[image: image1]On the quest of reliable 3D dynamic in vitro blood-brain barrier models using polymer hollow fiber membranes: Pitfalls, progress, and future perspectives

		REVIEW
published: 22 November 2022
doi: 10.3389/fbioe.2022.1056162


[image: image2]
On the quest of reliable 3D dynamic in vitro blood-brain barrier models using polymer hollow fiber membranes: Pitfalls, progress, and future perspectives
Marián Mantecón-Oria1,2, María J. Rivero1, Nazely Diban1,2* and Ane Urtiaga1,2
1Departamento de Ingenierias Química y Biomolecular, Universidad de Cantabria, Santander, Spain
2Instituto Marqués de Valdecilla (IDIVAL), Santander, Spain
Edited by:
Jinglong Tang, Qingdao University, China
Reviewed by:
Liming Wang, Institute of High Energy Physics (CAS), China
Wenting Cheng, Qingdao University, China
* Correspondence: Nazely Diban, dibann@unican.es
Specialty section: This article was submitted to Nanobiotechnology, a section of the journal Frontiers in Bioengineering and Biotechnology
Received: 28 September 2022
Accepted: 07 November 2022
Published: 22 November 2022
Citation: Mantecón-Oria M, Rivero MJ, Diban N and Urtiaga A (2022) On the quest of reliable 3D dynamic in vitro blood-brain barrier models using polymer hollow fiber membranes: Pitfalls, progress, and future perspectives. Front. Bioeng. Biotechnol. 10:1056162. doi: 10.3389/fbioe.2022.1056162

