their knowledge on biosensors and for their contribution to the discussions about implementation of biosensors in the cell biology field.



REFERENCES

Adamson, S. R., Fitzpatrick, S. L., Behie, L. A., Gaucher, G. M., and Lesser, B. H. (1983). In vitro production of high titre monoclonal antibody by hybridoma cells in dialysis culture. Biotechnol. Lett. 5, 573–578. doi: 10.1007/BF00130835

Boyce, B. F., and Xing, L. (2007). The RANKL/RANK/OPG pathway. Curr. Osteoporos. Rep. 5, 98–104. doi: 10.1007/s11914-007-0024-y

Büntemeyer, H., Wallerius, C., and Lehmann, J. (1992). Optimal medium use for continuous high density perfusion processes. Cytotechnology 9, 59–67. doi: 10.1007/BF02521732

Caddeo, S., Boffito, M., and Sartori, S. (2017). Tissue engineering approaches in the design of healthy and pathological in vitro tissue models. Front. Bioeng. Biotechnol. 5:40. doi: 10.3389/fbioe.2017.00040

Chen, G., Gulbranson, D. R., Hou, Z., Bolin, J. M., Ruotti, V., Probasco, M. D., et al. (2011). Chemically defined conditions for human iPSC derivation and culture. Nat. Methods 8, 424–429. doi: 10.1038/nmeth.1593

Churm, R., Dunseath, G. J., Prior, S. L., Thomas, R. L., Banerjee, S., and Owens, D. R. (2019). Development and characterization of an in vitro system of the human retina using cultured cell lines. Clin. Experiment. Ophthalmol. 47, 1055–1062. doi: 10.1111/ceo.13578

Coll, M., Perea, L., Boon, R., Leite, S. B., Vallverdú, J., Mannaerts, I., et al. (2018). Generation of hepatic stellate cells from human pluripotent stem cells enables in vitro modeling of liver fibrosis. Cell Stem Cell 23, 101.e7–113.e7. doi: 10.1016/j.stem.2018.05.027

Côme, J., Nissan, X., Aubry, L., Tournois, J., Girard, M., Perrier, A. L., et al. (2008). Improvement of culture conditions of human embryoid bodies using a controlled perfused and dialyzed bioreactor system. Tissue Eng. Part C Methods 14, 289–298. doi: 10.1089/ten.tec.2008.0029

Deshpande, R. R., Wittmann, C., and Heinzle, E. (2004). Microplates with integrated oxygen sensing for medium optimization in animal cell culture. Cytotechnology 46, 1–8. doi: 10.1007/s10616-004-6401-9

DesRochers, T. M., Holmes, L., O’Donnell, L., Mattingly, C., Shuford, S., O’Rourke, M. A., et al. (2015). Macrophage incorporation into a 3D perfusion tri-culture model of human breast cancer. J. Immunother. Cancer 3(Suppl. 2):P401. doi: 10.1186/2051-1426-3-S2-P401

Eagle, H. (1959). Amino acid metabolism in mammalian cell cultures. Science 130, 432–437. doi: 10.1126/science.130.3373.432

Esch, M. B., Smith, A. S. T., Prot, J.-M., Oleaga, C., Hickman, J. J., and Shuler, M. L. (2014). How multi-organ microdevices can help foster drug development. Adv. Drug Deliv. Rev. 6, 158–169. doi: 10.1016/j.addr.2013.12.003

Fu, J., Fernandez, D., Ferrer, M., Titus, S. A., Buehler, E., and Lal-Nag, M. A. (2017). RNAi high-throughput screening of single- and multi-cell-type tumor spheroids: a comprehensive analysis in two and three dimensions. SLAS Discov. Adv. Life Sci. RD 22, 525–536. doi: 10.1177/2472555217696796

Glacken, M. W., Fleischaker, R. J., and Sinskey, A. J. (1986). Reduction of waste product excretion via nutrient control: possible strategies for maximizing product and cell yields on serum in cultures of mammalian cells. Biotechnol. Bioeng. 28, 1376–1389. doi: 10.1002/bit.260280912

Goers, L., Freemont, P., and Polizzi, K. M. (2014). Co-culture systems and technologies: taking synthetic biology to the next level. J. R. Soc. Interface 11:20140065. doi: 10.1098/rsif.2014.0065

Gstraunthaler, G. (2003). Alternatives to the use of fetal bovine serum: serum-free cell culture. ALTEX 20, 275–281.

