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Tunable microstructured membranes in organ-on-chip to monitor trans-endothelial hydraulic resistance

Tissue engineering is an interdisciplinary field, where scientists from different backgrounds collaborate to address the challenge of replacing damaged tissues and organs via the in vitro fabrication of functional and transplantable biological structures. Because the development and optimization of tissue engineering strategies relies on the complex interaction of cells, materials and the physical-chemical tissue microenvironment, there is a need for experimental models that allow controlled studies of these aspects. Organs-onchips have recently emerged as in vitro models that capture the complexity of human tissues in a controlled manner, while including functional read-outs related to human organ physiology. Organs-on-chips consist of multiple microfluidic cell culture compartments, which are interfaced by porous membranes or hydrogels in which human cells can be cultured, thereby providing a controlled culture environment that resembles the microenvironment of a certain organ including mechanical, biochemical and geometrical aspects. Because organs-on-chips provide both a well-controlled microenvironment and functional read-outs, they provide a unique opportunity to incorporate, evaluate and optimize materials for tissue engineering. Here we introduce a polymeric blend membrane with a three-dimensional double-porous morphology prepared from a poly(ε-caprolactone)/chitosan blends (PCL/CHT) by a modified liquid induced phase inversion technique. The membranes have different physico-chemical, microstructural and morphological properties depending on different PCL/CHT ratios. Big surface pores (macrovoids) provide a suitable microenvironment for the incorporation of cells or growth factors, while an interconnected small porous (macroporous) network allows transfer of essential nutrients, diffusion of oxygen and removal of waste. Human umbilical vein endothelial cells (HUVECs) were seeded on the blend membranes embedded inside an organ-on-chip device. The cellular hydraulic resistance was evaluated by perfusing culture medium at a realistic trans-endothelial pressure of 20 cmH 2 O or 2 kPa at 37 °C after one day and three days post-seeding. By introducing and increasing CHT weight-percentage, the resistance of the cellular barrier after three days was significantly improved. The high tuneability over the membrane physico-chemical and architectural
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characteristics might potentially allow studies of cell-matrix interaction, cell-transportation and barrier function for optimization of vascular scaffolds using organs-on-chips.

Impact statement (less than 100 words)

Organ-on-chips (OOCs) offer interesting potential for progress in the treatment of diseases and injury in the growing field of tissue engineering and regenerative medicine. The paper presents a new way to develop polymer membrane with a tunable microstructured morphology and to implement this biomaterial inside an OOCs device. The reader should find measurements of the trans-endothelial hydraulic resistance in real time during endothelial cells culture: a simple and controlled way of mimicking human physiological condition for vascular tissue regeneration. This combination of novel biomaterial inside an OOC will explore innovative ideas in tissue engineering field.

Keywords: Transendothelial hydraulic resistance, Transendothelial pressure (TEP), Microstructured 3D porous membrane, Organs-on-chips, Microfluidics 1. Introduction:

To evaluate specific tissue engineered constructs, current in vitro methods are relatively limited, because they either rely on simple monolayer cell culture systems (e.g. for the evaluation of cytotoxicity) or on low-throughput bioreactor systems. Because of this, there is a clear need of more advanced in vitro models that can be used as tools to evaluate and optimize tissue engineered constructs. Organs-on-chips (OOCs) are considered to better predict cellular responses and potentially mimic a particular organ by introducing organlike features such as fluid flow and mechanical stress with the corresponding cellular preferences (1)(2)(3).

Generally, OOCs consist of polydimethylsiloxane (PDMS)-based structures fabricated using soft lithography [START_REF] Xia | Soft Lithography[END_REF][START_REF] Huh | Microengineered physiological biomimicry: organs-on-chips[END_REF][START_REF] Capulli | Approaching the In Vitro Clinical Trial: Engineering Organs on Chips[END_REF] defining microfluidic channels that are often interfaced through a porous membrane material in which human cells can be cultured. Depending on the application, the membrane normally requires micron-sized pores to allow cellular interaction, while thickness and biocompatibility need to closely mimic biological conditions of the human body [START_REF] Huh | From 3D cell culture to organs-on-chips[END_REF][START_REF] Huh | Microfabrication of human organs-on-chips[END_REF]. Moreover, a straightforward way to resemble the microenvironment of a certain organ by tuning mechanical, biochemical and geometrical aspects [START_REF] Meer Ad Van Der | Organs-on-chips: breaking the in vitro impasse[END_REF] leads to better predictions [START_REF] Bhatia | Microfluidic organs-on-chips[END_REF]. Like all in vitro models, OOCs hold the potential of parallelization and high-throughput screening with very limited resources.