With the increasing concern of neurodegenerative diseases, the development of new therapies and effective pharmaceuticals targeted to central nervous system (CNS) illnesses is crucial for ensuring social and economic sustainability in an ageing world. Unfortunately, many promising treatments at the initial stages of the pharmaceutical development process, that is at the in vitro screening stages, do not finally show the expected results at the clinical level due to their inability to cross the human blood-brain barrier (BBB), highlighting the inefficiency of in vitro BBB models to recapitulate the real functionality of the human BBB. In the last decades research has focused on the development of in vitro BBB models from basic 2D monolayer cultures to 3D cell co-cultures employing different system configurations. Particularly, the use of polymeric hollow fiber membranes (HFs) as scaffolds plays a key role in perfusing 3D dynamic in vitro BBB (DIV-BBB) models. Their incorporation into a perfusion bioreactor system may potentially enhance the vascularization and oxygenation of 3D cell cultures improving cell communication and the exchange of nutrients and metabolites through the microporous membranes. The quest for developing a benchmark 3D dynamic in vitro blood brain barrier model requires the critical assessment of the different aspects that limits the technology. This article will focus on identifying the advantages and main limitations of the HFs in terms of polymer materials, microscopic porous morphology, and other practical issues that play an important role to adequately mimic the physiological environment and recapitulate BBB architecture. Based on this study, we consider that future strategic advances of this technology to become fully implemented as a gold standard DIV-BBB model will require the exploration of novel polymers and/or composite materials, and the optimization of the morphology of the membranes towards thinner HFs (<50 μm) with higher porosities and surface pore sizes of 1–2 µm to facilitate the intercommunication via regulatory factors between the cell co-culture models of the BBB.
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1 INTRODUCTION
In recent years, the percentage of patients that suffer from neurological diseases is getting higher, being recognized as one of the major causes of death and disability worldwide (Feigin, 2019). Thus, the development of new therapies and effective drug pharmaceuticals targeted to Central Nervous System (CNS) illnesses is critical (He et al., 2014; Di and Kerns, 2015). The blood-brain barrier (BBB), which is a dynamic and complex structure that separates the CNS from the circulatory system, plays an important role in the understanding of CNS physiology and pharmacokinetic studies (Stanness et al., 1997). It is constituted by different types of cells as can be seen in Figure 1. Among them, the most important are the human brain microvascular endothelial cells (HBMECs), linked by complex tight junctions, that regulates the exchange of nutrients, oxygen, ions, and metabolites between the circulating blood (apical side) and the extracellular fluids of the nervous tissue (basolateral side) in the CNS (Mantecón-Oria et al., 2020). The endothelial cells are surrounded by a basement membrane and astrocytic perivascular end-feet, which provide architectural support for neurons. Figure 1 also shows microglia cells and pericytes. Particularly, some studies have suggested that astrocytes play a key role in the development and function of the brain by regulating the phenotype of endothelial cells through the control of cell–cell communication via soluble factors (Chandrasekaran et al., 2016). Among these soluble factors, the transforming growth factor-β (TGFβ), the glial-derived neurotrophic factor (GDNF), and the basic fibroblast growth factor (bFGF) can induce BBB endothelial cells phenotype to enhance in vitro BBB reconstruction (Abbott et al., 2006). Moreover, astrocytes regulate the exchange of molecules in and out from the brain that control and modulate the neurotoxic effects, and maintain brain homeostasis (Peng et al., 2013; Daneman and Prat, 2015). This restrictive barrier is achieved by the high expression of tight junctional proteins like claudins (e.g., claudin-3, claudin-5) and cytoplasmatic occludens proteins (ZOs), as well as the junctional and the endothelial selective adhesion molecules (JAMs and ESAMs, respectively), involved in the formation and maintenance of the tight junctions (Abbott et al., 2006). Additionally, the Ca2+-dependent serine protein kinase (CASK) acts as a second messenger for BBB regulation activity binding the intramembrane proteins. Parallelly, tight junctions are intermingled with the adherens junctions in BBB endothelial cells. These adherens junctions, located more basally, are composed by catenins and cadherins proteins contributing to the barrier function and connecting the actin cytoskeleton. Among them, the most important is the vascular endothelial cadherin (VE-cadherin) (Long et al., 2022). The molecular composition of the endothelial tight junctions is also presented in Figure 1. The restrictive mass transport of BBB is essential for the control of CNS homeostasis of the brain microenvironment, neuronal function and activity, and for the isolation of the nervous tissue from potentially noxious substances as toxins or pathogens (Santaguida et al., 2006; Zhao et al., 2021).
[image: Figure 1]FIGURE 1 | Structural diagram of the blood-brain barrier and its cellular constituents. The BBB is formed by capillary endothelial cells surrounded by a basement membrane and astrocytes end-feet. It is also constituted by neurons, pericytes and microglia cells. A detail of the brain endothelial cells unions, i.e., tight and adherens junctions, namely as junctional complex is presented.
Apart from BBB structure, it is important to know how the routes of the substances across the BBB and its regulation (Figure 2). Active and passive transcellular transport are the main mechanisms by which the molecules can enter the brain through the BBB. The active transcellular transport includes mass transport mechanisms such as carrier-mediated transport, efflux pumps, receptor-mediated transport, and adsorptive transcytosis (Di and Kerns, 2015; Curley and Cady, 2018). The carrier-mediated transport enables different molecules such as glucose (GLUTs), nucleosides, and large neutral amino acid transporters (LATs) to cross the cell membrane to the brain via substrate-specific transporters. Remarkably, GLUT-1 and LAT-1 transporters are bidirectional moving in or out of the endothelial cells by the concentration gradient, being the GLUT-1 transporter the primary source of energy for the brain (Sweeney et al., 2019). A battery of ATP-driven drug efflux pumps, i.e., ATP-binding cassette transporters (ABCs) such as P-glycoprotein (P-gp), breast cancer resistance proteins (BCRPs), and multidrug resistance proteins (MRPs), prevents brain accumulation of drugs and xenobiotics via active efflux of these compounds from the brain or endothelial cells to the blood (Wong et al., 2013; Long et al., 2022). Then, some lipoproteins as insulin and transferrin penetrate the brain through receptors-mediated transcytosis. Otherwise, some plasma proteins can be transported by adsorptive transcytosis due to the presence of cations in their chemical structure. In passive mechanisms, the transcellular transport supports the diffusion of small lipid-soluble agents through the large surface area of the lipid membranes of the endothelial cells. Interestingly, drug delivery of organophilic molecules across the BBB mainly follows a transcellular lipophilic pathway (Abbott et al., 2006). In contrast, water-soluble molecules such as polar drugs should follow a paracellular transport, which is impeded by the presence of tight junctions. Finally, small ions (Ca2+, Na+, K+, Cl−) can cross the BBB through ion channels (Wong et al., 2013). All these mechanisms are represented in Figure 2. More information regarding relevant aspects of the structure and regulation mechanisms of the blood-brain barrier were further expanded in other review articles (Di and Kerns, 2015; Hladky and Barrand, 2016; Sweeney et al., 2019; Lochhead et al., 2020; Gosselet et al., 2021).
[image: Figure 2]FIGURE 2 | Schematic illustration of the principal pathways for molecular traffic across the BBB. It includes the active transport by the carriers-mediated, the efflux pumps, the receptors-mediated and the adsorptive transcytosis. The passive transport includes the transcellular diffusion of lipophilic molecules across the BBB, and the paracellular transport of hydrophilic molecules. The tight junctions between the endothelial cells prevent several molecules from easily crossing the BBB. Finally, ion transport is achieved by ion channels. Some representative molecular substances following each type of mechanism are also presented in the scheme.
It is widely reported that BBB dysfunction and the loss of structural integrity leads to the progression of a great number of neurological diseases such as Alzheimer, Parkinson, epilepsy, multiple sclerosis, and brain cancer (Stanness et al., 1997; Cucullo et al., 2008; Chen et al., 2021). For instance, the multiple sclerosis as chronic neuropathology involves an early step of BBB breakdown with the downregulation of laminin in the basement membrane and selective loss of claudin-1 and claudin-3 that precedes neuronal damage (Abbott et al., 2006). In contrast, the Parkinson’s disease is consistent with the dysfunction of the BBB by the reduction of the P-gp efficacy. Unfortunately, most of the promising therapeutic approaches to combat the neurological diseases fail to show the expected results since most of the drugs are not able to cross the BBB representing a critical hurdle for diseases treatment. The BBB is so effective that nearly the 100% of large molecule neurotherapeutics and more than the 98% of small molecule drugs are blocked from entering the brain, also preventing the use of imaging techniques for the diagnosis of neurodegenerative diseases (Pardridge, 2005). Therefore, the understanding of the human brain physiology and the mechanisms of drug administration and liberation, is essential to create and optimize new methods aiming at the opening of the BBB to improve drug permeability, and for the comprehension of the progression of CNS illnesses (Stanness et al., 1997; Neuhaus et al., 2006; Ferber, 2007).
Over the last years, advances in the development of novel functional materials and nanotechnology for tissue engineering (TE) aim at contributing to the study and mitigation of the effects of neurodegenerative diseases in an ageing world. TE approach relies on cellular seeding and proliferation supported in scaffolds, i.e., biopolymeric membranes with specific features, that ultimately produce an engineered organ or tissue constructs (Diban and Stamatialis, 2014; Diban et al., 2017; Morelli et al., 2021; Cheng et al., 2022). These biopolymeric membranes can then be implemented into a perfusion bioreactor that provides mechanical stimuli, mass transfer and oxygenation in 3D cell cultures (Diban et al., 2018). Because of the complexity of the in vivo BBB structure, simplified in vitro BBB models have been used to gain knowledge into designing biochemical strategies to allow the temporarily opening of the BBB for the efficient delivery of drugs to the CNS, and saving costs in pre-screening and experimental studies (Santaguida et al., 2006; Mahaffey, 2012; He et al., 2014). The assessment of the BBB formation and its integrity in engineered in vitro models consider different structural, microenvironmental and functional aspects that were previously reported (Bhalerao et al., 2020; Williams-Medina et al., 2021; Jagtiani et al., 2022). These include the formation of tight cellular junctions (Machado, 2012; Banerjee et al., 2016; Destefano et al., 2018), and the expression of BBB markers such as von Willebrand Factor (vWF) and the protein cluster of endothelial cell differentiation 31 (CD31) (Löscher and Potschka, 2005; Gil-Martins et al., 2020). The use of super-resolution imaging techniques as environmental scanning electron microscope (ESEM), structured illumination microscopy (SIM), stimulated emission depletion (STED) microscopy, and single molecule localization microscopy (SMLM) enables imaging tight and adherens junctions at the nanoscale, which appear as a network of contact points between extracellular claudins, occludins, and other transmembrane proteins (Destefano et al., 2018; Gonschior et al., 2020). In the same way, the cell viability and junction proteins expression can be evaluated by immunocytochemistry using light-phase/confocal imaging (Jagtiani et al., 2022). Moreover, the transendothelial electrical resistance (TEER), which is a non-invasive technique that measures the electrical impedance across the monolayer of endothelial cells (ECs) forming the BBB and its paracellular tightness, is continuously monitored (Srinivasan and Kolli, 2019; Neuhaus, 2021; Jagtiani et al., 2022). The transepithelial permeability and paracellular markers (e.g., dextran, mannose, sucrose, bovine serum albumin, immunoglobulin) are also evaluated (Natarajan et al., 2017; Bhalerao et al., 2020; Williams-Medina et al., 2021), as well as the cellular metabolism as nutrients consumption and metabolites production (Janigro et al., 2000; Cucullo et al., 2002), and the microenvironmental conditions (e.g., extracellular matrix (ECM), shear stress and cell sources) (Bischel et al., 2016; Linville and Searson, 2021). Specifically, the wall shear stress in 3D models can be determined by particle imaging velocimetry, analyzing how fluorescent beads move in the perfusion culture media, or by calculating the flow rate in the system (Destefano et al., 2018). The dynamic monitorization of some of the parameters mentioned above can serve as benchmark to validate the in vitro BBB model formation.
This article will be focused on unveiling the state-of-art of the in vitro BBB models most used nowadays: 1) Transwell inserts as static model, and 2) microfluidic devices and flow-based hollow fiber systems as dynamic models. Particularly, we will analyze the use of dynamic perfusion bioreactor systems that utilize polymeric hollow fiber membranes (HFs) as scaffolds for successfully mimicking the physiological environment, and to gain insights into the influence of different HFs properties, such as the polymeric materials used, the morphological features (pore size, porosity, thickness … ) and other performing properties (permeability, nutrients transport, TEER measurements … ), for the development of reliable 3D dynamic in vitro (DIV)-BBB models. Moreover, the main benefits and downsides of using hollow fiber perfusion bioreactors for DIV-BBB models will be collected, and some guidelines will be hinted as the main novelty of this work to help further investigations and direct future strategic advances in the design of 3D DIV-BBB flow-based hollow fiber models.
2 IN VITRO BBB MODELS OVERVIEW
2.1 Static cell culture models
The development of in vitro BBB models was initiated with static cell monolayer cultures and 2D static cocultures in flat Transwell systems (DeBault and Cancilla, 1980; Audus and Borchardt, 1986; Dehouck et al., 1994; Daniels et al., 2013), and has evolved over time. Transwell systems (Figure 3A) comprised two compartments separated by a semipermeable plastic membrane in which vertical diffusion occurs. This basic in vitro BBB culture model involves the growth of a monolayer of ECs in the luminal side of the Transwell flat insert membrane, which represents the “capillary blood”, whereas the well in which it is inserted represents the “brain” or abluminal side where astroglia cells are cultured (Jagtiani et al., 2022). In these Transwell systems, endothelial and astroglia cells can be in contact or not. In the noncontact models, astroglia cells grow on the bottom of the culture plate, whereas in the contact models, they grow in the opposite side of the Transwell membrane (Cai et al., 2021).