Guzmán, R., Nardecchia, S., Gutiérrez, M. C., Ferrer, M. L., Ramos, V., del Monte, F., et al. (2014). Chitosan scaffolds containing calcium phosphate salts and rhBMP-2: in vitro and in vivo testing for bone tissue regeneration. PLoS One 9:e87149. doi: 10.1371/journal.pone.0087149

Haynesworth, S. E., Baber, M. A., and Caplan, A. I. (1996). Cytokine expression by human marrow-derived mesenchymal progenitor cells in vitro: effects of dexamethasone and IL-1 alpha. J. Cell. Physiol. 166, 585–592. doi: 10.1002/(sici)1097-4652(199603)166:3<585::aid-jcp13>3.0.co;2-6

Holloway, E. M., Capeling, M. M., and Spence, J. R. (2019). Biologically inspired approaches to enhance human organoid complexity. Dev. Camb. Engl. 146:dev166173. doi: 10.1242/dev.166173

Holmes, A., Brown, R., and Shakesheff, K. (2009). Engineering tissue alternatives to animals: applying tissue engineering to basic research and safety testing. Regen. Med. 4, 579–592. doi: 10.2217/rme.09.26

Jalili-Firoozinezhad, S., Gazzaniga, F. S., Calamari, E. L., Camacho, D. M., Fadel, C. W., Bein, A., et al. (2019). A complex human gut microbiome cultured in an anaerobic intestine-on-a-chip. Nat. Biomed. Eng. 3, 520–531. doi: 10.1038/s41551-019-0397-0

Jessup, C. M., Kassen, R., Forde, S. E., Kerr, B., Buckling, A., Rainey, P. B., et al. (2004). Big questions, small worlds: microbial model systems in ecology. Trends Ecol. Evol. 19, 189–197. doi: 10.1016/j.tree.2004.01.008

Katagiri, W., Sakaguchi, K., Kawai, T., Wakayama, Y., Osugi, M., and Hibi, H. (2017). A defined mix of cytokines mimics conditioned medium from cultures of bone marrow-derived mesenchymal stem cells and elicits bone regeneration. Cell Prolif. 50:e12333. doi: 10.1111/cpr.12333

Krüger-Genge, A., Fuhrmann, R., Jung, F., and Franke, R. P. (2015). Morphology of primary human venous endothelial cell cultures before and after culture medium exchange. Clin. Hemorheol. Microcirc. 61, 151–156. doi: 10.3233/CH-151992

Langenbach, F., and Handschel, J. (2013). Effects of dexamethasone, ascorbic acid and β-glycerophosphate on the osteogenic differentiation of stem cells in vitro. Stem Cell Res. Ther. 4:117. doi: 10.1186/scrt328

Langer, R., and Vacanti, J. P. (1993). Tissue engineering. Science 260, 920–926. doi: 10.1126/science.8493529

Lee, Y. X. F., Johansson, H., Wood, M. J. A., and El Andaloussi, S. (2019). Considerations and implications in the purification of extracellular vesicles - A cautionary tale. Front. Neurosci. 13:1067. doi: 10.3389/fnins.2019.01067

Lin, Y., Huang, S., Zou, R., Gao, X., Ruan, J., Weir, M. D., et al. (2019). Calcium phosphate cement scaffold with stem cell co-culture and prevascularization for dental and craniofacial bone tissue engineering. Dent. Mater. Off. Publ. Acad. Dent. Mater. 35, 1031–1041. doi: 10.1016/j.dental.2019.04.009

Liu, Y., Chan, J. K. Y., and Teoh, S.-H. (2015). Review of vascularised bone tissue-engineering strategies with a focus on co-culture systems. J. Tissue Eng. Regen. Med. 9, 85–105. doi: 10.1002/term.1617

Lotvall, J., and Valadi, H. (2007). Cell to cell signalling via exosomes through esRNA. Cell Adhes. Migr. 1, 156–158. doi: 10.4161/cam.1.3.5114

Marolt Presen, D., Traweger, A., Gimona, M., and Redl, H. (2019). Mesenchymal stromal cell-based bone regeneration therapies: from cell transplantation and tissue engineering to therapeutic secretomes and extracellular vesicles. Front. Bioeng. Biotechnol. 7:352. doi: 10.3389/fbioe.2019.00352