In spite of the substantial progress in OOC technologies in general (better sensors, pumps and microfluidics) with a rapidly expanding library of OOCs of different organs, the progress in the development of suitable porous, polymeric membranes is very slow. To date a handful of polymeric membrane such as polycarbonate (PC) and Polyethylene terephthalate (PET), are applied for interfacial support in OOCs. These membranes are generally prepared by track-etching and are mainly obtained from commercial Transwell inserts [START_REF] Van Der Helm | Direct quantification of transendothelial electrical resistance in organs-on-chips[END_REF][START_REF] Abhyankar | A Reversibly Sealed, Easy Access, Modular (SEAM) Microfluidic Architecture to Establish In Vitro Tissue Interfaces. Eddington DT[END_REF][START_REF] Lee | A pumpless multi-organ-on-a-chip (MOC) combined with a pharmacokinetic-pharmacodynamic (PK-PD) model[END_REF][START_REF] Loskill | WATon-a-chip: a physiologically relevant microfluidic system incorporating white adipose tissue[END_REF][START_REF] Shim | Microfluidic gut-on-a-chip with three-dimensional villi structure[END_REF][START_REF] Zhu | A vertical-flow bioreactor array compacts hepatocytes for enhanced polarity and functions[END_REF][START_REF] Pocock | Low-temperature bonding process for the fabrication of hybrid glass-membrane organ-on-a-chip devices[END_REF][START_REF] Maoz | Organs-on-Chips with combined multi-electrode array and transepithelial electrical resistance measurement capabilities[END_REF] or filter membranes [START_REF] Van Der Helm | Direct quantification of transendothelial electrical resistance in organs-on-chips[END_REF][START_REF] Wang | Microfluidic blood-brain barrier model provides in vivo-like barrier properties for drug permeability screening[END_REF](20)[START_REF] Ma | Microdroplet chain array for cell migration assays[END_REF][START_REF] Lee | Construction of 3D multicellular microfluidic chip for an in vitro skin model[END_REF][START_REF] Jie | Integrated microfluidic system for cell co-culture and simulation of drug metabolism[END_REF][START_REF] Brown | Metabolic consequences of inflammatory disruption of the blood-brain barrier in an organ-onchip model of the human neurovascular unit[END_REF]. Depending on the application, they often provide only a basic, non-physiological cell culture microenvironment due to their limited biocompatible, structural and mechanical properties. All the material properties of the membrane like surface microstructure [START_REF] Chen | Geometric control of cell life and death[END_REF][START_REF] Hulsman | Analysis of high-throughput screening reveals the effect of surface topographies on cellular morphology[END_REF][START_REF] Esch | Characterization of in vitro endothelial linings grown within microfluidic channels[END_REF][START_REF] Broaders | Coupling between apical tension and basal adhesion allow epithelia to collectively sense and respond to substrate topography over long distances[END_REF], roughness (29-32), hydrophilicity [START_REF] Lee | Interaction of Different Types of Cells on Polymer Surfaces with Wettability Gradient[END_REF][START_REF] Wala | Influence of physico-mechanical properties of elastomeric material for different cell growth[END_REF], 5 mechanical strength [START_REF] Wala | Influence of physico-mechanical properties of elastomeric material for different cell growth[END_REF][START_REF] Engler | Matrix elasticity directs stem cell lineage specification[END_REF], and porosity [START_REF] Casillo | Membrane Pore Spacing Can Modulate Endothelial Cell-Substrate and Cell-Cell Interactions[END_REF][START_REF] Choi | Three-dimensional Scaffolds for Tissue Engineering: The Importance of Uniformity in Pore Size and Structure[END_REF][START_REF] Luca | Gradients in pore size enhance the osteogenic differentiation of human mesenchymal stromal cells in three-dimensional scaffolds[END_REF][START_REF] Loh | Three-Dimensional Scaffolds for Tissue Engineering Applications: Role of Porosity and Pore Size[END_REF][START_REF] O'brien | The effect of pore size on cell adhesion in collagen-GAG scaffolds[END_REF][START_REF] Zhang | Pore size effect of collagen scaffolds on cartilage regeneration[END_REF] have a significant effect on the cellular adhesion and biocompatibity.

Recently, blends of synthetic and natural polymers such as polycaprolactone (PCL) and chitosan (CHT) were found to exhibit excellent abilities to match the needs of their specific target tissues via proper tuning of their properties [START_REF] Du | Gradient nanofibrous chitosan/poly ɛ-caprolactone scaffolds as extracellular microenvironments for vascular tissue engineering[END_REF][START_REF] Correlo | Properties of melt processed chitosan and aliphatic polyester blends[END_REF][START_REF] Malheiro | New poly(ε-caprolactone)/chitosan blend fibers for tissue engineering applications[END_REF][START_REF] Van Der Schueren | Polycaprolactone/chitosan blend nanofibres electrospun from an acetic acid/formic acid solvent system[END_REF][START_REF] Cooper | Fabrication and cellular compatibility of aligned chitosan-PCL fibers for nerve tissue regeneration[END_REF]. CHT is widely recognized for its natural ability to promote bioactive functionality, tunable degradation, and structural resemblance of native tissue extra cellular matrix (ECM) [START_REF] Teotia | Bifunctional Polysulfone-Chitosan Composite Hollow Fiber Membrane for Bioartificial Liver[END_REF][START_REF] Prabaharan | Preparation and characterization of poly(L-lactic acid)-chitosan hybrid scaffolds with drug release capability[END_REF][START_REF] Chen | Electrospun chitosan-P(LLA-CL) nanofibers for biomimetic extracellular matrix[END_REF]. PCL is approved by the Food and Drug Administration (FDA) for clinical use, and is also very suitable for tissue engineering applications [START_REF] Hong | Fabrication of electrospun polycaprolactone biocomposites reinforced with chitosan for the proliferation of mesenchymal stem cells[END_REF][START_REF] Das | Artificial membranes tuning for lymphatic wall repair[END_REF][START_REF] Li | Towards the development of polycaprolactone based amphiphilic block copolymers: molecular design, self-assembly and biomedical applications[END_REF][START_REF] Morelli | Neuronal growth and differentiation on biodegradable membranes[END_REF][START_REF] Xiao | Preparation and cytocompatibility of chitosan-modified polylactide[END_REF] by providing attractive options for the control of morphology, architecture, dynamic modulus and degradation rate to generate potential alternatives via tuning the synthetic/natural ratio in combination with natural polymers [START_REF] Du | Gradient nanofibrous chitosan/poly ɛ-caprolactone scaffolds as extracellular microenvironments for vascular tissue engineering[END_REF][START_REF] Correlo | Properties of melt processed chitosan and aliphatic polyester blends[END_REF][START_REF] Malheiro | New poly(ε-caprolactone)/chitosan blend fibers for tissue engineering applications[END_REF][START_REF] Van Der Schueren | Polycaprolactone/chitosan blend nanofibres electrospun from an acetic acid/formic acid solvent system[END_REF][START_REF] Cooper | Fabrication and cellular compatibility of aligned chitosan-PCL fibers for nerve tissue regeneration[END_REF].