[image: Figure 3]FIGURE 3 | (A) Scheme of a Transwell cell coculture contact model divided by a flat microporous membrane. ECs are seeded on the luminal side of the membrane (upper chamber) and astrocytes on the abluminal side (bottom chamber). The diffusion of compounds occurs side-by-side across the membrane. It is presented a picture of a Corning™ Transwell™ multiple well plate with permeable polyester membrane inserts provided by Fisher Scientific (Thermo Fisher Scientific, 2022). (B) TEER values achieved in a Transwell coculture model of BAEC and C6 glia cells for 21 days, and (C) cell metabolism expressed through glucose consumption (mmol/day) and lactate production (mmol/day). The ratio between the lactate production and the glucose consumption is around two demonstrating an anaerobic metabolic pathway for cells cultured under static conditions. *, p < 0.05 refers to a statistically significant metabolic increase and **, p < 0.05 represents the statistically significant differences between glucose consumption and lactate production. Both graphs has been reprinted with permission from (Santaguida et al., 2006).
Different semipermeable membrane materials have been studied in Transwell devices. In 1994, Dehouck et al. (1994) reported the ability of rat astrocytes, cultured in plate membrane inserts (Millicell-CM, Millipore Corp.) made of hydrophilic polytetrafluoroethylene (PTFE) of 0.4 µm pore size, to modulate bovine brain capillary endothelial cells expression. Other similar works used Transwell filters (Corning Inc.) with 0.4 µm pore size membrane inserts made of polycarbonate (PC) (McAllister et al., 2001), or polyester (PE) (Perrière et al., 2007). Afterwards, Daniels et al. (2013), used PTFE Transwell inserts (BD Falcon) with 3 µm pore size for trans-BBB immune migration assays improving drugs passage. These models provide a simply, low-cost, and well-established methodology able to replicate confluent monolayer of cells, and basic cell cocultures to allow preliminary studies of transporter kinetics, permeability, and drug screening (Perrière et al., 2005; Perrière et al., 2007; Yao and Tsirka, 2011). Moreover, a rapid and non-destructive measurement of TEER can be achieved with values around 150 Ω cm2, sufficient to perform drug permeability studies (He et al., 2014; Neuhaus, 2021). For instance, Santaguida et al. (2006) studied a cell coculture model of bovine aortic endothelial (BAEC) and C6 rat glial tumor cell line differentiated towards astrocytes using traditional Transwell inserts with a PE membrane and analyzed important parameters, e.g., TEER values, glucose consumption and lactate production, sucrose paracellular marker and phenytoin drug permeability. The values achieved for TEER measurements were around 60 Ω cm2 (Figure 3B). In terms of cell metabolism, lactate production was 2-folding the glucose consumption, indicating the preferential anaerobic metabolism of cells (Figure 3C). In overall, these observations showed that in Transwell models the tissue oxygenation was compromised and moreover, with these membrane inserts, it is impossible to reach TEER values close to in vivo ones, e.g., 1,200 Ω cm2 for brain arterial vessels (Banerjee et al., 2016), and 5,000 Ω cm2 for human BBB (Srinivasan and Kolli, 2019). Furthermore, these systems provide 2D structures and static cell culture conditions which do not accurately mimic the in vivo microenvironment (e.g., lack of shear stress generated by the flow of blood in the lumen of the brain microvascular vessels), and exhibit several limitations such as low barrier tightness and efflux functionality, high cell membrane permeability, and lack of 3D cellular organization and cell-to-cell contact, which need to be overcome (Prashanth et al., 2021).
2.2 Dynamic cell culture models
To solve that issues, dynamic cell culture systems have raised to BBB models much closer to clinical relevance, and high throughput devices for better predictions and drug screening. Dynamic cell culture models introduce shear stress mimicking physiological conditions, which heavily affects the barrier and transport function of the BBB as well as the expression of tight junctions (He et al., 2014). Among these, there are two types that have received increasing attention during the last years: 1) microfluidic devices, and 2) DIV-BBB flow-based hollow fiber models.
Microfluidic miniaturized device models (Figure 4) comprise of two distinct compartments with specific patterned microchannels crossing each other perpendicularly that allow dynamic flow to create shear stress mimicking well the BBB environment, and enable the assessment of permeability (Nguyen et al., 2018; McNamara et al., 2021; Prashanth et al., 2021). A flat microporous membrane is located between the chambers to allow the co-culture of astrocytes and ECs by seeding them on either side of the membrane using flowing cell suspensions (Jagtiani et al., 2022). Choublier et al. (2021) used a polyethylene terephthalate (PET) semipermeable membrane with 0.4 µm pore size instead of a usual PC membrane observing a favorable differentiation of human cerebral microvascular endothelial (hCMEC/D3) cells. The microfluidic chips are usually fabricated by soft lithography, 3D printing or laser patterning techniques with several materials such as PC, polyetherimide (PEI), silicon, glass, and so on. However, the most commonly used material is polydimethylsiloxane (PDMS) (Mofazzal Jahromi et al., 2019), which is widely employed because of its low cost, easy fabrication, good optical transparency, high flexibility, gas permeability and relative biocompatibility (Hosic et al., 2021; Dai et al., 2022). However, these microfluidic models are still unsuitable for high-throughput studies due to the lack of standardized protocols for important parameters assessment and quantification, the complexity of technically demanding fabrication and its high costs (Jagtiani et al., 2022). Thus, microfluidic miniaturized device models require highly skilled research and laboratories for the design of a standard mold or protocol to obtain success in high-throughput microfluidic devices. Finally, as it happened in Transwell models, these systems exhibit several limitations in terms of recapitulating morphology, metabolism and expression profiles of cells as well as 3D cellular organization, working most of the studies in 2D configuration because of the intrinsic geometry of microfluidic devices (He et al., 2014; Coluccio et al., 2019; Pang et al., 2021). In this regard, many efforts have been driven to develop 3D extracellular matrix on microfluidic systems for specific applications, e.g., neural stem cells differentiation and regeneration, organoids-on-a-chip, and in brain, liver and cancer models (Wang et al., 2017; Mofazzal Jahromi et al., 2019; Zhao et al., 2021; Dai et al., 2022).
[image: Figure 4]FIGURE 4 | Schematic illustration of a microfluidic device system composed of two microchannels. These microchannels with specific patterns cross each other perpendicularly and are separated by a flat porous membrane to allow cell co-culture. The system could incorporate some electrodes to help with the TEER measurement at both sides of the membrane. A picture of a home-made microfluidic device in plate format configuration encompassing six conditions in parallel is also presented (Choublier et al., 2021).
On the other hand, DIV-BBB flow-based hollow fiber models mainly consist of a dynamic perfusion bioreactor with a variable number of HFs (Figure 5A). The HFs act as capillary-like structures and permit 3D cell cocultures, supporting cell growth, proliferation, and differentiation until the in vitro reconstruction of the tissue (Santaguida et al., 2006). Therefore, these devices mimic the tubular vascular macrostructure and provides the tangential flow of the culture media through the lumen of the HFs with a soft perfusion or convective mass transport of nutrients, biomolecules, and regulatory factors through the membrane wall (Diban and Stamatialis, 2014; Diban et al., 2018). The HFs are encased in a housing shell creating two chambers: 1) the luminal side corresponding to the inner of the HFs, and 2) the outer space around the HFs named as abluminal side. The endothelial cells are cultured in the luminal side of the HFs developing a morphology close to the in situ 3D structures, while glia or neural cells, which provide differentiation factors enhancing BBB formation, are cultured in the external surface of the HFs (Santaguida et al., 2006; Cucullo et al., 2011). A media reservoir can be connected to the DIV-BBB system to pump the culture medium to the luminal and abluminal side of the HF perfusion bioreactor system, using a silicone gas-permeable tubing, which allows the exchange of oxygen and carbon dioxide (CO2) with the external environment before entering the HFs module (Figure 5A). The culture medium flows constantly through the lumen of the HFs, which ensures the mass transfer and exchange of nutrients (e.g., glucose and oxygen), the removal of metabolites produced (e.g., lactate and retinoic acid), and provides mechanical stimuli to the cells. This mechanical stimulus or shear stress promotes cell growth inhibition, metabolic changes in terms of intracellular bioenergetic pathway (aerobic or anaerobic), the activation of a number of cellular mechanosensors that transduce physical stimuli into biochemical signals, and triggers cellular differentiation (Neuhaus et al., 2006; Cucullo et al., 2008; Cucullo et al., 2013). Therefore, this system takes advantage of the exposure to variable and desired levels of pressure and/or shear stress in a pulsatile mode of pumping in comparison to some rotation-based flow devices, where shear stress gradients appear, and static cell cultures without flow perfusion (Neuhaus et al., 2006; Santaguida et al., 2006). Additionally, the HF perfusion bioreactor contains accessible ports to facilitate the cell seeding and sampling, as well as multiple electrodes for TEER measurement, which can be optionally added to indirectly assess the BBB reconstruction. Finally, the DIV-BBB system is placed in an incubator with a 95% of humidified atmosphere and 5% of CO2 at 37°C. The CO2 is needed as part of the media buffer system to regulate the pH and the specific incubator conditions are required to avoid cell cultures desiccation and optimal environment for cell growth (Janigro et al., 2000).
[image: Figure 5]FIGURE 5 | (A) DIV-BBB flow-based hollow fiber model, where ECs cells are cultured in the lumen of the HFs and astrocytes in the abluminal side. The HFs are sealed inside the perfusion bioreactor. The pulsatile pump uses silicone gas-permeable tubing to continuously supply fresh culture media in the perfusion bioreactor. It can be seen a picture of a commercial DIV-BBB module of medium size consisting of polysulfone HFs provided by Fiber Cell Systems (FiberCell Systems, 2022). (B) TEER values achieved in a 19 polypropylene HFs DIV-BBB model of BAEC and C6 glia cells for 21 days, and (C) cell metabolism expressed through glucose consumption (mmol/day) and lactate production (mmol/day). The ratio between the lactate production and the glucose consumption is around one demonstrating an aerobic metabolic pathway for cells cultured under dynamic conditions. *, p < 0.05 represents the statistically significant difference between glucose consumption and lactate production. Both graphs has been reprinted with permission from (Santaguida et al., 2006).
Interestingly, Santaguida et al. (2006) highlighted the significant increase of TEER values (651 ± 27 Ω cm2) when BAEC and C6 cells were cocultured in DIV-BBB systems (Figure 5B) in comparison to Transwell models (57 ± 3 Ω cm2, Figure 3B). Moreover, the aerobic metabolic pathway of the cells was reflected by the 1:1 ratio of glucose consumption and lactate production (Figure 5C) by the consequent improved oxygen supply to the cells of DIV-BBB systems. In addition, other works have demonstrated the efficiency of these DIV-BBB models in vitro BBB reconstruction by reaching TEER values as high as 1,200 Ω cm2 in the case of using human origin cocultures of endothelial cells and astrocytes (Cucullo et al., 2007; Cucullo et al., 2008), emerging the DIV-BBB systems as good candidates for the development of reliable in vitro BBB models and being its development highly recommended (Neuhaus, 2021). Thus, it can be claimed that in terms of biological relevance, 3D DIV-BBB culture systems are superior to 2D Transwell coculture systems.
3 HOLLOW FIBER MEMBRANES AS CELL SUPPORT IN DIV-BBB SYSTEMS
The role of HF membranes is key for the engineered in vitro DIV-BBB models. HFs must have the adequate morphological and mechanical features to simulate the ECM and to provide physicochemical cues for modulating cellular fate and differentiation. It is known that in vitro 2D static cell cultures, a layer of more than 100 µm could not be supported because of the restriction of diffusive mass transfer as happens in the development of 3D engineered organs or tissues (Eghbali et al., 2016). In this regard, the HFs actuate as an artificial vascular network in the DIV-BBB models avoiding hypoxic and necrotic conditions and ensuring constant supply of nutrients to the cells (Diban and Stamatialis, 2014). Moreover, the high and interconnected porosity of the HF walls protects cells from shear stress and is required to provide cell-to-cell contact in cocultures (Janke et al., 2013; Morelli et al., 2017a; Morelli et al., 2021). Therefore, the polymer selection and the tuning of the morphological and physicochemical properties of the HFs are critical to ensure mass transfer by diffusion and/or convection of the perfused culture medium and intercommunication via regulatory factors between endothelial cells and astrocytes co-cultures in the luminal and abluminal side, and finally, to recapitulate in vivo BBB functionality. Thus, Table 1 collects an overview of the different characteristics of the hollow fiber membranes used in DIV-BBB flow-based models so far.
TABLE 1 | Overview and characteristics of the hollow fiber membranes used in DIV-BBB flow-based models.
[image: Table 1]Table 2 shows the experimental conditions and major findings for cell culture models developed on the DIV-BBB flow-based systems presented in Table 1. It presents the assessment of the metabolism behavior of cells examined by nutrients consumption (i.e., glucose), and metabolites production (i.e., lactate), the typical molecular paracellular tracers to study the permeability across the BBB, and the intracarotid infusion of mannitol, a cell-impermeable and non-toxic polyalcohol that reversibly damages the BBB in vivo, to disrupt the BBB and to enable the passage of chemotherapeutic medicines (e.g., methotrexate) (Marchi et al., 2010; Cucullo et al., 2013). Furthermore, the permeability and TEER values are collected as well as the conditions of shear stress used in the cell cocultures.
TABLE 2 | Cell culture conditions and measured variables in the in vitro studies performed in the DIV-BBB flow-based models.
