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Abstract

:

Advances in microfabrication and biomaterials have enabled the development of microfluidic chips for studying tissue and organ models. While these platforms have been developed primarily for modeling human diseases, they are also used to uncover cellular and molecular mechanisms through in vitro studies, especially in the neurovascular system, where physiological mechanisms and three-dimensional (3D) architecture are difficult to reconstruct via conventional assays. An extracellular matrix (ECM) model with a stable structure possessing the ability to mimic the natural extracellular environment of the cell efficiently is useful for tissue engineering applications. Conventionally used techniques for this purpose, for example, Matrigels, have drawbacks of owning complex fabrication procedures, in some cases not efficient enough in terms of functionality and expenses. Here, we proposed a fabrication protocol for a GelMA hydrogel, which has shown structural stability and the ability to imitate the natural environment of the cell accurately, inside a microfluidic chip utilizing co-culturing of two human cell lines. The chemical composition of the synthesized GelMA was identified by Fourier transform infrared spectrophotometry (FTIR), its surface morphology was observed by field emission electron microscopy (FESEM), and the structural properties were analyzed by atomic force microscopy (AFM). The swelling behavior of the hydrogel in the microfluidic chip was imaged, and its porosity was examined for 72 h by tracking cell localization using immunofluorescence. GelMA exhibited the desired biomechanical properties, and the viability of cells in both platforms was more than 80% for seven days. Furthermore, GelMA was a viable platform for 3D cell culture studies and was structurally stable over long periods, even when prepared by photopolymerization in a microfluidic platform. This work demonstrated a viable strategy to conduct co-culturing experiments as well as modeling invasion and migration events. This microfluidic assay may have application in drug delivery and dosage optimization studies.






Keywords:


three-dimensional cell culture; microfluidics; GelMA; photopolymerization; neurovascularization












1. Introduction


The development of biomaterials and microfabrication methods have enabled the creation of microfluidic tissue and organ models to overcome the challenges of conventional methods of animal tests or cell culture systems, including the high cost, complexity, ethical issues, and inaccuracy in human tissue models [1,2]. On the other hand, the required biocompatibility in traditional setups is often achieved through multiple surface treatments or the addition of coatings. Advances in tissue engineering and microfabrication methods enabled the development of micro physiological systems (MPS) recapitulating human organ functions [3,4,5,6,7,8,9]. These systems have been mainly designed for modeling human diseases such as cancer, autoimmune diseases, infectious diseases, and neurodegenerative diseases [10,11]. These include amyotrophic lateral sclerosis (ALS), spinal muscular atrophy (SMA), Alzheimer’s disease (AD), as well as cardiovascular diseases, and preclinical drug development [12,13,14]. In addition, they are increasingly being used to reveal cellular and molecular mechanisms [15,16]. Microfluidic setups containing patient-derived cells allow for studying extracellular matrix (ECM) at cellular scales [17,18]. In addition, many inherited diseases involve multiple genetic mutations, requiring various animal models for a single disease [19,20,21,22]. Microfluidics enables the production of systems populated with human cells that recapitulate some aspects of organ functions and can be used to study important molecular or cellular events in a physiologically-relevant construct for exploring the causes of acute or chronic diseases [23]. These microfluidic organ-on-chip (OOC) models are particularly relevant to the study of diseases, where functional performance, for instance, resistance to mass transport, fluid displacement, and mechanical force, can be well characterized [17,24]. Another example in this regard is the detection of human placental pathologies [25]. Based on microfluidics technology, the development of a 3D placenta-on-a-chip model was investigated for the in vitro simulation of the placental interface between maternal and fetal blood [26]. A vital feature of such models is the control over microenvironmental parameters. These include the content and mechanical properties of the extracellular matrix, the incorporation of stromal and supporting cell types, and the recapitulation of physiological hemodynamics and tissue architecture. Organ-on-a-chip systems present a suitable platform for isolating factors associated with microfluidic cardiovascular models with the disease by combining cellular and molecular techniques such as stem cell technology, methods of isolating and maintaining primary cells, gene editing tools, delivery of bioactive and biocompatible components such as drugs, growth factors (GFs), biomolecules, and cells to their target destinations, or sampling bioagents [27,28,29,30].