Here we report a straightforward way to integrate a three-dimensional porous membrane, intended for use in vascular tissue engineering, in an OOC system. We demonstrate that endothelial cells can be embedded in the scaffolds, and their functionality can be probed by measuring their hydraulic resistance with a microfluidic assay. Our study highlights the great potential of applying of OOCs as models for in vitro testing in the field of tissue engineering.

Materials and Methods:

Organ-on-chip fabrication

The organ-on-chip consists of a porous membrane embedded inside a microfluidic device.

The chip fabrication was reported in the previous publication from our group [START_REF] Van Der Helm | Direct quantification of transendothelial electrical resistance in organs-on-chips[END_REF][START_REF] Helm Mw Van Der | Fabrication and Validation of an Organ-on-chip System with Integrated Electrodes to Directly Quantify Transendothelial Electrical Resistance[END_REF]. The membrane is made from a biodegradable PCL/CHT polymer blend with a modified phase inversion technique to allow the formation of double porous morphology. The methods for the chip and the membrane fabrication are briefly described in Supplementary Information (SI 2 and SI 3). The chip design and assembled chip are shown in 3D (Blender v2.78) in Fig. 

(A)

Hydraulic resistance measurements in different pressure by Fluidic set up

To evaluate the membrane hydraulic performance, volume flow rate of the culture medium (EGM-2) through the membrane at different pressures was conducted by a fluidic setup (Fig. 1. (B)). The fluidic setup (Fluigent) controls the pressure and tracks the flow rate in real time [START_REF]FRP Flow Sensor: FLOW-RATE PLATFORM | Fluigent 2018[END_REF]. The experiments were started from 2 kPa (approximately 20 cmH 2 O: range of physiological transendothelial pressures or TEP [START_REF] Sill | Shear stress increases hydraulic conductivity of cultured endothelial monolayers[END_REF][START_REF] Pang | Shear stress regulates HUVEC hydraulic conductivity by occludin phosphorylation[END_REF][START_REF] Luckett | Hydraulic conductivity of endothelial cell monolayers cultured on human amnion[END_REF]) and continued up to 20 kPa. The experimental set up was discussed in section 2.3.1. The obtained flux was plotted against pressure (Fig. 3), and the hydraulic resistance of the membranes was determined (Table . 2) from the slope by equations below [START_REF] Desmond | Linking composition of extracellular polymeric substances (EPS) to the physical structure and hydraulic resistance of membrane biofilms[END_REF][START_REF] Desmond | Stratification in the physical structure and cohesion of membrane biofilms -Implications for hydraulic resistance[END_REF][START_REF] Tripathi | Ultralow fouling membranes by surface modification with functional polydopamine[END_REF].

𝐽 = (𝑄/𝑡)/𝐴 (1) 
And, 𝐽 = ∆ µ ×

(2)

Or, 𝑅 = ∆ × µ  (3) 
Where, J is Flux (m/s), (Q/t) is the volume flow rate (m 3 /s), A is membrane surface area (m 2 ), µ is 6.913 × 10 -4 Pa•s, the dynamic viscosity of water at 37 °C (all the flow experiments were done with EGM-2 but its viscosity is only 5% higher [START_REF] Sill | Shear stress increases hydraulic conductivity of cultured endothelial monolayers[END_REF][START_REF] Fröhlich | Comparison of two in vitro systems to assess cellular effects of nanoparticles-containing aerosols[END_REF], while the resistance of the membrane should not be affected by this), ∆ applied pressure difference (Pa) and R Mem is resistance (m -1 ) of the membrane.

Flux measurements before and after the cell seeding by Flow sensing set up

The consecutive experiments were done on the same batch of chips with culture medium (EGM-2) at 2 kPa for one day and three days (Fig. 4). For each batch, three chips were taken.

Flux before cell seeding

Chips were transferred in a plastic culture dish and washed with 70% EtOH thoroughly.

Then the chips were washed with sterile PBS three times to ensure removal of EtOH from inside of the channel and both the channels were filled with endothelial cell culture medium (EGM-2). One top and one bottom entrance was blocked with sealed yellow 7 pipette tips. The other top channel inlet was connected with the reservoir (30 ml of culture medium) via Tygon tubing. The other bottom channel inlet was connected to the flow rate sensor. Before connecting with the chip, all the tubing and the sensor were filled with culture medium. Then the flow was started at 2 kPa pressure and the flow rate was recorded after 2-3 minutes to ensure a steady-state measurement.

Cell seeding

After the flux measurements the channels were washed three times with sterile PBS and kept in PBS suspension for overnight at 4 °C. Then the channels were washed again with sterile PBS and filled with 0.1 mg/ml collagen I in PBS. The channels were inspected for air bubbles (any air bubbles were flushed out by Collagen I solution) and incubated for 30 minutes at 37 °C. Then the chips were taken out from the incubator and flushed with culture medium and incubated for 1 hour at 37 °C. In the meantime, HUVECs were trypsinized and collected from a confluent T175 flask. Then the chips were placed in the sterile hood and 10 µl of cell suspension (4 × 10 6 cells/ml or 1.5 × 10 5 cells/cm 2 ) was pipetted slowly inside the top channel and inspected for any bubble formation (any bubble was flushed out by the cell suspension) and incubated in 37 °C for 2 hours. The chips were taken out from the incubator, inspected for complete attachment of the HUVECs by microscope, flushed with fresh culture medium to remove non-attached cells and incubated again. The medium in the channels was changed twice every day (morning and afternoon). Every time before putting inside the incubator, one drop of culture medium was left on top of all the inlets to prevent the channel from drying.