[image: Table 2]As shown in Table 1, DIV-BBB HF models were first developed in 1997 by Stanness et al. (1997), who engineered a dynamic and tridimensional BBB model using HFs made of polypropylene (PP) with a surface pore size of 0.5 µm. The cell coculture of BAECs and C6 cells exhibited similar features to the in vivo BBB conditions, including a firm barrier to some ions and proteins, the formation of tight junctions, and high TEER values (Table 2). Albeit the study supported the hypothesis that endothelial-glial cell cocultures were required to induce a viable BBB, it did not reproduce all the in-situ BBB properties. Since then, huge efforts have been made to improve DIV-BBB models, mainly focused in the source of cell lines used (Banerjee et al., 2016; Bhalerao et al., 2020), but less common in the characteristics of the perfusion bioreactor system and the hollow fiber membranes used as scaffold for cell support (Williams-Medina et al., 2021; Jagtiani et al., 2022).
3.1 Membrane materials and processing techniques
Regarding the HFs nature and materials, it is important to mention that the hydrophilic/hydrophobic character of the polymeric HFs and the surface wettability can lead to determine the fate of cell anchorage and the proliferation by changing the degree of contact between cellular receptors and the physiologic environment (Mantecón-Oria et al., 2022). The traditional HF materials most widely employed in commercial DIV-BBB systems are PP (Table 1), which hydrophobicity nature inhibits the cellular adhesion capacity since they do not allow the adsorption of proteins and other biomolecules (Machado, 2012; Morelli et al., 2021). Polysulfone (PS) HFs synthetized by wet spinning have also been reported for this application (Ciechanowska et al., 2016). They incorporated PS HFs in a tailor-made perfusion bioreactor where HUVEC cells were cultured to recreate in vitro human blood vessels and to study different pathophysiological mechanisms (Table 2). The PS offers good chemical resistance in physiological conditions, and acts as semi-permeable membrane with adaptable porosity allowing high transmembrane mass transport (Dufresne et al., 2013). However, PS is also a hydrophobic polymer with similar behavior for cell adhesion and spreading as PP. Morelli et al. (2016) developed polyacrylonitrile (PAN) HF membranes using the dry-jet wet spinning technique with polyvinylpyrrolidone (PVP) as pore-former. PAN HFs exhibited high mechanical resistance and hydraulic permeability providing an improvement in the mass transfer and maintaining SH-SY5Y cells survival in the membrane bioreactor for the in vitro reconstruction of a neuronal network (Table 2). In this work, the water contact angle of 67.5° indicated the hydrophilic character of these PAN HFs. It was reported that the optimum contact angle for cell attachment is ∼64° with a decrease in cell adhesion on very hydrophilic or very hydrophobic surfaces (Bajaj et al., 2014). Morelli et al. (2017b), Morelli et al. (2019) also reported the successful incorporation of poly (L-lactic acid) (PLLA) micro-hollow fiber membranes on a perfusion bioreactor system mimicking the CNS microenvironment. PLLA was selected due to its biodegradable nature being one of the most promising biopolymers for neural tissue engineering as well as is approved for human clinical applications (Yang et al., 2005; Saini et al., 2016). More recently, Moya et al. (2020) reported the use of commercial polyvinylidene fluoride (PVDF) hollow fibers assembled in a two molded PDMS structures to in vitro BBB formation (Table 1). The high electrocapacitive feature of PVDF has the potential to convert mechanical, thermal, or magnetic signals into electrical ones interesting for biomedical applications (Costa et al., 2013; Martins et al., 2014). However, the hydrophobic character of PVDF is also limiting the adhesion of cells. To favor the cell adhesion over hydrophobic HFs, authors coated the HF internal surface with ECM molecules, such as fibronectin (Ciechanowska et al., 2016), and externally with poly-D-lysine (PDL) or poly-L-lysine (PLL) (Morelli et al., 2016) to favor endothelial adhesion and neuronal or astrocytic growth, respectively (Table 1). The employment of these adhesive molecules implies an increment in the cost and experimental complexity associated with the development of these models. Outstandingly, Morelli et al. (2017b), Morelli et al. (2019) did not use any surface coating over the PLLA HFs for promoting the growth and differentiation of SH-SY5Y cells toward a neuronal phenotype (Table 1 and Table 2).
The role of the polymer materials can also go beyond cell adhesion interactions. Interestingly, the use of additives, polymers blends, and surface functionalization of the polymeric HFs has received increasing attention with the purpose of improving its bioactivity for tissue engineering applications (Stratton et al., 2016; Tolou et al., 2021; Yang et al., 2022). Among these alternatives, graphene-based nanomaterials (GBNs) have been explored in drug delivery, diagnostics, cancer therapy and tissue engineering applications (Shin et al., 2016; Kumar et al., 2021). In particular, the incorporation of GBNs has demonstrated outstanding results for neural and nerve regeneration having the capacity of inducing cellular differentiation (Sánchez-González et al., 2018a; Gupta et al., 2019; Girão et al., 2020), as well as changing the electrical and mechanical properties, and the degradation rates of the composite scaffolds (Sánchez-González et al., 2018b). Some works report on the higher electrical properties of these nanomaterials and the physicochemical features as the characteristics that could enhance this cellular differentiation (Sánchez-González et al., 2018a; Luong-Van et al., 2020). Meanwhile, other works reported the enhanced adsorption of PLL proteins due to the presence of GBNs on polycaprolactone (PCL)-gelatin electrospun nanofibers (Girão et al., 2020) causing and improvement in neural cell differentiation. Similarly, Mantecón-Oria et al. (2022) recently pointed to the chemical structural defects in reduced graphene oxide (rGO) and graphene oxide (GO) nanomaterials, and the protein adsorption mechanisms as the most plausible cause conferring distinctive properties to PCL/GBN membranes for the promotion of astrocytic differentiation (Figure 6). Remarkably, this study suggested that the lower adsorption of bovine serum albumin (BSA) globular protein on PCL/rGO and PCL/GO flat membranes could enhance the adsorption of other proteins such as fibronectin, laminin or vitronectin promoting a direct linkage between the cellular receptors to the membrane surface and triggering astrocytic differentiation. Other works reinforce this hypothesis showing the protein adsorption as a competitive process on biomaterials surface (Kumar and Parekh, 2020). Therefore, a critical analysis of the type of protein corona on different membrane substrates can guide the design of novel and functional scaffolds.
[image: Figure 6]FIGURE 6 | Defective graphene-based nanomaterials uniformly dispersed in PCL flat membrane surface significantly favored cell anchorage and astrocytic differentiation via chemical structural defects and protein selective adsorption. Confocal images depict the morphological analysis of C6 cells stained with Phalloidin-FITC and differentiated towards astrocytes on PCL/rGO and PCL/GO flat membranes. The total protein adsorption of BSA model protein and cell culture media (DMEM +10% FBS) on PCL and PCL/GBN flat membranes is also presented. Statistical significance with respect to PCL (*p < 0.05; **p < 0.01). Reprinted with permission from (Mantecón-Oria et al., 2022), Creative Commons Attribution 4.0 International License.
It is well known that the mechanical properties of the scaffolds significantly impact on cell activity and maintenance of tensional homeostasis, on driving cell–material interactions, and on regulating and guiding the formation of new tissues (Morelli et al., 2015; Salerno et al., 2020). Regarding the mechanical properties’ requirements for engineered scaffolds, soft biomaterials such as hydrogels could favor the organization and function of tissues, particularly neural ones, since its values of stiffness are in the scale of kPa, which matches better with the mechanical properties of the native tissues (Vedadghavami et al., 2017; Li et al., 2018). In comparison, the reported polymer HFs used in DIV-BBB models (Table 1) exhibit mechanical properties in the range of MPa. For instance, PLLA HFs had a Young modulus of 78.8 ± 4.7 MPa and an ultimate tensile strength of 1.8 ± 0.1 MPa (Morelli et al., 2017b; Morelli et al., 2019) whereas these values were 17.34 ± 0.79 MPa and 1.65 ± 0.03 MPa for PCL HFs (Mantecón-Oria et al., 2020), and 123.7 ± 19.7 MPa and 4.38 ± 0.15 MPa for PP HFs, respectively (Yan et al., 2019). Nevertheless, they provide more adequate structural stability and slow degradation rates preserving the mechanical properties in vitro over time than hydrogels (Zadpoor, 2015).
With respect to the processing of the materials, the HFs for DIV-BBB models are mostly synthetized using melt (such as commercial PP HFs) and wet spinning. For instance, Mantecón-Oria et al. (2020) developed a polymeric composite membrane of PCL and a multilayered graphene produced by mechanical exfoliation method (G) to obtain PCL/G hollow fibers by phase inversion (Figure 7A). During the membrane synthesis, the presence of graphene enlarged the pore size up to 0.89 ± 0.08 µm, a feature that significantly enlarged water permeability, and the electrical conductivity of PCL/G HFs compared to PCL HFs. It is of particular interest that in the PCL/G HFs the cell adhesion was relatively satisfactory without applying any surface coating despite the hydrophobic character of PCL. The biocompatibility assay with HUVEC and C6 cells revealed that PCL/G HFs significantly increased C6 cells adhesion and differentiation towards astrocytes while produced a cytotoxic effect on the endothelial cell line. These results agree with previous studies that demonstrated the large integration of HUVEC cells with the internal surface of PCL HFs forming vascular-like structures for the fabrication of a vascularized human liver tissue (Figure 7B) (Salerno et al., 2020). Similarly, the development of poly (lactic-co-glycolic acid) (PLGA) blends with PCL was previously presented as potential scaffolds for the development of small-caliber vascular grafts (Diban et al.,2013a; Diban et al., 2013b). Therefore, it was deemed that the HFs should be designed as a dual-layer HF consisting of a PCL/G layer in the outer surface for C6 culture and a PCL substrate in the lumen for endothelial cells culture with the purpose of being incorporated in DIV-BBB flow-based hollow fiber models.
[image: Figure 7]FIGURE 7 | (A) Schematic representation of an ideal BBB model considering the differentiation of C6 cells towards astrocytes in the outer surface of the HF and the seeding of HUVECs in the lumen. The scheme depicted the cross-section and outer surface ESEM images of the PCL/G HFs with an average surface pore size of 0.89 µm. The representative confocal image shows the study of astrocyte differentiation for 72 h on PCL/G scaffolds where cells reduced their nuclear size and presented numerous cytoplasmic projections (Mantecón-Oria et al., 2020). (B) Scheme of a 3D human hepatic tissue model in a HF perfusion bioreactor by culturing human hepatocytes over and between a bundle of seven PCL HFs, and endothelial cells cultured in the lumen of the HFs. Scanning electron microscopy (SEM) images show the cross-section and lumen surface of the PCL HF membranes as well as the HUVEC cells cultured in the lumen of the HFs after 18 days. The confocal image shows the HUVEC differentiation in elongated cells and tube- and ring-like structures resembling capillary features, and expressing the CD31 in red (Salerno et al., 2020).
It has been extensively established that topography and roughness can provide different physical and chemical cues to influence cellular responses (Guo et al., 2017; Lee et al., 2018; Palmieri et al., 2020). In this regard, electrospinning techniques result as one of the better options for creating scaffolds that imitate the ECM simulating the in vivo microenvironment and giving topographical and biophysical cues that regulate cellular morphogenesis (Park et al., 2016; Guo et al., 2019). Among the investigations made on this topic, Morelli et al. (2017b), Morelli et al. (2019) synthetized PLLA polymeric membranes by coaxial electrospinning with an external pore size of 0.36 ± 0.14 µm and a porosity of 46 ± 7%. This membrane configuration provided guidance cues to direct cell orientation and enhanced neural cell differentiation.
Furthermore, some 3D printing techniques are emerging using different natural and thermoplastic polymers and composites, to obtain higher mechanical resistance and functionality on BBB models (Bhalerao et al., 2020; Jagtiani et al., 2022). However so far, the different printing techniques have only been utilized in microfluidic devices. For instance, a porous PCL/PLGA vasculature network was recently synthetized by freeze-coating to explore drug BBB toxicology and permeability, and cell interactions (Yue et al., 2020). Nevertheless, the TEER of the reconstructed endothelial layer is relatively low (40–120 Ω cm2) compared to in vivo values.
Finally, the intrinsic lack of transparency of the commercial HFs limits the intraluminal observation of the ECs making impossible to analyze the cell morphology and phenotypic changes in situ at real time (Machado, 2012). Trying to improve the commercial HF membrane opacity, some works introduced the HFs with cultured cells in a mineral oil for a few minutes, then the hollow fibers became transparent and could be visualized by confocal or light microscopy (Williams-Medina et al., 2021). Similarly, (Zakharova et al., 2021) reported the fabrication of porous PDMS membranes for enabling live-cell imaging and phase-contrast microscopy without the need of fluorescent markers whereas (Moya et al., 2020) dipped the PVDF HFs in PDMS to achieve the optical transparency. Nevertheless, the PDMS impregnated the pores of the HFs and did not allow the passage of nutrients and the interconnectivity between the cells, so it is not useful to obtain a reliable in vitro BBB model. Thus, increasing attempts are being made to automate cell profiling by microscope assessment, a non-invasive method to track the development of the in vitro BBB models’ progress and enable the identification of important biomarkers inside and on the surface of the HFs.
3.2 Membrane morphology
Referring to morphological features, a large pore size in combination with a high porosity and a low thickness of the HF membranes are the most important parameters to promote successful physical and biochemical cell interactions between abluminal and luminal side of the hollow fiber perfusion bioreactor. Ideally, these characteristics should suit the cells cocultured physiological dimensions without compromising the HFs mechanical properties.