Martins, M., Ribeiro, D., Martins, A., Reis, R. L., and Neves, N. M. (2016). Extracellular vesicles derived from osteogenically induced human bone marrow mesenchymal stem cells can modulate lineage commitment. Stem Cell Rep. 6, 284–291. doi: 10.1016/j.stemcr.2016.01.001

Mizrahi, A., and Avihoo, A. (1977). Growth medium utilization and its re-use for animal cell cultures. J. Biol. Stand. 5, 31–37. doi: 10.1016/0092-1157(77)90016-6

Modarres, H. P., Janmaleki, M., Novin, M., Saliba, J., El-Hajj, F., RezayatiCharan, M., et al. (2018). In vitro models and systems for evaluating the dynamics of drug delivery to the healthy and diseased brain. J. Controlled Release 273, 108–130. doi: 10.1016/j.jconrel.2018.01.024

Nath, S. C., Nagamori, E., Horie, M., and Kino-Oka, M. (2017). Culture medium refinement by dialysis for the expansion of human induced pluripotent stem cells in suspension culture. Bioprocess Biosyst. Eng. 40, 123–131. doi: 10.1007/s00449-016-1680-z

Oze, H., Hirao, M., Ebina, K., Shi, K., Kawato, Y., Kaneshiro, S., et al. (2012). Impact of medium volume and oxygen concentration in the incubator on pericellular oxygen concentration and differentiation of murine chondrogenic cell culture. In Vitro Cell. Dev. Biol. Anim. 48, 123–130. doi: 10.1007/s11626-011-9479-3

Ozturk, S. S., Jorjani, P., Taticek, R., Lowe, B., Shackleford, S., Ladehoff-Guiles, D., et al. (1997). “Kinetics of glucose metabolism and utilization of lactate in mammalian cell cultures,” in Animal Cell Technology: From Vaccines to Genetic Medicine, eds M. J. T. Carrondo, B. Griffiths, and J. L. P. Moreira (Dordrecht: Springer Netherlands), 355–360. doi: 10.1007/978-94-011-5404-8_56

Ozturk, S. S., Riley, M. R., and Palsson, B. O. (1992). Effects of ammonia and lactate on hybridoma growth, metabolism, and antibody production. Biotechnol. Bioeng. 39, 418–431. doi: 10.1002/bit.260390408

Paschos, N. K., Brown, W. E., Eswaramoorthy, R., Hu, J. C., and Athanasiou, K. A. (2015). Advances in tissue engineering through stem cell-based co-culture. J. Tissue Eng. Regen. Med. 9, 488–503. doi: 10.1002/term.1870

Paul, J. (1975). Cell and Tissue Culture, 5th Edn. Edinburgh, NY: Churchill Livingstone.

Pereira Rodrigues, N., Sakai, Y., and Fujii, T. (2008). Cell-based microfluidic biochip for the electrochemical real-time monitoring of glucose and oxygen. Sens. Actuators B Chem. 132, 608–613. doi: 10.1016/j.snb.2007.12.025

Place, T. L., Domann, F. E., and Case, A. J. (2017). Limitations of oxygen delivery to cells in culture: an underappreciated problem in basic and translational research. Free Radic. Biol. Med. 113, 311–322. doi: 10.1016/j.freeradbiomed.2017.10.003

Robertson, G., Bushell, T., and Zagnoni, M. (2014). Chemically induced synaptic activity between mixed primary hippocampal co-cultures in a microfluidic system. Integr. Biol. 6, 636–644. doi: 10.1039/C3IB40221E

Robin, M., Almeida, C., Azaïs, T., Haye, B., Illoul, C., Lesieur, J., et al. (2016). Involvement of 3D osteoblast migration and bone apatite during in vitro early osteocytogenesis. Bone 88, 146–156. doi: 10.1016/j.bone.2016.04.031

Rossi, E., Mracsko, E., Papadimitropoulos, A., Allafi, N., Reinhardt, D., Mehrkens, A., et al. (2018). An in vitro bone model to investigate the role of triggering receptor expressed on myeloid cells-2 in bone homeostasis. Tissue Eng. Part C Methods 24, 391–398. doi: 10.1089/ten.TEC.2018.0061

Russell, W. M. S., and Burch, R. L. (1959). The Principles of Humane Experimental technique. London: Methuen & Co, 86–97.