Flux after cell seeding and staining

The chips with seeded cells were taken one by one from the incubator and the flow rate was recorded again like the previous procedure. Directly after the perfusion experiment, the chip was washed with PBS and fixed with 4% paraformaldehyde for 15 minutes. Then the channels were washed with PBS and kept in permeabilization buffer (PB; 9:1 v:v ratio of 11 mg/ml BSA with 1% Triton X-100 in PBS) at room temperature for 15 minutes to block any non-specific protein-binding sites. VE-cadherin primary antibody (1:200 in PB) was added inside the channel and incubated at room temperature for 2 hours. The channels were washed with PBS and VE-cadherin secondary antibody, Phallodin-488 and DAPI were added together in the ratio 1:400, 1 drop/ml and 1:4000 in PB, respectively, and incubated at room temperature for 1 hour. To prevent photo-bleaching, the chips were protected from light exposure from this step onwards. Then the chips were washed with PBS thoroughly and imaged with confocal microscopy (Zeiss LSM 510, Nikon) in 15× and 85× magnification (Fig. 5). The images on the membrane were taken at the intersection point of the two channels. For control, cells on the bare PDMS channel surfaces were also imaged.

Calculation of the hydraulic resistance of HUVECs

From the flow rate, flux was calculated from Eq. 1 and plotted for different membranes, before cell seeding and after cell seeding (Table . 3). In addition, the resistance of the cellular barrier (R Cell ) was calculated from the difference between the total measured resistance (membrane with the cells) and the blank membrane resistance (without cells).

The equation has shown below [START_REF] Desmond | Linking composition of extracellular polymeric substances (EPS) to the physical structure and hydraulic resistance of membrane biofilms[END_REF][START_REF] Desmond | Stratification in the physical structure and cohesion of membrane biofilms -Implications for hydraulic resistance[END_REF].

𝑅 = 𝑅 -𝑅 = ∆ µ × 𝐽 -( ∆ µ × 𝐽 ) (4) 

Statistical analysis

All the experiments were done in triplicate (n=3) and the data are shown as mean ± standard deviation. Slope of the blank membrane (Table .2) was determined by using LINST equation. To find the significance of flux after cell seeding (Fig. 4), one-way ANOVA analysis with Bonferroni correction was done where; ****denotes p<0.0001, ***denotes 0.0001<p<0.001, **denotes 0.001<p<0.01 and *denotes 0.01<p<0.05.

Results and discussion:

Membrane morphological characteristics

After the membrane fabrication, the top surface and the cross section characteristics were analyzed by SEM (Fig. 2 and Table 1) according to the method presented in SI 4. It was found that the membrane surface that was covered by the track-etched membrane, contained many open big pores which are interconnected with the small pores network as evident from the cross section images. In case of pure PCL, surface big pores were around 21 µm in diameter and inside the bulk were around 30 µm. On the other hand, all the blend of PCL/CHT, surface big pores were around 14 -16 µm and inside the bulk 51 -56 µm. The size of the small pores was around 0.8 -2 µm. Thickness of all the membranes were around 55 -85 µm. Overall, by this modified phase inversion technique, a remarkable difference was found between the big pores and the small pores. The morphology also contained some pillars, which were almost the same dimension as the track-etched membrane pores. The amount of pillars was decreasing with increasing CHT %.

The commercial track-etched membrane upon the casted polymer solution triggered a heterogeneous solvent exchange during the solvent-nonsolvent exchange. The solvent exchange is faster where the nonsolvent has a direct contact with the solution through the pores of the track-etched membrane. By introducing and increasing the CHT wt% inside the PCL backbone, several material characteristics can be further tuned like surface pore size and morphology, mechanical property, hydrophilicity, biodegradable properties.

Nonetheless, all these characteristics have direct consequences on cellular viability and adhesion phenomena. As stated earlier, the goal of the current work was to study the suitability of these membranes in vascular tissue engineering by evaluating the adhesion of HUVECs, as well as their functionality in terms of generating hydraulic resistance.

Permeate flux and hydraulic resistance of the membrane at different pressures

The OOC was designed in such a way that the membrane scaffolds are embedded in between two channels where the culture medium were perfused through the top channel at realistic TEP (transendothelial pressure; 2 kPa), mimicking the inner lumen properties.

The other end of the top channel was blocked so the medium passes through the membrane porous network to the bottom channel. One exit of the bottom channel was also blocked such that the cell operates in dead-end filtration mode. Firstly, we tested the membrane stand-alone performance, starting from TEP up to 10 times TEP. After that we enhanced the resistance by seeding the endothelial cell and quantifying the additional hydraulic resistance induced by the cells. This kind of membrane scaffolds loaded with endothelial cells can be applied as grafts for disrupted vascular lumen and resist the 10 leakage of fluid from inside of the lumen to outside. Due to the biodegradable porous structure, the cell will grow inside the scaffolds by replacing the scaffolds material and hence repair the disrupted lumen.

Permeate flux and Hydraulic resistance of the membranes without cells

The permeate flux of the membranes were plotted (Fig. 3) against pressure starting from realistic TEP (2 kPa). All the membranes showed a linear response across the entire pressure range. In the blend, by increasing CHT wt%, the flux was increasing.

The hydraulic resistance of the membrane was obtained from the slopes in Fig. 3 and depicted in Table 2.