Regarding to the thickness of the membranes, the values indicated in Table 1 ranged from 150 to 280 µm for commercial PP and PVDF HFs, and are much larger than the values reported for in vivo capillary blood vessels, which have a wall thickness of 1 µm (Müller et al., 2008). The coaxial electrospun membranes synthetized by Morelli et al. (2017b); Morelli et al. (2019) are outstanding innovations because they achieved a reduction in the internal lumen diameter up to 75 μm, and a wall thickness of only 3.4 ± 0.7 µm (Table 1). This microtube conformation offered not only indirect perfusion to SH-SY5Y cells in the laminar flow regime promoting long-term growth and neuronal orientation and differentiation (Morelli et al., 2017b), but also a successful tool as investigational platform to screen new molecules and delay the progression of neurological disorders (Morelli et al., 2019). Similar results were proposed by Ciechanowska et al. (2016) obtaining a wall thickness of 45 µm in the HFs synthetized by wet spinning (Table 1). This work evaluated the metabolic changes by applying high shear stress in the lumen of the HFs obtaining that HUVEC cells consumed 1.5 times more glucose and produced 2.3 times more lactate in comparison to static cell cultures (Table 2), and the partial pressure of oxygen dissolved in the culture medium was close to the noted in the arterial blood in vivo. These works explored the ability of small HFs to promote neuronal and endothelial cell differentiation, but they did not study the effect of membrane thinning and did not perform cell cocultures for in vitro BBB studies. It is well-known that the astroglia release short-lived soluble growth factors that would not be able to reach the endothelial cell monolayer if it was seeded on a membrane thickness of more than 100 µm (Banerjee et al., 2016; Zidarič et al., 2022). Furthermore, large membrane thickness prevents the direct contact between cells cocultured if considering that the astroglia projections are around 37 and 98 µm in length, in rodents and humans, respectively (Oberheim et al., 2009). Overall, a HF membrane thickness lower than 50 µm will be required to promote cell interactions in cocultures.
The pore size of the HFs must permit the permeability of paracellular markers, the exchange of cell-secreted growth factors, the transport of different molecular size of drugs, nutrients, and cell-to-cell contact. As shown in Table 1, most of the works reported a transcapillary pore size in the HFs below 0.5 µm. In particular, commercial PP HFs with average pore size of 0.5 µm have been most widely employed in DIV-BBB systems as an attempt to favor the exchange of oxygen and carbon dioxide enhancing cell oxygenation and enabling the permeation of solutes, some proteins and the culture medium (Janigro et al., 2000; Di and Kerns, 2015). For Transwell models, it has been demonstrated that the area, pore size and composition of the membrane inserts used can alter the in vitro barrier integrity (Prashanth et al., 2021). Remarkably, Stone et al. (2019) compared 0.4 and 3 µm pore size PET membrane inserts (Corning Inc.) coated with collagen and found higher TEER values with the larger one as well as an improvement in the connection and communication between endothelial cells, astrocytes and pericytes, which resulted in greater barrier integrity. Additionally, some studies performed in Transwell systems evidenced that the astroglia projections of cells cultured on flat membranes with 0.4 µm pore size blocked the pores and prevented the physical contact of astrocyte foot processes with the ECs as well as the passage of soluble factors (Shayan et al., 2011; Banerjee et al., 2016). Moreover, several research groups used 1 μm pore size in Transwell membranes as they were suitable for permeability studies (Kuo and Lu, 2011; Neuhaus et al., 2011). Consequently, the formation of bigger pores in the HFs is mandatory to enable the physical contact between the astrocytic foot-processes and the endothelial cells across the fiber wall as well as the permeation of critical compounds. However, high pore size may produce undesirable cell extravasation across the compartments as was reported by Wuest et al. (2013) where pores of 3 μm and 8 μm in Transwell membrane inserts promoted the migration of cells in the membrane wall, building a second monolayer of endothelial cells, whereas with a 1 μm of pore diameter cells were not able to migrate through the pores. In DIV-BBB HF models, Cucullo et al. (2011) increased the transcapillary pores of a commercial PP HFs from 0.5 to 2–4 µm by mechanical piercing with a density of 100 pores per cm2 in the outer surface of the HFs (Table 1), to study the immune cell traffic across the BBB. Although the higher pore size favor the extravasation of immune cells trough the BBB, the permeability of sucrose (3.16·10−6 cm s−1), phenytoin (6.75·10−5 cm s−1), and diazepam (6.88·10−3 cm s−1) (Table 2) was still higher than in vivo reported data (1.00·10−7 cm s−1 for sucrose, 1.08·10−5 cm s−1 for phenytoin, and 2.20·10−4 cm s−1 for diazepam, respectively) (Santaguida et al., 2006; Heymans et al., 2018). These results are congruent with optimum 1–2 µm pore size observed for Transwell studies to avoid endothelial cells extravasation. Additionally, the high HF thickness of 200 ± 45 µm could reduce the exchange of regulatory factors and the contact between the HBMEC and the HA cells cocultured making the cell barrier less restrictive.
3.3 BBB recapitulation and functional assessment related with HFs properties and system
Results presented in Table 2 for DIV-BBB HF models exhibit great variability in terms of the cell source employed, the assessment of cell morphology and its metabolism, the methodology used to measure substances permeability, TEER values, and shear stress. Some of the presented studies examined the long-term effects of drugs on BBB formation (Stanness et al., 1999; Neuhaus et al., 2006; Morelli et al., 2016), others studied the kinetics of transendothelial drugs trafficking (Stanness et al., 1997; Krizanac-Bengez et al., 2003; Cucullo et al., 2008; Cucullo et al., 2011; Ciechanowska et al., 2016; Moya et al., 2020), the BBB disruption by mannitol (Santaguida et al., 2006; Cucullo et al., 2007, 2013), or the cell differentiation and relationships between astrocytes and endothelial cells in the development of the BBB (McAllister et al., 2001; Cucullo et al., 2002; Parkinson et al., 2003; Morelli et al., 2017b; Morelli et al.,2019).
Glucose consumption and lactate production are usually monitored during the dynamic experiment as well as the microscopic study of the cell morphology (Table 2). Additionally, to evaluate the BBB functionality, some studies measured the permeability of some molecular tracers trough this barrier, e.g., sucrose, aspartate, phenytoin, or diazepam. However, many other studies analyzed the activity of specific chemicals and drugs in the DIV-BBB model. For example, Morelli et al. (2016), developed a successful neuronal in vitro model to test the effect of the carotenoid crocin on Aβ-mediated toxicity associated to Alzheimer’s disease, maintaining their functionality up to 2 weeks (Table 2). They studied the water filtration of PAN HFs with a wall thickness of 138 µm and molecular weight cut-off of 490 kDa (Table 1), showing a hydraulic permeance of 146 L m−2 h−1 bar−1 that permitted sufficient supply of nutrients in the extracapillary space by perfusion.
The HF perfusion bioreactor introduces shear stress mimicking physiological conditions and may potentially enhance the vascularization and oxygenation of 3D cell cultures (Wung et al., 2014; Morelli et al., 2021). Commonly, the shear stress applied in DIV-BBB hollow fiber models is 4 dyne cm−2 (Table 2) which emulates the circulation of blood pressure in vivo (Cucullo et al., 2013; He et al., 2014). By applying these flow conditions in the intraluminal space, TEER values between 400 and 1,200 Ω cm2 were recorded (Table 2) depending on the experimental conditions used.
Furthermore, the use of different types of cells of the BBB will be important to create physiologically realistic models that closely resemble the heterogeneous in vivo circumstances. Specifically, the highest TEER values (>1,100 Ω cm2) reported in Table 2 were obtained when cocultures of human endothelial and astrocytic cells were used, therefore imitating better the in vivo human BBB (Cucullo et al., 2007; Cucullo et al., 2008). Nevertheless, the DIV-BBB hollow fiber models collected in Table 2 still presented much lower TEER values than the 5,000 Ω cm2 reported for human BBB tissues (Banerjee et al., 2016; Srinivasan and Kolli, 2019).
After the critical analysis of the literature reporting DIV-BBB HF models, in view of the variability in the experimental procedures used and the diversity of the studies performed, comparing the results obtained and assessing the importance of each parameter is complicated. Nevertheless, analyzing Table 1 and Table 2 together, the high thickness and small pore size of the commercial HFs seem to explain to some extent the failure in realistically reproduce immune transmigration and transendothelial cell trafficking, as well as the low transport of regulatory factors, nutrients, and metabolites between ECs and astrocytes co-cultured.
4 SWOT ANALYSIS OF DIV-BBB FLOW-BASED HOLLOW FIBER MODELS
In recent years several efforts have been made to make progresses for a benchmark BBB model technology. Despite cell morphology and phenotype on in vitro 2D Transwell models significantly differ from the in vivo cells, it seems that the 2D coculture on Transwell systems is still the most widely in vitro model used nowadays due to the robustness, flexibility, and cost-effectiveness.
Meanwhile, the DIV-BBB models exhibit interesting strengths (Table 3) over Transwell systems. For instance, DIV-BBB models have significantly higher TEER values and lower permeability coefficients than Transwell models achieving an asymmetric distribution of glucose consumption similarly to that reported in vivo (Janke et al., 2013). It means that the tightness of the BBB model created by the DIV-BBB hollow fiber systems is more stringent than the static 2D models. This is generally associated with the capacity of these systems to closely mimic the anatomy and hemodynamic conditions of brain capillaries.
TABLE 3 | Summary of the SWOT analysis to get DIV-BBB systems as commercial gold-standards.
[image: Table 3]Additionally, DIV-BBB hollow fiber models are easily scalable, tunable, and low-cost. The synthesis of HFs is a well stablished technology at industrial scale with competitive costs. Besides, the tubular configuration of the HFs and its small diameter provides high compactness with large surface area to bioreactor volume ratio (30 cm2 cm−3) that allows high cell expansion densities (Diban and Stamatialis, 2014; Eghbali et al., 2016; Morelli et al., 2021), and facilitates the quantitative monitorization of pharmacokinetic studies (Cadwell and Whitford, 2017; Morelli et al., 2021). On the other hand, these systems can also be easily scale down towards high-throughput devices. Other strong point on DIV-BBB models is related to the ability to be used for a long-term once the BBB have been recapitulated. This capacity permits the study of administering different drugs and biochemical agents into the intraluminal or extraluminal compartments (Santaguida et al., 2006) avoiding the interexperimental variability over time. Finally, these dynamic in vitro systems can be also beneficial for other cell cultures and for research, e.g., predicting pharmacokinetics/pharmacodynamics targeted to infectious diseases (Tanudra, 2018), guiding hepatic differentiation of human mesenchymal stem cells (Piscioneri et al., 2018), mimicking skin vascularization (Perez Esteban et al., 2019), and recreating liver tissue (Salerno et al., 2020).
Despite all the above advantages of DIV-BBB flow-based hollow fiber systems, they are still far from becoming a commercial gold standard. This can be attributed to certain threats as: 1) the complex operation of these systems compared to 2D Transwell systems and 2) they do not yet match the in vivo BBB physiological functionality. Some of these threats are related with certain weaknesses (Table 3). For instance, DIV-BBB systems require culturing at tissue-like densities (>104 cells cm−2) (Cucullo et al., 2002; Cadwell and Whitford, 2017) that implies long times for in vitro BBB recapitulation. It takes around 9–12 days to reach the TEER steady-state values compared to the 3–4 days needed in coculture Transwell models (Janigro et al., 2000; He et al., 2014). For the microscopic analysis, it is widely spread the use of optical glass or PC in the external shell of the perfusion bioreactor to direct visualize the cells cultured in the abluminal side. However, the cells cultured in the lumen of the HFs cannot be observed due to opacity of the polymeric membranes. Thus, it will be necessary to sacrifice the HF module of the perfusion bioreactor to perform cellular staining with specific markers and histological sectioning at the end of the experiment (Mahaffey, 2012). Consequently, the HF cartridges cannot be reused. Moreover, the commercial HFs currently used in these devices present low cell adhesion due to their hydrophobic properties, and small pore sizes and high wall thickness, which limits the exchange of regulatory factors and cell interactions between the characteristic BBB cell types cultured in the HFs (Morelli et al., 2016; 2017b).
4.1 Challenges and opportunities
During this work, it has been detected that the mismatching between native and DIV-modeled BBB could be attributed to: 1) a low transmembrane exchange of regulator factors by cocultured cells, 2) a low cell adhesion on the HFs, and 3) an inability of the HFs material to induce cell differentiation. These issues were mainly caused by the large thickness (>100 μm) and small pore size (<0.5 μm) of the commercial HF membranes currently employed in DIV-BBB models. Other challenges are related to: 1) the opacity of HFs that hampers the direct online monitorization of the BBB recapitulation by microscopic techniques, which must be estimated using indirect techniques as TEER or sacrificing the membrane module, and 2) the high experimental demand in terms of cell culture density and times required to recapitulate steady-state BBB in vitro.
These parameters are critical in the design of DIV-BBB models, which we consider as a research and technology transfer opportunity to foster the technology of DIV-BBB (Table 3). Therefore, the following guidelines are proposed below to help researchers to deal in the future with the above-mentioned limitations:
The use of biocompatible amorphous polymers or semi-crystalline polymers processed under controllable precipitation pathways to produce spherulites with size domains <0.4 µm to allow the light transmission through the membranes and therefore favoring their transparency.
Appealing to hydrophilic biopolymers such as PVP, polyethylene oxide (PEO), polyethylene glycol (PEG) or polyvinyl alcohol (PVA) (Erothu and Kumar, 2016) to benefit cell adhesion and protein adsorption, and the diffusion of small biological molecules in 3D DIV-BBB coculture models.
Producing thin HFs (<50 μm) by controlling the extrusion of the HFs to improve the light transmittance trough the membrane wall and facilitating the transport of regulation factors and cell interconnectivity.
The use of several strategies can be applied to optimize the porous morphology of the polymeric HFs that are traditionally prepared by wet phase inversion spinning technique to achieve effective pore sizes of 1–2 µm. For instance, the incorporation of pore formers (e.g., PVP, PEG) in the dope solution or additives (water, ethanol, organic solvents, hydrophilic nanofillers) to control the rate of exchange between the solvent and non-solvent of the phase separation system to enlarge the porosities.
The development of innovative bio-coextrusion spinning of hollow fiber membranes, as the next-generation 4D biofabrication technology.
Scaling down to HF microfluidic devices (high-throughput systems) for personalized medicine.
The use of experimentally validated simulation tools, i.e., computational fluid dynamics (CFD) software, to predict a larger number of parameters (e.g., glucose consumption and lactate production, transmembranal pressure, TEER values) reducing experimental costs and time.
After a SWOT (strengths, weaknesses, opportunities, and threats) analysis, the main strengths, weaknesses, opportunities, and threats of the DIV-BBB systems are collected in Table 3.
5 CONCLUSION