The recent emergence of biodegradable materials offers an opportunity to transform health technologies by enabling sensors that naturally degrade after usage [31,32,33]. The eco-friendly systems developed from degradable materials could also help mitigate significant environmental problems by reducing electronic or medical waste generated, thus also reducing the carbon footprint [34,35]. With the integration of tissue engineering methods, biodegradable devices were introduced to biomedical applications [36,37]. There are many types of biodegradable devices, such as plant-based polysaccharides (e.g., cellulose, alginate, dextran) and animal-derived polymers (e.g., collagen, silk, chitosan) [32,38,39] and polyaniline-grafted gelatin hydrogels, which can be rapidly produced and simultaneously integrated into bio-platforms [40,41,42,43]. Several strategies have been developed to fabricate scaffolds for in vitro tissue engineering applications, including electrospinning, 3D printing, and molding techniques [9,44,45,46]. Hydrogels can change their chemo physical properties in response to physical stimuli, such as pH, temperature, and changes in salt concentration that allow for mimicking the permeability of the ECM for optimal transport of oxygen, nutrients, and waste products [47,48]. Since hydrogels possess cellular biocompatibility, they have many applications as cellular scaffolds or vehicles for drug delivery. Hydrogels for cell encapsulation can be synthesized via cross-linking of polymers, using photopolymerization, usually carried out using a photoinitiator and irradiation at the optimal wavelength for cell survival and optimal gel structure. Photopolymerization has faster cure rates compared to conventional room-temperature polymerization techniques [49]. In addition, using light instead of thermal polymerization offers advantages such as high reaction rates, spatial control of polymerization, low energy consumption, and chemical versatility [50,51]. In addition, the preparation of polymers in situ is advantageous because it is easier to form complex shapes containing tissue structures. In contrast, a challenge for the polymerization method is the difficulty of setting biologically-optimal conditions for the formation of polymers [52,53,54,55,56]. Biological structures require specific properties under certain situations, such as temperature, pH, and minimal toxicity [57,58,59,60]. However, since photopolymerization conditions are milder than conventional polymerization techniques, these challenges can be overcome [61,62,63].



In this study, we developed a microfluidic setup for creating 3D cell culture models. We presented a protocol for gelatin methacryloyl (GelMA) hydrogel fabrication inside the microfluidic chip along with embedded co-culturing of two human cell lines (HUVEC and SH-SHY5Y; Nomenclature offered in Table 1). GelMA was fabricated in the microfluidic setup using photopolymerization and investigated for its effects on cellular viability. The transparent surface of the polydimethylsiloxane (PDMS) in the microfluidic chip allowed the photoinitiation process through a light source. First, GelMA was synthesized, and its properties, such as surface morphology and structure, were identified by Fourier transform infrared spectrophotometry (FTIR), field emission electron microscopy (FESEM), and atomic force microscopy (AFM). In addition, the swelling behavior of the GelMA in the microfluidic chip was imaged, as swelling is one of the main factors for a cell-encapsulated hydrogel for continuous nutrition to stay viable for longer durations. GelMA exhibited the desired biomechanical properties and a great viability of cells at more than 80% for seven days. In addition, a migration experiment was also performed on the setup. The results of this study demonstrated a viable strategy to conduct co-culturing experiments as well as modeling invasion and migration events. This setup can be used in experimental studies on drug delivery and drug dosage optimization in a wide range of diseases.




2. Materials and Methods


2.1. Materials


Invasion Chemotaxis Chip (IC-Chip, Initiocell, İzmir, Türkiye) (Figure 1A) is made of biocompatible polydimethylsiloxane (PDMS), consisting of three channels, one at the bottom and one at the top, with the same size and volume, and a middle channel that has three intersection points with each side channel. IC-Chip is gas-permeable to ensure the exchange of CO2 and O2 gases. The base of the chip is a thin microscope slide, allowing the direct observation of the biological sample with temporal and spatial resolution by using optical, fluorescent, and confocal microscopes [64,65,66,67,68]. The specifications of the IC-Chip are organized in Table 2. An IC-Chip was used in the setup of this study (Figure 1B). Spot UV Curing System (OmniCure S2000, Excelitas Technologies, Waltham, MA, USA), CO2 Incubator, Centrifuge, Multiskan FC Microplate Photometer (Thermo Fisher Scientific, Waltham, MA, USA), water bath (Müve NB9, Henderson Biomedical, London, United Kingdom), SEM (Zeiss GeminiSEM 500, Carl Zeiss AG, Oberkochen, Germany), and a microscope were the main equipment used in this work. The UV Curing System (30 W/cm2, 320–500 nm), consisting of a 200-Watt UV lamp, a probe, and a probe holder, was used to initiate the polymerization process to create the hydrogel that encapsulated the cells inside of its 3D structure.