Saadeldin, I. M., Elsayed, A., Kim, S. J., Moon, J. H., and Lee, B. C. (2015). A spatial model showing differences between juxtacrine and paracrine mutual oocyte-granulosa cells interactions. Indian J. Exp. Biol. 53, 75–81.

Saadeldin, I. M., Kim, S. J., Choi, Y. B., and Lee, B. C. (2014). Improvement of cloned embryos development by co-culturing with parthenotes: a possible role of exosomes/microvesicles for embryos paracrine communication. Cell. Reprogramming 16, 223–234. doi: 10.1089/cell.2014.0003

Salamanna, F., Borsari, V., Brogini, S., Giavaresi, G., Parrilli, A., Cepollaro, S., et al. (2016). An in vitro 3D bone metastasis model by using a human bone tissue culture and human sex-related cancer cells. Oncotarget 7, 76966–76983. doi: 10.18632/oncotarget.12763

Sasaki, H., Enomoto, J., Ikeda, Y., Honda, H., Fukuda, J., and Kato, R. (2016). Comparisons of cell culture medium using distribution of morphological features in microdevice. J. Biosci. Bioeng. 121, 117–123. doi: 10.1016/j.jbiosc.2015.05.011

Schulze, S., Wehrum, D., Dieter, P., and Hempel, U. (2018). A supplement-free osteoclast-osteoblast co-culture for pre-clinical application. J. Cell. Physiol. 233, 4391–4400. doi: 10.1002/jcp.26076

Shimomura, A., Iizuka-Kogo, A., Yamamoto, N., and Nomura, R. (2016). A lower volume culture method for obtaining a larger yield of neuron-like cells from mesenchymal stem cells. Med. Mol. Morphol. 49, 119–126. doi: 10.1007/s00795-015-0131-2

Shinohara, M., Choi, H., Ibuki, M., Yabe, S. G., Okochi, H., Miyajima, A., et al. (2019). Endodermal differentiation of human induced pluripotent stem cells using simple dialysis culture system in suspension culture. Regen. Ther. 12, 14–19. doi: 10.1016/j.reth.2019.05.004

Simão, V. A., Evangelista-Ribeiro, C. P., Brand, H., Lagass-Pereira, L., Marques, L. F., Benites-Aoki, P. H., et al. (2019). Metabolic and proliferation evaluation of human adipose-derived mesenchymal stromal cells (ASC) in different culture medium volumes: standardization of static culture. Biologicals 62, 93–101. doi: 10.1016/j.biologicals.2019.08.006

Skaper, S. D., and Facci, L. (2018). Central Nervous System Neuron-Glia co-Culture Models and Application to Neuroprotective Agents. Methods Mol. Biol. Clifton NJ 1727, 63–80. doi: 10.1007/978-1-4939-7571-6_5

Slivac, I., Blajiæ, V., Radoševiæ, K., Kniewald, Z., and Gaurina Srèek, V. (2010). Influence of different ammonium, lactate and glutamine concentrations on CCO cell growth. Cytotechnology 62, 585–594. doi: 10.1007/s10616-010-9312-y

Strikoudis, A., Cieślak, A., Loffredo, L., Chen, Y.-W., Patel, N., Saqi, A., et al. (2019). Modeling of fibrotic lung disease using 3D organoids derived from human pluripotent stem cells. Cell Rep. 27, 3709.e5–3723.e5. doi: 10.1016/j.celrep.2019.05.077

Takasato, M., and Little, M. H. (2017). Making a kidney organoid using the directed differentiation of human pluripotent stem cells. Methods Mol. Biol. Clifton NJ 1597, 195–206. doi: 10.1007/978-1-4939-6949-4_14

Takeyama, S., Yoshimura, Y., Deyama, Y., Sugawara, Y., Fukuda, H., and Matsumoto, A. (2001). Phosphate decreases osteoclastogenesis in coculture of osteoblast and bone marrow. Biochem. Biophys. Res. Commun. 282, 798–802. doi: 10.1006/bbrc.2001.4652

Thomson, J. A., Itskovitz-Eldor, J., Shapiro, S. S., Waknitz, M. A., Swiergiel, J. J., Marshall, V. S., et al. (1998). Embryonic stem cell lines derived from human blastocysts. Science 282, 1145–1147. doi: 10.1126/science.282.5391.1145