In the last decades the research on in vitro blood-brain barrier (BBB) models, essential in the study of neurodegenerative diseases and drug development, has advanced from 2D monolayer cultures to 3D dynamic in vitro (DIV)-BBB models. This work has focused on the DIV-BBB flow-based hollow fiber (HF) system as one of the currently available alternatives to create a suitable microenvironment and to offer a wide range of physiological cues that stimulates and facilitates the cellular response, enhancing the vascularization and oxygenation of 3D cell cultures. This model is the most realistic and reliable for recapitulating the BBB in vitro although it still yields far from in vivo BBB. To identify the strengths, weaknesses, opportunities, and threats of DIV-BBB systems, we have made an integral and critic retrospect of different BBB in vitro models with a particular focus on the HFs employed as scaffolds in the DIV-BBB flow-based HF systems. Different HFs properties were analyzed, e.g., the polymeric materials used, the morphological features, and other performing properties. Open research opportunities to get DIV-BBB models as a benchmark in the future cover from the improvement of morphological features, i.e., thickness and pore size, and transparency of the HFs to the optimal design of the HF cartridges with the help of key-enabling technologies such as the nanotechnology, and advanced manufacturing technologies, e.g., the microfluidics and 4D biofabrication.
AUTHOR CONTRIBUTIONS
MM-O: writing original draft and investigation. MR: conceptualization and supervision. ND: conceptualization, supervision, and funding acquisition. AU: manuscript revision and funding acquisition.
FUNDING
This work was financially supported by projects PID 2019-105827RB-I00 and PCI 2018-092929 (fifth EIG-Concert Japan joint call) funded by MCIN/AEI/10.13039/501100011033.
ACKNOWLEDGMENTS
MM-O acknowledges the FPU Grant (19/02324) awarded by the Spanish Ministry of Science and Innovation.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abbott, N. J., Rönnbäck, L., and Hansson, E. (2006). Astrocyte–endothelial interactions at the blood–brain barrier. Nat. Rev. Neurosci. 7, 41–53. doi:10.1038/nrn1824
 Audus, K. L., and Borchardt, R. T. (1986). Characterization of an in vitro blood-brain barrier model system for studying drug transport and metabolism. Pharm. Res. 3, 81–87. doi:10.1023/a:1016337202335
 Bajaj, P., Rivera, J. A., Marchwiany, D., Solovyeva, V., and Bashir, R. (2014). Graphene-based patterning and differentiation of C2C12 myoblasts. Adv. Healthc. Mater. 3, 995–1000. doi:10.1002/adhm.201300550
 Banerjee, J., Shi, Y., and Azevedo, H. S. (2016). In vitro blood-brain barrier models for drug research: state-of-the-art and new perspectives on reconstituting these models on artificial basement membrane platforms. Drug Discov. Today 21, 1367–1386. doi:10.1016/j.drudis.2016.05.020
 Bhalerao, A., Sivandzade, F., Archie, S. R., Chowdhury, E. A., Noorani, B., and Cucullo, L. (2020). In vitro modeling of the neurovascular unit: advances in the field. Fluids Barriers CNS 17, 22–20. doi:10.1186/s12987-020-00183-7
 Bischel, L. L., Coneski, P. N., Lundin, J. G., Wu, P. K., Giller, C. B., Wynne, J., et al. (2016). Electrospun gelatin biopapers as substrate for in vitro bilayer models of blood−brain barrier tissue. J. Biomed. Mater. Res. A 104, 901–909. doi:10.1002/jbm.a.35624
 Cadwell, J. J. S., and Whitford, W. G. (2017). Three-dimensional cell-based assays in hollow fibre bioreactors. Technol. Platforms 3D Cell Cult. , 327–350. doi:10.1002/9781118851647.ch14
 Cai, P., Zheng, Y., Sun, Y., Zhang, C., Zhang, Q., and Liu, Q. (2021). New blood-brain barrier models using primary Parkinson’s disease rat brain endothelial cells and astrocytes for the development of central nervous system drug delivery systems. ACS Chem. Neurosci. 12, 3829–3837. doi:10.1021/acschemneuro.1c00118
 Chandrasekaran, A., Avci, H. X., Leist, M., Kobolák, J., and Dinnyés, A. (2016). Astrocyte differentiation of human pluripotent stem cells: New tools for neurological disorder research. Front. Cell. Neurosci. 10, 215. doi:10.3389/fncel.2016.00215
 Chen, X., Liu, C., Muok, L., Zeng, C., and Li, Y. (2021). Dynamic 3D on-chip BBB model design, development, and applications in neurological diseases. Cells 10, 3183. doi:10.3390/cells10113183
 Cheng, Y., Zhang, Y., and Wu, H. (2022). Polymeric fibers as scaffolds for spinal cord injury: A systematic review. Front. Bioeng. Biotechnol. 9, 807533. doi:10.3389/fbioe.2021.807533
 Choublier, N., Müller, Y., Gomez Baisac, L., Laedermann, J., de Rham, C., Declèves, X., et al. (2021). Blood–brain barrier dynamic device with uniform shear stress distribution for microscopy and permeability measurements. Appl. Sci. (Basel). 11, 5584. doi:10.3390/app11125584
 Ciechanowska, A., Ladyzynski, P., Hoser, G., Sabalinska, S., Kawiak, J., Foltynski, P., et al. (2016). Human endothelial cells hollow fiber membrane bioreactor as a model of the blood vessel for in vitro studies. J. Artif. organs 19, 270–277. doi:10.1007/s10047-016-0902-0
 Coluccio, M. L., Perozziello, G., Malara, N., Parrotta, E., Zhang, P., Gentile, F., et al. (2019). Microfluidic platforms for cell cultures and investigations. Microelectron. Eng. 208, 14–28. doi:10.1016/j.mee.2019.01.004
 Costa, R., Ribeiro, C., Lopes, A. C., Martins, P., Sencadas, V., Soares, R., et al. (2013). Osteoblast, fibroblast and in vivo biological response to poly(vinylidene fluoride) based composite materials. J. Mater. Sci. Mater. Med. 24, 395–403. doi:10.1007/s10856-012-4808-y
 Cucullo, L., McAllister, M. S., Kight, K., Krizanac-Bengez, L., Marroni, M., Mayberg, M. R., et al. (2002). A new dynamic in vitro model for the multidimensional study of astrocyte-endothelial cell interactions at the blood-brain barrier. Brain Res. 951, 243–254. doi:10.1016/s0006-8993(02)03167-0
 Cucullo, L., Hossain, M., Rapp, E., Manders, T., Marchi, N., and Janigro, D. (2007). Development of a humanized in vitro blood-brain barrier model to screen for brain penetration of antiepileptic drugs. Epilepsia 48, 505–516. doi:10.1111/j.1528-1167.2006.00960.x
 Cucullo, L., Couraud, P. O., Weksler, B., Romero, I. A., Hossain, M., Rapp, E., et al. (2008). Immortalized human brain endothelial cells and flow-based vascular modeling: a marriage of convenience for rational neurovascular studies. J. Cereb. Blood Flow. Metab. 28, 312–328. doi:10.1038/sj.jcbfm.9600525
 Cucullo, L., Marchi, N., Hossain, M., and Janigro, D. (2011). A dynamic in vitro BBB model for the study of immune cell trafficking into the central nervous system. J. Cereb. Blood Flow. Metab. 31, 767–777. doi:10.1038/jcbfm.2010.162
 Cucullo, L., Hossain, M., Tierney, W., and Janigro, D. (2013). A new dynamic in vitro modular capillaries-venules modular system: Cerebrovascular physiology in a box. BMC Neurosci. 14, 18–12. doi:10.1186/1471-2202-14-18
 Curley, S. M., and Cady, N. C. (2018). Biologically-derived nanomaterials for targeted therapeutic delivery to the brain. Sci. Prog. 101, 273–292. doi:10.3184/003685018x15306123582346
 Dai, C., Liu, X., Tang, R., He, J., and Arai, T. (2022). A review on microfluidic platforms applied to nerve regeneration. Appl. Sci. (Basel). 12, 3534. doi:10.3390/app12073534
 Daneman, R., and Prat, A. (2015). The blood–brain barrier. Cold Spring Harb. Perspect. Biol. 7, a020412–a020423. doi:10.1101/cshperspect.a020412
 Daniels, B. P., Cruz-Orengo, L., Pasieka, T. J., Couraud, P. O., Romero, I. A., Weksler, B., et al. (2013). Immortalized human cerebral microvascular endothelial cells maintain the properties of primary cells in an in vitro model of immune migration across the blood brain barrier. J. Neurosci. Methods 212, 173–179. doi:10.1016/j.jneumeth.2012.10.001
 DeBault, L. E., and Cancilla, P. A. (1980). γ-Glutamyl transpeptidase in isolated brain endothelial cells: Induction by glial cells in vitro. Science 80-207, 653–655. doi:10.1126/science.6101511
 Dehouck, B., Dehouck, M. P., Fruchart, J. C., and Cecchelli, R. (1994). Upregulation of the low density lipoprotein receptor at the blood-brain barrier: Intercommunications between brain capillary endothelial cells and astrocytes. J. Cell Biol. 126, 465–473. doi:10.1083/jcb.126.2.465
 Destefano, J. G., Jamieson, J. J., Linville, R. M., and Searson, P. C. (2018). Benchmarking in vitro tissue-engineered blood-brain barrier models. Fluids Barriers CNS 15, 32–15. doi:10.1186/s12987-018-0117-2
 Di, L., and Kerns, E. H. (2015). Blood-brain barrier in drug discovery: Optimizing brain exposure of CNS drugs and minimizing brain side effects for peripheral drugs. Hoboken, NJ: John Wiley & Sons. 
 Diban, N., and Stamatialis, D. (2014). Polymeric hollow fiber membranes for bioartificial organs and tissue engineering applications. J. Chem. Technol. Biotechnol. 89, 633–643. doi:10.1002/jctb.4300
 Diban, N., Haimi, S., Bolhuis-Versteeg, L., Teixeira, S., Miettinen, S., Poot, A., et al. (2013a). Development and characterization of poly(ε-caprolactone) hollow fiber membranes for vascular tissue engineering. J. Memb. Sci. 438, 29–37. doi:10.1016/j.memsci.2013.03.024
 Diban, N., Haimi, S., Bolhuis-Versteeg, L., Teixeira, S., Miettinen, S., Poot, A., et al. (2013b). Hollow fibers of poly(lactide-co-glycolide) and poly(ε-caprolactone) blends for vascular tissue engineering applications. Acta Biomater. 9, 6450–6458. doi:10.1016/j.actbio.2013.01.005
 Diban, N., Sánchez-González, S., Lázaro-Díez, M., Ramos-Vivas, J., and Urtiaga, A. (2017). Facile fabrication of poly(ε-caprolactone)/graphene oxide membranes for bioreactors in tissue engineering. J. Memb. Sci. 540, 219–228. doi:10.1016/j.memsci.2017.06.052
 Diban, N., Gómez-Ruiz, B., Lázaro-Díez, M., Ramos-Vivas, J., Ortiz, I., and Urtiaga, A. (2018). Factors affecting mass transport properties of poly(ε-caprolactone) membranes for tissue engineering bioreactors. Membr. (Basel) 8, 51. doi:10.3390/membranes8030051
 Dufresne, M., Bacchin, P., Cerino, G., Remigy, J. C., Adrianus, G. N., Aimar, P., et al. (2013). Human hepatic cell behavior on polysulfone membrane with double porosity level. J. Memb. Sci. 428, 454–461. doi:10.1016/j.memsci.2012.10.041
 Eghbali, H., Nava, M. M., Mohebbi-Kalhori, D., and Raimondi, M. T. (2016). Hollow fiber bioreactor technology for tissue engineering applications. Int. J. Artif. Organs 39, 1–15. doi:10.5301/ijao.5000466
 Erothu, H., and Kumar, A. C. (2016). “Hydrophilic polymers,” in Biomedical applications of polymeric materials and composites ( John Wiley & Sons), 163–185. doi:10.1002/9783527690916.ch7
 Feigin, V. L. (2019). Global, regional, and national burden of neurological disorders, 1990–2016: a systematic analysis for the global burden of disease study 2016. Lancet. Neurol. 18, 459–480. doi:10.1016/s1474-4422(18)30499x
 Ferber, D. (2007). Bridging the blood-brain barrier: New methods improve the odds of getting drugs to the brain cells that need them. PLoS Biol. 5, e169–e1194. doi:10.1371/journal.pbio.0050169
 FiberCell Systems (2022). Medium cartridges. Available at: https://www.fibercellsystems.com/products/cartridges/(Accessed November 3, 2022). 
 Gil-Martins, E., Barbosa, D. J., Silva, V., Remião, F., and Silva, R. (2020). Dysfunction of ABC transporters at the blood-brain barrier: Role in neurological disorders. Pharmacol. Ther. 213, 107554. doi:10.1016/j.pharmthera.2020.107554
 Girão, A. F., Sousa, J., Domínguez-Bajo, A., González-Mayorga, A., Bdikin, I., Pujades-Otero, E., et al. (2020). 3D reduced graphene oxide scaffolds with a combinatorial fibrous-porous architecture for neural tissue engineering. ACS Appl. Mater. Interfaces 12, 38962–38975. doi:10.1021/acsami.0c10599
 Gonschior, H., Haucke, V., and Lehmann, M. (2020). Super-resolution imaging of tight and adherens junctions: Challenges and open questions. Int. J. Mol. Sci. 21, 744. doi:10.3390/ijms21030744
 Gosselet, F., Loiola, R. A., Roig, A., Rosell, A., and Culot, M. (2021). Central nervous system delivery of molecules across the blood-brain barrier. Neurochem. Int. 144, 104952. doi:10.1016/j.neuint.2020.104952
 Guo, W., Qiu, J., Liu, J., and Liu, H. (2017). Graphene microfiber as a scaffold for regulation of neural stem cells differentiation. Sci. Rep. 7, 5678–8. doi:10.1038/s41598-017-06051-z
 Guo, Y., Gilbert-Honick, J., Somers, S. M., Mao, H. Q., and Grayson, W. L. (2019). Modified cell-electrospinning for 3D myogenesis of C2C12s in aligned fibrin microfiber bundles. Biochem. Biophys. Res. Commun. 516, 558–564. doi:10.1016/j.bbrc.2019.06.082
 Gupta, P., Agrawal, A., Murali, K., Varshney, R., Beniwal, S., Manhas, S., et al. (2019). Differential neural cell adhesion and neurite outgrowth on carbon nanotube and graphene reinforced polymeric scaffolds. Mater. Sci. Eng. C 97, 539–551. doi:10.1016/j.msec.2018.12.065
 He, Y., Yao, Y., Tsirka, S. E., and Cao, Y. (2014). Cell-culture models of the blood–brain barrier. Stroke 45, 2514–2526. doi:10.1161/strokeaha.114.005427
 Heymans, M., Sevin, E., Gosselet, F., Lundquist, S., and Culot, M. (2018). Mimicking brain tissue binding in an in vitro model of the blood-brain barrier illustrates differences between in vitro and in vivo methods for assessing the rate of brain penetration. Eur. J. Pharm. Biopharm. 127, 453–461. doi:10.1016/j.ejpb.2018.03.007
 Hladky, S. B., and Barrand, M. A. (2016). Fluid and ion transfer across the blood–brain and blood–cerebrospinal fluid barriers; a comparative account of mechanisms and roles. Fluids Barriers CNS 13, 19–69. doi:10.1186/s12987-016-0040-3
 Hosic, S., Bindas, A. J., Puzan, M. L., Lake, W., Soucy, J. R., Zhou, F., et al. (2021). Rapid prototyping of multilayer microphysiological systems. ACS Biomater. Sci. Eng. 7, 2949–2963. doi:10.1021/acsbiomaterials.0c00190
 Jagtiani, E., Yeolekar, M., Naik, S., and Patravale, V. (2022). In vitro blood brain barrier models: An overview. J. Control. Release 343, 13–30. doi:10.1016/j.jconrel.2022.01.011
 Janigro, D., Stanness, K. A., Soderland, C., and Grant, G. A. (2000). Development of an in vitro blood-brain barrier. Curr. Protoc. Toxicol.3, 12.2. doi:10.1002/0471140856.tx1202s03
 Janke, D., Jankowski, J., Rüth, M., Buschmann, I., Lemke, H. D., Jacobi, D., et al. (2013). The “artificial artery” as in vitro perfusion model. PLoS One 8, e57227. doi:10.1371/journal.pone.0057227
 Krizanac-Bengez, L., Kapural, M., Parkinson, F., Cucullo, L., Hossain, M., Mayberg, M. R., et al. (2003). Effects of transient loss of shear stress on blood-brain barrier endothelium: role of nitric oxide and IL-6. Brain Res. 977, 239–246. doi:10.1016/S0006-8993(03)02689-1
 Kumar, S., and Parekh, S. H. (2020). Linking graphene-based material physicochemical properties with molecular adsorption, structure and cell fate. Commun. Chem. 3, 8–11. doi:10.1038/s42004-019-0254-9
 Kumar, R., Rauti, R., Scaini, D., Antman-Passig, M., Meshulam, O., Naveh, D., et al. (2021). Graphene-based nanomaterials for neuroengineering: Recent advances and future prospective. Adv. Funct. Mater. 31, 2104887. doi:10.1002/adfm.202104887
 Kuo, Y. C., and Lu, C. H. (2011). Effect of human astrocytes on the characteristics of human brain-microvascular endothelial cells in the blood–brain barrier. Colloids Surfaces B Biointerfaces 86, 225–231. doi:10.1016/j.colsurfb.2011.04.005
 Lee, S. H., Lee, H. B., Kim, Y., Jeong, J. R., Lee, M. H., and Kang, K. (2018). Neurite guidance on laser-scribed reduced graphene oxide. Nano Lett. 18, 7421–7427. doi:10.1021/acs.nanolett.8b01651
 Li, X., Sun, Q., Li, Q., Kawazoe, N., and Chen, G. (2018). Functional hydrogels with tunable structures and properties for tissue engineering applications. Front. Chem. 6, 499. doi:10.3389/fchem.2018.00499
 Linville, R. M., and Searson, P. C. (2021). Next-generation in vitro blood-brain barrier models: benchmarking and improving model accuracy. Fluids Barriers CNS 18, 56. doi:10.1186/s12987-021-00291-y
 Lochhead, J. J., Yang, J., Ronaldson, P. T., and Davis, T. P. (2020). Structure, function, and regulation of the blood-brain barrier tight junction in central nervous system disorders. Front. Physiol. 11, 914. doi:10.3389/fphys.2020.00914