2.2. Methods


Firstly, GelMA was synthesized, followed by characterization. Second, the cells were encapsulated inside the hydrogel. Then, viability tests of the encapsulated cells in the 3D matrix were performed. Immunostaining of neuroblastoma and endothelial cells were performed. The cell encapsulation resulted in the building of the 3D hydrogel structure inside the chip. Then, endothelial cells were loaded inside channels. Fluorescence imaging of the cells was performed, followed by viability tests inside the chip.



2.2.1. GelMA Synthesis


Gelatin methacryloyl (GelMA) is one of the most promising hydrogels for 3D cell culture research due to its high biocompatibility, low cost, and degradability. GelMA can be synthesized by conducting a reaction between gelatin and methacrylic anhydride (MAA), followed by modifying lysine and hydroxyl residues with methacrylamide. The gelatin molecule protects its stability as a biomaterial after derivatization. Thus, GelMA as a hydrogel can provide a biocompatible environment that promotes cell growth, adhesion, and proliferation. The modification process of methacryloyl allows GelMA to polymerize with UV light using a photoinitiator. This creates a methacryoyl backbone with covalent crosslinking, causing thermal and mechanical stability and negates the major drawbacks of conventional gelatins [69]. The mechanical properties of GelMA can be tuned, increasing its surface adhesion or altering its pore sizes, which are important factors for cell adhesion and viability [70]. To synthesize GelMA, gelatin was added to Dulbecco’s phosphate buffer saline (DPBS) solution (Biological Industries, Kibbutz Beit-Haemek, Israel) (100 mL, 10% w/v). Afterwards, the solution was dissolved at 60 °C using a magnetic stirrer. After the solution was dissolved, MAA (8%, w/v) was added at a rate of 1 mL/min. The solution was stirred at 50 °C for 3 h. The solution was diluted five times more, adding more DPBS afterwards to stop the reaction. As the reaction resulted in salts and other unwanted compounds, the solution was dialyzed for 7 days. After the dialysis, the solution was lyophilized and stored at −80 °C in the dark.




2.2.2. Surface Coating of Coverslips


To increase the surface adhesion of the glass and enable more structural stability in the gel, the surface of the coverslips was coated with 3-(trimethoxysilyl) propyl methacrylate (TMSPMA) (Sigma Aldrich, St. Louis, MO, USA). Then, a 10% NaOH (Merck, Darmstadt, Germany) solution was applied to the coverslips for 1 h. After washing with distilled water, nitrogen gas was applied to dry the coverslips. Then the coverslips were dipped into TMSPMA at 80 °C for 12 h. The coverslips were cleaned with ethanol and dried using nitrogen gas. The treated coverslips were used within 15 days after coating.




2.2.3. Field Emission Scanning Electron Microscopy Imaging of GelMA


Field emission scanning electron microscopy (FESEM) was used to image the surface morphology of the GelMA. The lyophilized GelMA was coated with palladium nanoparticles, and its surface morphology was imaged using a Zeiss Sigma 500 VP FESEM at the Izmir Biomedicine and Genome Center (IBG).




2.2.4. Preparation of the Pre-Polymer Solution


To initiate photocrosslinking, the photoinitiator Irgacure D-2959 (2-hydroxy-4′-(2-hydroxy ethoxy)-2-methyl propiophenone) was added to 1 mL of DPBS (1%, w/v) and dissolved at 80 °C in a thermo shaker. This solution was added to the GelMA (0.5%, w/v). To completely dissolve the GelMA, the solution was incubated at 80 °C for 60 min.




2.2.5. Preparation of Cells


Human umbilical vein endothelial cell (HUVEC) and neuroblastoma cell (SH-SY5Y) lines were used. The cells, which were stored in liquid nitrogen, were thawed in passages 19 and 17, respectively, in a water bath at 37 °C. The medium was prepared using Dulbecco’s Modified Eagle Medium (Gibco), 10% Fetal Bovine serum (Gibco), 1% Penicillin Streptomycin (Gibco), 1% L-Glutamine (Gibco), and 1% Sodium Pyruvate (Gibco). The cells were seeded in T75 cell culture flasks and incubated at 95% humidity, 5% CO2, and 37 °C. The cells were sub-cultured after the prior viability tests.