The pristine membrane does not exhibit any membrane compressibility in the TEP range (2 -16 kPa) [START_REF] Sill | Shear stress increases hydraulic conductivity of cultured endothelial monolayers[END_REF][START_REF] Pang | Shear stress regulates HUVEC hydraulic conductivity by occludin phosphorylation[END_REF][START_REF] Luckett | Hydraulic conductivity of endothelial cell monolayers cultured on human amnion[END_REF][START_REF] Madhavan | Mechanical and biocompatible characterizations of a readily available multilayer vascular graft[END_REF], suggesting in the real-time the bulk microstructure of the membrane will be intact while the cellular ingrowth should not be affected. The blend membrane has a higher resistance (or lower flux) than the control (Polyester membrane), most probably because the blend membranes have a higher hydraulic length (i.e. the membrane thickness) [START_REF] Bazyar | Liquid-liquid displacement in slippery liquid-infused membranes (SLIMs)[END_REF] and different pore morphology. These blend membranes have higher resistance even without the cellular attachment than the membrane like Polyester or Polycarbonate filter membrane which are typically used inside the trans wells inserts systems [START_REF] Sill | Shear stress increases hydraulic conductivity of cultured endothelial monolayers[END_REF][START_REF] Pang | Shear stress regulates HUVEC hydraulic conductivity by occludin phosphorylation[END_REF] or in OOC system [START_REF] Van Der Helm | Direct quantification of transendothelial electrical resistance in organs-on-chips[END_REF][START_REF] Helm Mw Van Der | Fabrication and Validation of an Organ-on-chip System with Integrated Electrodes to Directly Quantify Transendothelial Electrical Resistance[END_REF] to asses cellular barrier. The water flux of the control (polyester membrane) in the manufacturer's protocol (66) is given as -1000 ml/min/cm 2 at 10 psi pressure, corresponds to a membrane resistance of 6.25 × 10 8 m -1 , which is very close to what we find in our OOC system. This good agreement confirms that the system allows determining the resistance reliably and that the membrane sealing was intact even up to 10 times TEP.

The flux is very important to applications of membranes in vascular biology as it dictates the amount of fluid flow that can be processed for a given time and dimension at a defined applied pressure without damaging the mechanical integrity of the membrane [START_REF] Barhate | Nanofibrous filtering media: Filtration problems and solutions from tiny materials[END_REF].

Particularly in our blend membrane by increasing CHT wt% the flux was increased likely due to higher hydrophilicity and improved wetting. However, regardless of different chemical property and pore morphology, the resistance of all the blend membranes were quite close to each other. Unlike the polyester membrane, the advantage of the blend microporous structure is that they consists of big pores which are not all the way through the thickness, reducing the flux while facilitate cellular adhesion and incorporation in the same time. Starting from TEP, the applied pressure range (2 -20 kPa) was well within the range of transmembrane pressure for microfiltration membrane [START_REF] Bjorge | Performance assessment of electrospun nanofibers for filter applications[END_REF]. Copper et. al [START_REF] Cooper | Chitosan-based nanofibrous membranes for antibacterial filter applications[END_REF] evaluated the water flux of a PCL-CHT based nanofibrous membranes by electrospining.

They found their membranes exhibited flux values in the same order of magnitude with our reported data in the similar pressure range. Madhavan et. al [START_REF] Madhavan | Mechanical and biocompatible characterizations of a readily available multilayer vascular graft[END_REF] reported vascular grafts made of thin, dense nanofibrous core composed of poly-ε-caprolactone, and a thick, porous, hydrogel sleeve composed of genipin-crosslinked collagen-chitosan. They achieved a desired flux 528 ml/cm 2 /min (corresponds to 0.08 m/s) at average blood pressure of 16 kPa and mentioned flux value in that range considered as ideal for immediate grafting and fast healing. They also mentioned flux value below that range does not require any preclotting before implantation, but healing could be slower due to limited molecule transport. Whereas unlike the multilayer morphology they reported, the single layer morphology with macroporous structure like us could be an added advantage with optimum flux property and the fast healing.

Permeate flux and Hydraulic resistance of membranes with cell cultures

Flux was measured after one and three days of cell culturing and compared with the blank membranes at physiological transendothelial pressure (TEP) 2 kPa (Fig. 4). By introducing and increasing the CHT wt% in PCL, the %reduction of flux was depicted in the figure ,   where it can be found there was a significant decrease of flux took place after three days compare to one day, most likely due to added cellular resistance.

The primary point of interest of this work was to evaluate the additional hydraulic resistance induced by the HUVECs during the flux measurements. These values were derived from the mean flux after one day and three days of cell culture from Eq. 4 and listed in Table . 3.

The cellular resistance (R Cell ) increased the total cell-membrane resistance in the OOC system. After one day, by increasing CHT wt%, the cellular resistance of the membrane 12 scaffolds were decreasing perhaps due to enhanced flux property induced by the CHT moieties as discussed above. However, a notable increase in cellular resistance (R Cell ) after three days of seeding was observed presumably due to higher numbers of adherent cells and the increase is likely to be more significant by increasing CHT wt%. After three days %R Cell increase compare to one day was as follows; PCL/CHT 100/0 (+20 %), PCL/CHT 90/10 (+50 %), PCL/CHT 80/20 (+130 %) and PCL/CHT 70/30 (+200 %). This could be due to combination of better morphological property or pore spacing as evident from the SEM images (Fig. 2) where it was observed that, by increasing CHT wt% the membrane surface has more continuous and smooth space between the pores. Casillo et al. [START_REF] Casillo | Membrane Pore Spacing Can Modulate Endothelial Cell-Substrate and Cell-Cell Interactions[END_REF] grew endothelial cells on non-porous and porous SiO 2 membranes. The porous membranes had different pore sizes and corresponding pore spacing, and they found membranes with higher pore spacing give better focal adhesion formation. In contrast, they measured cellcell interactions in the form of tight junctions by ZO-1, which showed an opposite trend.

Porosity especially with smaller pore spacing, could thus limit cell adhesion, but enhance barrier function of cells.

By increasing CHT wt%, the hydrophilicity of the membrane was also increased which could have a positive influence on protein adsorption and hence cell adhesion (29,33).