Valadi, H., Ekström, K., Bossios, A., Sjöstrand, M., Lee, J. J., and Lötvall, J. O. (2007). Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 9, 654–659. doi: 10.1038/ncb1596

van der Valk, J., Bieback, K., Buta, C., Cochrane, B., Dirks, W. G., Fu, J., et al. (2018). Fetal bovine serum (FBS): past - present - future. ALTEX 35, 99–118. doi: 10.14573/altex.1705101

van Niel, G., D’Angelo, G., and Raposo, G. (2018). Shedding light on the cell biology of extracellular vesicles. Nat. Rev. Mol. Cell Biol. 19, 213–228. doi: 10.1038/nrm.2017.125

Venter, C., and Niesler, C. (2018). A triple co-culture method to investigate the effect of macrophages and fibroblasts on myoblast proliferation and migration. BioTechniques 64, 52–58. doi: 10.2144/btn-2017-0100

Wang, Y. I., Oleaga, C., Long, C. J., Esch, M. B., McAleer, C. W., Miller, P. G., et al. (2017). Self-contained, low-cost Body-on-a-Chip systems for drug development. Exp. Biol. Med. 242, 1701–1713. doi: 10.1177/1535370217694101

Yoshimura, Y., Kikuiri, T., Hasegawa, T., Matsuno, M., Minamikawa, H., Deyama, Y., et al. (2017). How much medium do you use for cell culture? Medium volume influences mineralization and osteoclastogenesis in vitro. Mol. Med. Rep. 16, 429–434. doi: 10.3892/mmr.2017.6611

Young, A. T., Rivera, K. R., Erb, P. D., and Daniele, M. A. (2019). Monitoring of Microphysiological systems: integrating sensors and real-time data analysis toward autonomous decision-making. ACS Sens. 4, 1454–1464. doi: 10.1021/acssensors.8b01549

Zhang, C., Bakker, A. D., Klein-Nulend, J., and Bravenboer, N. (2019). Studies on osteocytes in their 3D native matrix versus 2D in vitro models. Curr. Osteoporos. Rep. 17, 207–216. doi: 10.1007/s11914-019-00521-1

Zhang, C., Zhao, Z., Abdul Rahim, N. A., van Noort, D., and Yu, H. (2009). Towards a human-on-chip: culturing multiple cell types on a chip with compartmentalized microenvironments. Lab. Chip 9, 3185–3192. doi: 10.1039/b915147h

Zhu, S., Ehnert, S., Rouß, M., Häussling, V., Aspera-Werz, R. H., Chen, T., et al. (2018). From the clinical problem to the basic research—co-culture models of osteoblasts and osteoclasts. Int. J. Mol. Sci. 19:E2284. doi: 10.3390/ijms19082284

Zielke, H. R., Sumbilla, C. M., Sevdalian, D. A., Hawkins, R. L., and Ozand, P. T. (1980). Lactate: a major product of glutamine metabolism by human diploid fibroblasts. J. Cell. Physiol. 104, 433–441. doi: 10.1002/jcp.1041040316


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Vis, Ito and Hofmann. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Impact of Culture Medium on Cellular Interactions in in vitro Co-culture Systems



		INTRODUCTION: IN VITRO TISSUE MODELS



		CO-CULTURES WITH THE APPLICATION FOR IN VITRO TISSUE MODELS



		GENERAL CONSIDERATIONS REGARDING CULTURE MEDIUM IN CO-CULTURES



		Selecting Culture Medium Composition



		The Effect of Culture Medium Volume







		THE EFFECT OF MEDIUM EXCHANGE ON CELL-CELL INTERACTIONS



		Waste Accumulation Problem



		Systems for Culture Medium Re-use







		IMPLEMENTATION OF BIOSENSORS



		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/fbioe-08-00911-g002.jpg
A  culture medium composition B culture medium volume

Q& S

..

['] =X [.] =2x

=

2%%%

mixed supplemented partitioned e cell secretome

¢ dialysis principle *
lactate C?_')
" ammonium +gro wth*
—_—

dialysis
! membrane






OPS/images/cover.jpg



OPS/images/fbioe-08-00911-g001.jpg
A

B

direct co-culture

e T

=

in-direct co-culture

(1) transwell system

a cell type A
. cell type B

(I1) conditioned medium

-

rd
g
Neee oo

/'OT“Q?

-









OPS/images/logo.jpg
' frontiers
in Bioengineering and Biotechnology