 Long, R. K. M., Piatti, L., Korbmacher, F., and Bernabeu, M. (2022). Understanding parasite-brain microvascular interactions with engineered 3D blood-brain barrier models. Mol. Microbiol. 117, 693–704. doi:10.1111/mmi.14852
 Löscher, W., and Potschka, H. (2005). Blood-brain barrier active efflux transporters: ATP-binding cassette gene family. NeuroRx 2, 86–98. doi:10.1602/neurorx.2.1.86
 Luong-Van, E. K., Madanagopal, T. T., and Rosa, V. (2020). Mechanisms of graphene influence on cell differentiation. Mater. Today Chem. 16, 100250–100315. doi:10.1016/j.mtchem.2020.100250
 Machado, M. R. (2012). Characterization of tight junction formation in an in-vitro model of the Blood-Brain Barrier. San Luis Obispo: California Polytechnic State University. Master’s thesis. doi:10.15368/theses.2012.151
 Mahaffey, I. (2012). A novel in-house design of a bioreactor for the modeling of an In vitro blood brain barrier model. San Luis Obisp: California Polytechnic State University. Senior Project. 
 Mantecón-Oria, M., Diban, N., Berciano, M. T., Rivero, M. J., David, O., Lafarga, M., et al. (2020). Hollow fiber membranes of PCL and PCL/graphene as scaffolds with potential to develop in vitro blood—brain barrier models. Membr. (Basel). 10, 161. doi:10.3390/membranes10080161
 Mantecón-Oria, M., Tapia, O., Lafarga, M., Berciano, M. T., Munuera, J. M., Villar-Rodil, S., et al. (2022). Influence of the properties of different graphene-based nanomaterials dispersed in polycaprolactone membranes on astrocytic differentiation. Sci. Rep. 12, 13408. doi:10.1038/s41598-022-17697-9
 Marchi, N., Teng, Q., Nguyen, M. T., Franic, L., Desai, N. K., Masaryk, T., et al. (2010). Multimodal investigations of trans-endothelial cell trafficking under condition of disrupted blood-brain barrier integrity. BMC Neurosci. 11, 34. doi:10.1186/1471-2202-11-34
 Martins, P., Lopes, A. C., and Lanceros-Mendez, S. (2014). Electroactive phases of poly(vinylidene fluoride): Determination, processing and applications. Prog. Polym. Sci. 39, 683–706. doi:10.1016/j.progpolymsci.2013.07.006
 McAllister, M. S., Krizanac-Bengez, L., Macchia, F., Naftalin, R. J., Pedley, K. C., Mayberg, M. R., et al. (2001). Mechanisms of glucose transport at the blood-brain barrier: an in vitro study. Brain Res. 904, 20–30. doi:10.1016/S0006-8993(01)02418-0
 McNamara, M. C., Aykar, S. S., Montazami, R., and Hashemi, N. N. (2021). Targeted microfluidic manufacturing to mimic biological microenvironments: Cell-encapsulated hollow fibers. ACS Macro Lett. 10, 732–736. doi:10.1021/acsmacrolett.1c00159
 Mofazzal Jahromi, M. A., Abdoli, A., Rahmanian, M., Bardania, H., Bayandori, M., Moosavi Basri, S. M., et al. (2019). Microfluidic brain-on-a-chip: Perspectives for mimicking neural system disorders. Mol. Neurobiol. 56, 8489–8512. doi:10.1007/S12035-019-01653-2
 Morelli, S., Piscioneri, A., Messina, A., Salerno, S., Al-Fageeh, M. B., Drioli, E., et al. (2015). Neuronal growth and differentiation on biodegradable membranes. J. Tissue Eng. Regen. Med. 9, 106–117. doi:10.1002/term.1618
 Morelli, S., Salerno, S., Piscioneri, A., Tasselli, F., Drioli, E., and De Bartolo, L. (2016). Neuronal membrane bioreactor as a tool for testing crocin neuroprotective effect in Alzheimer’s disease. Chem. Eng. J. 305, 69–78. doi:10.1016/j.cej.2016.01.035
 Morelli, S., Piscioneri, A., Drioli, E., and De Bartolo, L. (2017a). Neuronal differentiation modulated by polymeric membrane properties. Cells Tissues Organs 204, 164–178. doi:10.1159/000477135
 Morelli, S., Piscioneri, A., Salerno, S., Chen, C. C., Chew, C. H., Giorno, L., et al. (2017b). Microtube array membrane bioreactor promotes neuronal differentiation and orientation. Biofabrication 9, 025018. doi:10.1088/1758-5090/aa6f6f
 Morelli, S., Piscioneri, A., Curcio, E., Salerno, S., Chen, C. C., and De Bartolo, L. (2019). Membrane bioreactor for investigation of neurodegeneration. Mater. Sci. Eng. C 103, 109793. doi:10.1016/j.msec.2019.109793
 Morelli, S., Piscioneri, A., Salerno, S., and de Bartolo, L. (2021). Hollow fiber and nanofiber membranes in bioartificial liver and neuronal tissue engineering. Cells Tissues Organs 211, 447–476. doi:10.1159/000511680
 Moya, M. L., Triplett, M., Simon, M., Alvarado, J., Booth, R., Osburn, J., et al. (2020). A reconfigurable in vitro model for studying the blood-brain barrier. Ann. Biomed. Eng. 48, 780–793. doi:10.1007/s10439-019-02405-y
 Müller, B., Lang, S., Dominietto, M., Rudin, M., Schulz, G., Deyhle, H., et al. (2008). High-resolution tomographic imaging of microvessels. Dev. X-Ray Tomogr. VI 7078, 70780B. doi:10.1117/12.794157
 Natarajan, R., Northrop, N., and Yamamoto, B. (2017). Fluorescein isothiocyanate (FITC)-Dextran extravasation as a measure of blood-brain barrier permeability. Curr. Protoc. Neurosci. 79, 1–9. doi:10.1002/cpns.25
 Neuhaus, W., Lauer, R., Oelzant, S., Fringeli, U. P., Ecker, G. F., and Noe, C. R. (2006). A novel flow based hollow-fiber blood-brain barrier in vitro model with immortalised cell line PBMEC/C1-2. J. Biotechnol. 125, 127–141. doi:10.1016/j.jbiotec.2006.02.019
 Neuhaus, W., Freidl, M., Szkokan, P., Berger, M., Wirth, M., Winkler, J., et al. (2011). Effects of NMDA receptor modulators on a blood–brain barrier in vitro model. Brain Res. 1394, 49–61. doi:10.1016/j.brainres.2011.04.003
 Neuhaus, W. (2021). In vitro models of the blood-brain barrier. Handb. Exp. Pharmacol. 265, 75–110. doi:10.1007/164_2020_370
 Nguyen, T. P. T., Tran, B. M., and Lee, N. Y. (2018). Microfluidic approach for the fabrication of cell-laden hollow fibers for endothelial barrier research. J. Mater. Chem. B 6, 6057–6066. doi:10.1039/c8tb02031k
 Oberheim, N. A., Takano, T., Han, X., He, W., Lin, J. H. C., Wang, F., et al. (2009). Uniquely hominid features of adult human astrocytes. J. Neurosci. 29, 3276–3287. doi:10.1523/jneurosci.4707-08.2009
 Palmieri, V., Sciandra, F., Bozzi, M., De Spirito, M., and Papi, M. (2020). 3D graphene scaffolds for skeletal muscle regeneration: Future perspectives. Front. Bioeng. Biotechnol. 8, 383. doi:10.3389/fbioe.2020.00383
 Pang, L., Ding, J., Liu, X. X., Kou, Z., Guo, L., Xu, X., et al. (2021). Microfluidics-based single-cell research for intercellular interaction. Front. Cell Dev. Biol. 9, 680307. doi:10.3389/fcell.2021.680307
 Pardridge, W. M. (2005). The blood-brain barrier: Bottleneck in brain drug development. NeuroRX 2, 3–14. doi:10.1602/neurorx.2.1.3
 Park, S.-H., Sung Kim, M., Lee, B., Ho Park, J., Jin Lee, H., Kyu Lee, N., et al. (2016). Creation of a hybrid scaffold with dual configuration of aligned and random electrospun fibers. ACS Appl. Mater. Interfaces 8, 2826–2832. doi:10.1021/acsami.5b11529
 Parkinson, F. E., Friesen, J., Krizanac-Bengez, L., and Janigro, D. (2003). Use of a three-dimensional in vitro model of the rat blood-brain barrier to assay nucleoside efflux from brain. Brain Res. 980, 233–241. doi:10.1016/S0006-8993(03)02980-9
 Peng, L., Guo, C., Wang, T., Li, B., Gu, L., and Wang, Z. (2013). Methodological limitations in determining astrocytic gene expression. Front. Endocrinol. (Lausanne) 4, 176–216. doi:10.3389/fendo.2013.00176
 Perez Esteban, P., Pickles, J., Scott, A. D., and Ellis, M. J. (2019). Hollow-fiber membrane technology: Characterization and proposed use as a potential mimic of skin vascularization towards the development of a novel skin absorption in vitro model. Biochem. Eng. J. 145, 90–97. doi:10.1016/j.bej.2019.01.025
 Perrière, N., Demeuse, P. H., Garcia, E., Regina, A., Debray, M., Andreux, J. P., et al. (2005). Puromycin-based purification of rat brain capillary endothelial cell cultures. Effect on the expression of blood-brain barrier-specific properties. J. Neurochem. 93, 279–289. doi:10.1111/j.1471-4159.2004.03020.x
 Perrière, N., Yousif, S., Cazaubon, S., Chaverot, N., Bourasset, F., Cisternino, S., et al. (2007). A functional in vitro model of rat blood-brain barrier for molecular analysis of efflux transporters. Brain Res. 1150, 1–13. doi:10.1016/j.brainres.2007.02.091
 Piscioneri, A., Ahmed, H. M. M., Morelli, S., Khakpour, S., Giorno, L., Drioli, E., et al. (2018). Membrane bioreactor to guide hepatic differentiation of human mesenchymal stem cells. J. Memb. Sci. 564, 832–841. doi:10.1016/j.memsci.2018.07.083
 Prashanth, A., Donaghy, H., Stoner, S. P., Hudson, A. L., Wheeler, H. R., Diakos, C. I., et al. (2021). Are in vitro human blood-brain-tumor-barriers suitable replacements for in vivo models of brain permeability for novel therapeutics?Cancers (Basel) 13, 955–1020. doi:10.3390/cancers13050955
 Saini, P., Arora, M., and Kumar, M. N. V. R. (2016). Poly(lactic acid) blends in biomedical applications. Adv. Drug Deliv. Rev. 107, 47–59. doi:10.1016/j.addr.2016.06.014
 Salerno, S., Tasselli, F., Drioli, E., and De Bartolo, L. (2020). Poly(ε-Caprolactone) hollow fiber membranes for the biofabrication of a vascularized human liver tissue. Membr. (Basel) 10, 112. doi:10.3390/membranes10060112
 Sánchez-González, S., Diban, N., Bianchi, F., Ye, H., and Urtiaga, A. (2018a). Evidences of the effect of GO and rGO in PCL membranes on the differentiation and maturation of human neural progenitor cells. Macromol. Biosci. 18, 1800195–1800198. doi:10.1002/mabi.201800195
 Sánchez-González, S., Diban, N., and Urtiaga, A. (2018b). Hydrolytic degradation and mechanical stability of poly(ε-caprolactone)/reduced graphene oxide membranes as scaffolds for in vitro neural tissue regeneration. Membr. (Basel) 8, 12. doi:10.3390/membranes8010012
 Santaguida, S., Janigro, D., Hossain, M., Oby, E., Rapp, E., and Cucullo, L. (2006). Side by side comparison between dynamic versus static models of blood-brain barrier in vitro: A permeability study. Brain Res. 1109, 1–13. doi:10.1016/j.brainres.2006.06.027
 Shayan, G., Choi, Y. S., Shusta, E. V., Shuler, M. L., and Lee, K. H. (2011). Murine in vitro model of the blood–brain barrier for evaluating drug transport. Eur. J. Pharm. Sci. 42, 148–155. doi:10.1016/j.ejps.2010.11.005
 Shin, S. R., Li, Y. C., Jang, H. L., Khoshakhlagh, P., Akbari, M., Nasajpour, A., et al. (2016). Graphene-based materials for tissue engineering. Adv. Drug Deliv. Rev. 105, 255–274. doi:10.1016/j.addr.2016.03.007
 Srinivasan, B., and Kolli, A. R. (2019). “Transepithelial/transendothelial electrical resistance (TEER) to measure the integrity of blood-brain barrier,” in Blood-brain barrier . Neuromethods (New York, NY: Humana Press), 99–114. doi:10.1007/978-1-4939-8946-1_6
 Stanness, K. A., Westrum, L. E., Fornaciari, E., Mascagni, P., Nelson, J. A., Stenglein, S. G., et al. (1997). Morphological and functional characterization of an in vitro blood-brain barrier model. Brain Res. 771, 329–342. doi:10.1016/s0006-8993(97)00829-9
 Stanness, K. A., Neumaier, J. F., Sexton, T. J., Grant, G. A., Emmi, A., Maris, D. O., et al. (1999). A new model of the blood-brain barrier: Coculture of neuronal, endothelial and glial cells under dynamic conditions. Neuroreport 10, 3725–3731. doi:10.1097/00001756-199912160-00001
 Stone, N. L., England, T. J., and O’Sullivan, S. E. (2019). A novel transwell blood brain barrier model using primary human cells. Front. Cell. Neurosci. 13, 230. doi:10.3389/fncel.2019.00230
 Stratton, S., Shelke, N. B., Hoshino, K., Rudraiah, S., and Kumbar, S. G. (2016). Bioactive polymeric scaffolds for tissue engineering. Bioact. Mater. 1, 93–108. doi:10.1016/j.bioactmat.2016.11.001
 Sweeney, M. D., Zhao, Z., Montagne, A., Nelson, A. R., and Zlokovic, B. V. (2019). Blood-brain barrier: From physiology to disease and back. Physiol. Rev. 99, 21–78. doi:10.1152/physrev.00050.2017
 Tanudra, M. A. (2018). Leveraging the dynamic in vitro hollow fiber infection model in determining the optimal clinical dose of β-lactam and β-lactamase inhibitor combinations. Cambridge, MA: Harvard University. Master’s thesis. 
 Thermo Fisher Scientific (2022). CorningTM TranswellTM multiple well plate with permeable polyester membrane inserts. Available at: https://www.fishersci.se/shop/products/costar-transwell-clear-polyester-membrane-inserts-for-12-well-plates/10357651 (Accessed October 30, 2022). 
 Tolou, N. B., Salimijazi, H., Kharaziha, M., Faggio, G., Chierchia, R., and Lisi, N. (2021). A three-dimensional nerve guide conduit based on graphene foam/polycaprolactone. Mater. Sci. Eng. C 126, 112110. doi:10.1016/j.msec.2021.112110
 Vedadghavami, A., Minooei, F., Mohammadi, M. H., Khetani, S., Rezaei Kolahchi, A., Mashayekhan, S., et al. (2017). Manufacturing of hydrogel biomaterials with controlled mechanical properties for tissue engineering applications. Acta Biomater. 62, 42–63. doi:10.1016/j.actbio.2017.07.028
 Wang, Y., Ma, J., Li, N., Wang, L., Shen, L., Sun, Y., et al. (2017). Microfluidic engineering of neural stem cell niches for fate determination. Biomicrofluidics 11, 014106. doi:10.1063/1.4974902
 Williams-Medina, A., Deblock, M., and Janigro, D. (2021). In vitro models of the blood–brain barrier: Tools in translational medicine. Front. Med. Technol. 2, 623950–624020. doi:10.3389/fmedt.2020.623950
 Wong, A. D., Ye, M., Levy, A. F., Rothstein, J. D., Bergles, D. E., and Searson, P. C. (2013). The blood-brain barrier: An engineering perspective. Front. Neuroeng. 6, 7–22. doi:10.3389/fneng.2013.00007
 Wuest, D. M., Wing, A. M., and Lee, K. H. (2013). Membrane configuration optimization for a murine in vitro blood-brain barrier model. J. Neurosci. Methods 212, 211–221. doi:10.1016/j.jneumeth.2012.10.016
 Wung, N., Acott, S. M., Tosh, D., and Ellis, M. J. (2014). Hollow fibre membrane bioreactors for tissue engineering applications. Biotechnol. Lett. 36, 2357–2366. doi:10.1007/s10529-014-1619-x
 Yan, S. Y., Wang, Y. J., Mao, H., and Zhao, Z. P. (2019). Fabrication of PP hollow fiber membrane: Via TIPS using environmentally friendly diluents and its CO2 degassing performance. RSC Adv. 9, 19164–19170. doi:10.1039/c9ra02766a
 Yang, F., Murugan, R., Wang, S., and Ramakrishna, S. (2005). Electrospinning of nano/micro scale poly(l-lactic acid) aligned fibers and their potential in neural tissue engineering. Biomaterials 26, 2603–2610. doi:10.1016/j.biomaterials.2004.06.051
 Yang, Z., Wu, C., Shi, H., Luo, X., Sun, H., Wang, Q., et al. (2022). Advances in barrier membranes for guided bone regeneration techniques. Front. Bioeng. Biotechnol. 10, 921576. doi:10.3389/fbioe.2022.921576
 Yao, Y., and Tsirka, S. E. (2011). Truncation of monocyte chemoattractant protein 1 by plasmin promotes blood-brain barrier disruption. J. Cell Sci. 124, 1486–1495. doi:10.1242/jcs.082834
 Yue, H., Xie, K., Ji, X., Xu, B., Wang, C., and Shi, P. (2020). Vascularized neural constructs for ex-vivo reconstitution of blood-brain barrier function. Biomaterials 245, 119980. doi:10.1016/j.biomaterials.2020.119980
 Zadpoor, A. A. (2015). Mechanics of biological tissues and biomaterials: Current trends. Mater. (Basel) 8, 4505–4511. doi:10.3390/ma8074505
 Zakharova, M., Tibbe, M. P., Koch, L. S., Le-The, H., Leferink, A. M., van den Berg, A., et al. (2021). Transwell-integrated 2 µm thick transparent polydimethylsiloxane membranes with controlled pore sizes and distribution to model the blood-brain barrier. Adv. Mater. Technol. 6, 2100138–2100211. doi:10.1002/admt.202100138
 Zhao, X., Xu, Z., Xiao, L., Shi, T., Xiao, H., Wang, Y., et al. (2021). Review on the vascularization of organoids and organoids-on-a-chip. Front. Bioeng. Biotechnol. 9, 637048–637110. doi:10.3389/fbioe.2021.637048
 Zidarič, T., Gradišnik, L., and Velnar, T. (2022). Astrocytes and human artificial blood-brain barrier models. Bosn. J. Basic Med. Sci. 22, 651–672. doi:10.17305/bjbms.2021.6943
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 © 2022 Mantecón-Oria, Rivero, Diban and Urtiaga. 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/fbioe-10-1056162-g005.gif
A ONBEE Niow-based hefiowr iy system