Wala et al. (34) prepared poly(dimethyl siloxane) (PDMS) films with different hydrophilicity

and reported that cell attachment, spreading and growth of 3T3 fibroblasts and HaCaT keratinocytes increased with increasing hydrophilicity of the films. Others found that moderate hydrophilicity often yields the best cell response [START_REF] Lee | Interaction of Different Types of Cells on Polymer Surfaces with Wettability Gradient[END_REF][START_REF] Premnath | Tuning cell adhesion by direct nanostructuring silicon into cell repulsive/adhesive patterns[END_REF]. Adsorption of serum proteins also showed an optimum on films with moderate hydrophilicity [START_REF] Lee | Interaction of Different Types of Cells on Polymer Surfaces with Wettability Gradient[END_REF] which could be the main cause of the increased cell response. Above all, the big pores inside the scaffold are likely to play a significant role to increase the cellular resistance. During the cell seeding the HUVECs could block the big pores as they have a globular shape of around 15-20 µm in diameter which is almost similar in dimension to the big pores on the surface of the scaffold. Chen et al. [START_REF] Chen | Geometric control of cell life and death[END_REF] showed that pore sizes similar or larger than a single cell have significant influence on clusters formation by involving multiple cells together.

Microscopic observation of cells on the membrane

The cellular adhesion was observed after the flux experiments in the confocal images (Fig. 5). After one day (in 15× Mag.) all four batches of membranes showed good cellular adhesion and compatibility. The cellular adhesion was increasing by increasing CHT wt%, which could be due to an increase of surface hydrophilicity and functional property like enhanced collagen coating. Whereas in 85× magnification images, the cell-cell interactions looks better on PCL/CHT 100/0 and PCL/CHT 90/10 scaffolds by expressing VE-Cadherin stronger than the other two scaffolds. The cellular morphology was the best on PDMS by strongly expressing VE-Cadherin with confluent cell-cell interactions and cortical F-actin, presumably because the cells prefer a smoother surface during the initial attachments [START_REF] Casillo | Membrane Pore Spacing Can Modulate Endothelial Cell-Substrate and Cell-Cell Interactions[END_REF].

After three days, the cellular adhesion was clearly higher for PCL/CHT 80/20 and PCL/CHT 70/30 scaffolds than PCL/CHT 100/0 and PCL/CHT 90/10. On PDMS (control) the cellular attachments decreased compared to our membrane scaffolds. This could be due to detachment of the collagen layer from hydrophobic PDMS which eventually detaches the cellular layer. The detachment of the collagen from the PDMS likely occurred due to shear stress during medium changing followed by flux experiments. Normally to establish a strong bonding between PDMS and the collagen layer, chemical modification by aminosilane surface treatment is used inside the chips before collagen coating (2). In our case, we skipped this chemical surface modification step purposely in order to compare cellular attachment exclusively on the membrane scaffolds and the control (PDMS surface) during long-term cell culture. In 85× magnification, HUVECs on all the scaffolds strongly express junctional VE-cadherin indicating better cell-cell connectivity compared to day one. In addition, the cells were spreading on the surface by increasing CHT wt%, presumably due to its higher hydrophilicity and better pore spacing of the scaffolds which is evident in the confocal images with spreading of actin filament bundles stained by Phalloidin. For comparison, Xiao et. al. [START_REF] Xiao | The promotion of angiogenesis induced by three-dimensional porous beta-tricalcium phosphate scaffold with different interconnection sizes via activation of PI3K/Akt pathways[END_REF] seeded HUVECs in three-dimensional β-tricalcium phosphate scaffolds with big pores connected with different interconnection sizes and studied cytoskeletal proteins such as actin to illustrate the spreading and attachment of cells on scaffolds. They found the scaffolds with higher pore spacing exhibited uniform and 14 homogenous actin distribution of cytoplasm. This phenomenon is understandable, as the big pores mainly provide the space for cell growth, whereas the interconnections function as the doorway for cell-cell interaction and eventually cell growth into the scaffold [START_REF] Xiao | The promotion of angiogenesis induced by three-dimensional porous beta-tricalcium phosphate scaffold with different interconnection sizes via activation of PI3K/Akt pathways[END_REF][START_REF] Mastrogiacomo | Role of scaffold internal structure on in vivo bone formation in macroporous calcium phosphate bioceramics[END_REF]. Du,et al. (42) reported the viability of HUVECs on a gradient nano-fibrous PCL-CHT membrane scaffolds for vascular tissue engineering. They found that the HUVECs have a tendency for high proliferation and adhesion on the luminal side (CHT rich) of the gradient scaffolds due to a better ECM proteoglycan-like structure and adsorption of essential growth factors (VEGF) by the CHT matrix. Our data showed that by increasing CHT wt% in PCL-CHT membranes, the microporous structure was significantly improved promoting higher endothelial cell types growth on the scaffolds. The entire layer of endothelial cell adhesion on the membrane top surface (lumen side) and the scaffold itself as the adventitial side is a potential match to the natural structure of blood vessels.

In the past, several experiments were reported to monitor the hydraulic transportation phenomena across the endothelial cell layer seeded on membrane at TEP range [START_REF] Sill | Shear stress increases hydraulic conductivity of cultured endothelial monolayers[END_REF][START_REF] Pang | Shear stress regulates HUVEC hydraulic conductivity by occludin phosphorylation[END_REF][START_REF] Luckett | Hydraulic conductivity of endothelial cell monolayers cultured on human amnion[END_REF].

Almost all those experiments were conducted in a trans-well insert system with the conventional track-etched filter membranes. The current study is a further step forward in vascular tissue engineering by demonstrating how these three-dimensional membranes are more convenient candidates with tunable physico-chemical and microstructural properties when analyzed within OOCs.

Conclusion

We showed a straightforward and simple process to quantify the additional hydraulic resistance of HUVECs seeded on three-dimensional membrane scaffolds in an OOC system.

The membrane scaffolds were developed by a modified version of liquid induced phase inversion, using different ratios of polycaprolactone-chitosan. At first, the flux and the corresponding resistance of the membranes were evaluated in the OOC system, starting from realistic trans-endothelial pressure (TEP). The flux was found to increase with increasing CHT content in the blend. The additional hydraulic resistance induced by the living HUVECs was quantified in the same set-up seeded on the membranes after one day and three days using EGM-2 culture medium. Results suggest that by increasing the CHT 15 wt%, the microstructural morphology and the chemical properties are significantly improved leading to an increased hydraulic resistance of the cells due to enhanced cellular adhesion.

Overall, our study demonstrates that OOC systems can be used as in vitro platforms to optimize and evaluate the morphology and functionality of various tissue engineering constructs. We anticipate that the use of OOC technology in tissue engineering will increase, because the unique properties of OOCs, with their small size, engineered microenvironments and tissue-level or organ-level functional read-outs. Thus could greatly facilitate the development and optimization of new tissue engineered constructs for regenerative medicine.
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After formation of the membrane, when it turned opaque and detached from the glass plate, the track-etched membrane was removed gently and the newly formed membrane was washed several times in pure water. Then, the membrane was stored in ultrapure water in 4 °C temperature. The surface where the big pores were open towards the nonsolvent is denoted as top surface and the other surface, which was facing the glass plate is denoted as the bottom surface.

Due to the high viscosity of CHT in the solvent, we could not go beyond the ratio PCL/CHT 70/30 as it was quite difficult to make a homogeneous solution. Double porous membrane formation with pure CHT was not successful as dissolving CHT more than 4 wt.% was difficult.

SI 3. Organ-on-chip fabrication

Briefly, PDMS base agent and curing agent were mixed in a 10:1 wt% ratio. After degassing, this mixture was poured onto an SU-8 patterned silicon wafer and cured for 4 h at 60 °C. Then the PDMS with channel imprints was cut into top and bottom parts, and four inlets were punched (by 0.5 mm diameter biopsy puncher) into the top parts containing the top channel. Dust was removed using Scotch tape (3M). To assemble the two PDMS parts with an embedded membrane, a PDMS/toluene glue at 5:3 wt ratio (1,2) was prepared which ensures complete leakage-free bonding of the two PDMS parts. At first, the glue was spin-coated onto a glass coverslip (1500 rpm for 60 s, ramped at 1000 rpm s -1 ; Spin 150, Polos, the Netherlands) and a thin layer was transferred to both PDMS halves using an ink roller. Then the doubled-porous membrane of 2 mm × 2 mm was cut and placed in the centre of the bottom half. The top part was aligned and gently placed on the bottom part without applying pressure, after which the chips were baked for 3 days at 30 °C (baking was done in low temperature to avoid unwanted damage of the membrane microstructure by melting).

Polyester membrane (8 µm pore size and 10 µm thickness) (3) was also embedded inside the chip system by using the PDMS/toluene glue (Baked in 60 °C for 4 hours) and the resistance of flow was determined as a control with the same procedure. This polyester membrane is typically used in Transwell insert systems for cell culture purposes.

SI 4. Membrane characterization by scanning electron microscopy

After preparation of the membrane with double porosity, the repeatability of the membrane surface and bulk morphology was checked by scanning electron microscopy (SEM; JEOL 5600LV) (Fig. 2). Diameter of the big pores and small porous size distribution were evaluated by ImageJ software on the SEM images.

SI 5. Verification of the absence of leakage with fluorescent dye

After fabrication and before the flux experiments, the chips were verified in order to check good sealing between the membranes and the PDMS or for any unwanted leakages. To do that, a fluorescent dye (4 kDa dextran Alexa 488, 1 mg/ml in PBS) was pipetted inside the channel and the chips were inspected by performing fluorescence microscopy (EVOS FL, Life Technologies) for one day (Supp. Fig. 2).

For this experiment, chips with different batch of membrane were taken and they were imaged in EVOS, where no leakage out of the channel was found just after pipetting the dye. Then the chip were kept in room temperature for one day and imaged again. This time the fluorescent dye was slightly dispersed out of channel from inside the membrane 35 area. The normal hand pressure of pipetting inside the channel must be much higher than the pressure of interests (TEP at 2-16 kPa), suggesting at real time Transendothelial pressure (TEP) the probability of leakage inside the channel is almost none.

SI 6. Permeate flux of the membrane in Amicon cell

To assess the membrane hydraulic performance in a high-pressure filtration system, flux of all the membranes mentioned above were also measured in an Amicon cell at room temperature with deionized water at pressure 20 kPa to 60 kPa (SI Fig. 3). The hydraulic flux and the resistance for water was determined by the above equation where the dynamic viscosity of water at 25 °C was considered as 8.9 × 10 -4 Pa•s. The flux was found much lower than the OOC system at pressure 20 kPa.

The overall flux of all the membranes follow the similar trend. By increasing CHT wt% flux is increasing due to higher hydrophilicity and improved wetting. Unlike the OOC system, flux was not increasing linearly with pressure due to membrane compaction as big pores are present inside the bulk resulting collapsing of the pores through the thickness. By increasing CHT wt% membrane compaction is increasing as CHT in wet condition is mechanically less stable than PCL, wreaking the PCL structural integrity. PCL/CHT 90/10 has shown the highest compressibility due to smallest small pores. Flux of a Polyester membrane (8 µm pore size and 10 µm thickness) was also measured as a control which is around 30 -100 times higher than the blend membrane.

Due to the non-linearity of the flux vs pressure graph in the blend membrane, the hydraulic resistance was determined in each corresponding pressure (and water viscosity at 25 O C) by Eq. 3 and listed in SI. Table . 1. For the polyester membrane (as control), the resistance that obtained from OOC system was quite similar that has been reported in the manufacturer protocol whereas the value in the amicon cell was 3 times higher from the manufacturer protocol. Whereas, in case of PCL-CHT membrane, the resistance in the amicon cell was 100 times higher than that have been obtained in the fluigent system.