OPS/images/fbioe-10-1056162-g006.gif
Polysapraiacions based membranes.

Bl

-






OPS/images/fbioe-10-1056162-g003.gif
Trnsesiinsat —

Upporchumber | | posmegtsen | | | o
vy w

oty L

D —
o Aoesacets < Cocuhes e






OPS/images/fbioe-10-1056162-g004.gif
Mmoo Govios.

G
P s cnensicns






OPS/images/fbioe-10-1056162-t002.jpg
Cell culture conditions

BAEC + C6, Seeding density =
1-2:107 cells' Culture time =
21 days

RBMEC + RBA + B14, Seeding
density = 2:10° cells, Culture time >
20 days

BAEC + RBA, Seeding density =
na, Culture time = 21 days

BAEC + C6, Seeding density =
1.5-2:10° cells, Culture time =
27 days

RBMEC + RBA, Seeding density =
5:10° cells, Culture time > 14 days

RBMEC + RBA, Seeding density =
510° cells, Culture time > 14 days

BAEC + C6, Seeding density = 1.5-
2:10° cells, Culture time > 7 days

PBMEC/C1°* + C6, Seeding
density = 5-10-107 cells, Culture
time > 21 days

HBMEC + HA, Seeding density =
4-610° cells, Culture time =

28 days

Three co-cultures: HBMEC + HA,
HUVEC + HA, AVM-EC + HA,
Seeding density = 4-6-10° cells,
Culture time > 21 days

HBMEC + HA, Seeding density =
1.5-2:10° cells, Culture time =

21 days

Two systems: HBMEC + HA
(capillary) HBVSMC + HBMEC
(venule), Seeding density
1.5-2:10° cells, Culture time >

21 days

HUVECs Seeding density = 6:10*
cells cm™, Culture time > 3 days

SH-SY5Y Seeding density = 1.510*
cells ™, Culture time > 14 days

SH-SY5Y Seeding density = 510
cells cm™?, Culture time > 13 days

hCMEC/D3 + HA Seeding density
= 1-5:10° cells ml™", Culture time >
7 days

Biological parameters
monitored

Cell morphology,
pharmacological studies, K*
asymmetry, glucose
consumption

Cell morphology, neuronal
uptake of serotonin

Cell morphology, assessment of
GLUT-1 asymmetry, glucose
consumption

Glucose consumption, lactate
production

Glucose consumption, lactate
production, poz/pcoz NO and
cytokines measurement

Cell morphology, ['H] adenosine
uptake and metabolism

Glucose consumption, lactate
production, BBB disruption

Glucose consumption, lactate
production, FD4 standard
marker

Glucose consumption, lactate
production, BBB disruption

Glucose consumption, lactate
production, interleukin and
ivity, BBB disruption

Glucose consumption, lactate
production, cytokines and MMP
activity, BBB disruption

Glucose consumption, lactate
production, pressure analysis,
BBB disruption

Glucose consumption, lactate
production, poz VWE and
SICAM-1 markers assessment

Glucose consumption, oxygen
uptake rate, crocin treatment, f-
Amyloid toxicity, ROS
measurement

Glucose consumption, neuronal
markers evaluation and guiding,
BDNF released

Cell morphology, paracellular
and transcellular modulation,
flow alignment, NO production

Permeability (cm s

Theophylline = 1.88:10°%; Sucrose =

8.8:10°%; Morphine = 510
Aspartate, mannitol = na

Sucrose = 2.2-10%; D-Aspartate =
2.1:10°; L-Aspartate = 9.4-10°°

Sucrose = 7.6'10°

FITC-albumin, sucrose, adenosine
=m

Sucrose
1510

‘; Phenytoin =

Nitrazepam = 9.9-10°; Diazepam =

710" Flurazepam = 2.5:10°

Phenytoin =

8.4'10"; Diazepam = 2:10"% Sucrose =

1.2:10°; Phenytoin = 1.6:10

Diazepam = 2:10°% Sucrose = 1.1-10°
Phenytoin = 6.110 Diazepam =
2107

Sucrose = 3.16'10°; Phenytoin =

Diazepam = 6.88:10

.4:107; Phenytoin =

2.6107; Diazepam = 4:10%; Sucrose =

4.9-10°%; Phenytoin = 7.2:10%;
Diazepam = 4110

Kglucose = 980 L m™ h™ bar™; Kpnedium
760 L

=940 Lm? h™ bar; K,
m b bar!

gycitein

Dextran (7 days) = 8.3:10"% Dextran

(14 days) = 3.3:10°°

TEER
(@ em?)

736 + 38

500

> 400

651 +27

> 1100

1200 except for
HUVEC + HA

524

> 700
capillaries, <
400 venules

Shear
stress
(dyne
cm™)

1-5

Q=4ml
min~"

27-39

Capillary =
16.3; Venule
=26

6.6

Refs.

Stanness et al.
(1997)

Stanness et al.
(1999)

McAllister et al.
(2001)

Cucullo et al. (2002)

Krizanac-Bengez et
al. (2003)

Parkinson et al.
(2003)

Santaguida et al.
(2006)

Neuhaus et al.
(2006)

Cucullo et al. (2007)

Cucullo et al. (2008)

Cucullo et al. (2011)

Cucullo et al. (2013)

Ciechanowska et al.
(2016)

Morelli et al. (2016)

Morelli et al.
(2017b), Morelli et
al. (2019)

Moya et al. (2020)

AVM-EC, arteriovenous malformations endothelial cells; BDNF, brain-derived neurotrophic factor; B14, immortalized rat neuronal cell ling; FD4, FITC-dextran 4000; HA, human
astrocytes; HBVSMC, human brain vascular smooth muscle cells; HUVEC, human umbilical vein endothelial cells; Kunedium: culture medium permeance; Kgiucoser glucose permeance;

Kyyeie

glycitein permeance; MMP, matrix metalloproteinase; na, not available; NO, nitric oxide; PBMEC/C1-2, porcine brain microvascular endothelial cellline; peo partial pressure of

carbon dioxide; poy, partial pressure of oxygen; Q, flowrate; RBA, rat brain astrocytes; RBMEC, rat brain microvascular endothelial cells; ROS, reactive oxygen species; SH-SY5Y, human

S e





OPS/images/fbioe-10-1056162-g007.gif





OPS/images/fbioe-10-1056162-t001.jpg
Material

Polypropylene

Polypropylene

Polypropylene

Polypropylene

Polypropylene

Polypropylene

Polysulfone

Polyacrylonitrile

Poly(L-lactic acid)

Polyvinylidene
fluoride

Processing
technique

Commercial
(CELLMAX® QUAD,
Cellco)

Commercial
(CELLMAX® QUAD,
Cellco)

Commercial (Spectrum
Laboratories, Inc.)

Commercial (Accurel®
Q3/2, Membrana)

Commercial (Accurel®
Q3/2, Membrana)

Commercial (Accurel®
Q3/2, Membrana)

Wet spinning

Dry-jet wet spinning

Coaxial electrospinning

Commercial (FiberCell
Systems)

Morphological features and system

dimensions

75 um; § = 225 ;.
0.5 um; n = 50

480 pm; &
0.5 pm;

150 pm;

= 330 um; 8= 150 ym;
0.5 um; n = 50 - 322

600 + 90 s 8= 200
+45 um; p, = 0.64 um; n =
125 = 75%

By = 600 pm; 8= 200 pm;
Pe=0.64 um; n = 19; £
=75%

Bine = 600 + 90 pm; 6= 200
+45 ums p, = 2-4 pmg
e > 75%

By = 640 pm; 6= 45 pum; p,
=034 £ 016 ym

B = 568 + 26 pm; 6= 138
+ 14 pms MWoyor =

490 kDa

Bin =75+ 8 um; =34

0.7 ym; p, = 036 +
0.14 pm; ¢ = 46 + 7%

Bine = 700 pm; 8= 280 pm;
po= 0.1 ym

Vigm = 0.5 mbi Siyy = 70 cm?;
14 mb; Sypium =

1= 86 cm; Vi

Vi = 0.202 cn’s Sy =
071 em’ Vaptum
Sutam = 119 cm?

1= 8.6 cm; Vigy = 0.024 ml;
Stum = 162 cm’; Sypium =
1.32 em®

15 em’s

1= 58 m; Syym = 163 cm?

Vbioreactor = 1.7 0 Spaembrane =
23 em’ Ky = 146 Lm? h'
bar!

Vhioreactor = 2.4 Ml Stioreactor =
7.12 em’ Ky > 580 Lm? h**
bar!

1= 4.35 cm; Vig = 0.1 ml;

Vastum = 0.1 ml

Surface coating

ProNectin™ F; Fibronectin, poly-
D-lysine (3 pg cm?)

ProNectin™
protein

Fibronectin-like

ProNectin™ F; Fibronectin, poly-
D-lysine (3 pg cm™?)

ProNectin™ F, fibronectin (30 g
ml"); Fibronectin, poly-D-lysine
(3 ug am?)

Fibronectin, poly-D-lysine (3 ug
em’)

Fibronectin, poly-D-lysine (3 ug
m?)

Fibronectin (2 pg cm?)

Poly-L-lysine (40 pg cm™)

Without surface coating

Human fibronectin, (100 g ml")

Refs.

Stanness et al. (1997), Krizanac-
Bengez et al. (2003), Parkinson et
al. (2003)

Stanness et al. (1999), McAllister
et al. (2001)

Neuhaus et al. (2006), Cucullo et
al. (2007), Cucullo et al. (2008)

Cuculloetal. (2002), Cucullo etal.
(2013)

Santaguida et al. (2006)

Cucullo et al. (2011)

Ciechanowska et al. (2016)

Morelli et al. (2016)

Morelli et al. (2017b), Morelli et
al. (2019)

Moya et al. (2020)

@i, HF internal diameter; &, HF porosity; 6, HF thickness; Ky, hydraulic permeance; |, HF length; MW ey molecular weight; n, number of HFs in the cartridge; p,, HF surface pore size;

S,btam: abluminal HF surface area; $j, lumi

V..., volume of the luminal side of the cartridge.

I HF surface area; Spembrane: membrane surface area; V,gim volume of the abluminal side of the cartridge; Vijoreacon bioreactor volume;
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Strengths

Versatile system able to mimic in vivo
conditions

Easy scalable system toward high-
throughput devices

Low-cost fabrication, ease sampling

Long-term cell viability: multiple drug
assays in a single DIV-BBB cartridge

‘Weaknesses

High cell seeding density

Difficulty for the on-line microscopy
assessment of the luminal side

Non-reusable

Poor features of the HFs commercially
available

Opportunities

Research and technology transfer capacity to
produce advanced HF materials

Threats

Complex and time-consuming protocols
of cell culture

Insufficient biological matching between
in vivo and in vitro DIV-BBB models
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