Comparison of hydraulic resistance obtained in Fluigent and Amicon cell

Unlike the PCL-CHT membrane, hydraulic flux in the polyester membrane was simpler due to lower hydraulic length (membrane thickness 10 µm) and smooth surface with pores all the way through the membrane thickness. In spite of that, the resistance value in the polyester membrane obtained in the Amicon cell was increasing could be due to added internal instrumental resistance. Whereas PCL-CHT membranes has more complicated surface and bulk morphology than the polyester membrane. Moreover, the blend membrane surface was heterogeneous with combination of pores and pillars where the pillar was decreasing by increasing CHT wt% (the exact proportion of the pores and pillars was unknown). Hence, the resistance that obtained from the Amicon cell is combination of pores and with some pillars. Although similar thing should happen in the OOC system but here the flux experiment was started from 10 times lower pressure and 1256 times lower membrane surface area where it possible that membrane surface majorly faced Pillar (which was giving zero reading and was discarded) and pores (which was giving reading and considered). And as the reading in the OOC was considered majorly from the pores, the resistance should be much lower than the reading of Amicon cell. 
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Fig. 1 .

 1 (A). and the funding organization Erasmus mundus doctorate in membrane engineering-5 th Ed. under European commission (EACEA).

Fig. 1 :

 1 Fig. 1: (A) Organ-on-chip device (inset Picture: BIOS/Lab on a Chip, UTwente); exploded view of the PDMS chip with the top channel (TC), membrane (M), bottom channel (BC) and (PT) blocked pipette tip. The working area of the membrane suspended between two channels is 500 µm × 500 µm. (B) Fluidic set up; determination of volumetric flow rate by perfusion of the cell culture medium (EGM-2) through one top channel and collection of the permeate through the bottom channel to the sensor.

Fig. 2 .

 2 Fig. 2. SEM images of membranes on the Top surface and cross section with double porosity; (A, B) PCL/CHT 100/0, (C, D) PCL/CHT 90/10, (E, F) PCL/CHT 80/20, (G, H) PCL/CHT 70/30 respectively using track-etched membrane (10 µm). All images were taken after removing the track-etched membrane.

Fig. 3 .

 3 Fig. 3. Flux vs Pressure of four different membrane compare to Polyester membrane (control) measured (n=3) in Organ-on-chip device by fluidic set up.

Fig. 4 .

 4 Fig. 4. Flux of four different membranes before cell seeding and after one day and three days of cell seeding. All values were measured at physiological transendothelial pressure (2 kPa). The percentages denote flux reduction compared to the individual blank membrane. (**** p<0.0001, *** 0.0001<p<0.001, ** 0.001<p<0.01 and * 0.01<p<0.05 in one-way ANOVA analysis with Bonferroni correction).

Fig. 5 .

 5 Fig. 5. LCSM representative images of HUVECs on different blends of membranes after staining three different parameters (nucleus by DAPI in blue, cell cytoskeleton by phalloidin 488 in green and cell junctions by VE-Cadherin in red) taken after permeability experiments inside OOC systems after 1 day and 3 day of cell seeding. Bars; 200 µm in inset view (15× mag.) and 20 µm in enlarged view (85× mag.).

  Below is the Resistance (m -1 ) of the Polyester membrane by different report -Manufacturer protocol (3) 4.6 × 10 8 m -1 (at press 70 kPa or 10 psi and Vis. Water in 25 °C) Amicon cell 15.2 × 10 8 m -1 (from slop in Supp. Fig. 3, using Vis. Water in 25 °C) 36 In OOC 5.5 × 10 8 m -1 (from slop in Fig. 3, using Vis. Culture medium in 37 °C)

38 SI. Table. 1 .

 1 Hydraulic resistance (R Mem ) of the blend membranes with distilled water at 25 °C by the Eq. 3.

  

  

  

Table 2 .

 2 Table. 1. Relationship between polymer blend ratio and membrane pore size. Resistance determined by the slop of the Flux vs Pressure graph.

		P C L / C H T	PCL/CHT	PCL/CHT	PCL/CHT
		100/0	90/10	80/20	70/30
	Surface Big	21.4±5.2 14.3±4.1 15.3±3.4 15.8±5.7
	Pores Dia.				
	(µm)				
	Bulk Big	30.6±4.9 54.4±7.6 51.9±9.2 56.1±5.5
	Pores Dia.				
	(µm)				
	*Surface	2.3±1.5	0.8±0.3	1.4±0.5	1.7±0.9
	Small Pores				
	Dia. (µm)				
	Thickness	55	85	65	80
	(µm)				

Table 3 .

 3 Resistance of HUVECs cellular barrier determined by eq. 4 and computed in terms of hydraulic conductivity L p after 1 and 3 day.

		Resistance of	Hydraulic conductivity of
		HUVECs (R Cell ) m -1	HUVECs (Lp) cm.s -1 .cmH 2 O -1 ×
		x10 8	10 -2	
		1 Day	3 Day	1 Day	3 Day
	PCL/CHT 100/0	4.8±2.1	5.8±3.2	2.96±1.99	2.44±2.22
	PCL/CHT 90/10	7.7±2.5	11.8±0.9	1.84±0.70	1.21±0.09
	PCL/CHT 80/20	4.5±1.8	10.5±2.4	3.14±1.17	1.34±0.33
	PCL/CHT 70/30	2.5±0.5	7.4±2.0	5.72±1.33	1.91±0.5

SI 2. Double porous membrane scaffolds fabrication

The membranes were prepared using a modified liquid induced phase inversion technique using formic acid/acetic acid (FA/AA) as solvent and NaOH as non-solvent (Supp.