2.2.6. UV Curing of GelMA and Cell Seeding Inside Microfluidic Chip


A UV light spot-curing source was used to polymerize the GelMA solution. The SH-SY5Y cells were added to the solution and injected inside the middle channel of the microfluidic chip (Figure 1C(i)). Then UV light was applied (Figure 1C(ii), Table 3). The top channel of the microfluidic chip was filled with HUVEC along with the medium prepared at the cell preparation phase. The bottom channel was filled with medium without any cells (Figure 1C(iii)). After filling the channels, the chip was placed inside of a staining jar and incubated for 20–30 min with the bottom channel at the top (Figure 1C(iv)) to accelerate the medium flow through the middle channel. The chip was rotated upside down (Figure 1C(v)) to promote cell movement towards the gel. The staining jar was filled with distilled water (4 mL) to keep the interior of the staining jar humid. The cell culture medium was renewed on a daily basis.




2.2.7. Preparation of GelMA for Cell Viability Analysis


Three cell types, HUVEC, SH-SHY5Y, and co-cultured HUVEC and SH-SHY5Y cells, were encapsulated in GelMA inside well plates three times. For this process, TMSPMA-coated coverslips were firstly placed inside of the well plates prior to polymerization to increase surface adhesion. After placing the coverslip, the cells and the pre-polymer solution were applied onto the surface of the coverslips. The same UV parameters (Table 3) were applied for photopolymerization. This step was repeated 3 times for each cell type, for days 0, 1, 4, and 7, making 36 cells encapsulated GelMA hydrogels in total.




2.2.8. Cell Viability Assay


The viability of the cell-encapsulated GelMA structures was measured using an alamarBlue viability assay (ThermoFisher Scientific, Waltham, MA, USA). HUVEC, SH-SHY5Y, and the co-cultured HUVEC/SH-SHY5Y encapsulated GelMA hydrogels were scraped from the well plates using a cell scraper and placed in a 96-well microplate one by one. This process was repeated for days 0, 1, 4, and 7, respectively, to measure the viability values for those durations. After the cell-encapsulated hydrogel structures were seeded into the microplates, cell medium (90 μL) was added to each well. The medium was changed every day. Five hours prior to achieving the viability results, the cell media in each plate were refreshed, and alamarBlue (10 μL) was added to the plates. After 5 h, the viability results were measured using a microplate reader at an absorbance value of 595 nm.




2.2.9. Atomic Force Microscopy Analysis of GelMA


The surface topography of the lyophilized GelMA hydrogels was investigated by using Atomic Force Microscopy (AFM) (Easyscan 2, Nanosurf AG, Liestal, Switzerland) via Nanosurf Easyscan 2 software. The scanning procedure was operated using the tapping mode using a silicon cantilever probe Tap190Al-G (Buged Sensors, Sofia, Bulgaria) with the parameters of a force constant equal to 48 N m−1 and a resonance frequency of 65 kHz.




2.2.10. Viability Imaging of Encapsulated Cells Inside the Microfluidic Chip


Calcein AM and Propidium Iodide were used to locate the dead and alive cells inside the hydrogel. To analyze the viability on days 0, 1, 4, and 7, HUVEC and SH-SHY5Y cells were co-cultured and encapsulated inside the GelMA hydrogel in the middle channel of the chip. Both the top and bottom channels were filled with the medium with serum and incubated at 37 °C, 5% CO2, and 95% humidity. The media were refreshed every day. Prior to imaging, the media in both the top and bottom channels were removed and replaced with calcein AM and propidium iodide, respectively. Unlike the conventional protocols, both calcein AM and propidium iodide were diluted to 5 μM, a higher-than-usual ratio, as a higher brightness was observed with this dilution rate. As the gravitational force increased, the amount of liquid passing through the permeable surface of the 3D matrix from the top channel when the chip was positioned horizontally inside of the staining jar also increased; the effect of gravitational force should be minimized to distribute calcein AM and propidium iodide homogenously. After both channels were loaded with calcein AM and propidium iodide, the positions of the top and bottom channels were swapped horizontally by rotating the chip 180° every 15 min (Figure 1C(iv,v)). This process was repeated four times for a total of 1 h. Fluorescence imaging was performed using an Olympus BX51 fluorescence microscope. The images were taken from the center of the middle channel to obtain the results from the most equally distributed region of calcein AM and propidium iodide. Figure 1D shows the overall distribution of the calcein AM/propidium iodide-marked cells in the channels.




2.2.11. Swelling Test


It is vital for a hydrogel to have an ideal swelling consistency since the encapsulated cells need continuous nutrition to stay viable for longer durations. Compared to GelMA inside a microfluidic chip, GelMA on conventional platforms, such as Petri dishes, are able to swell the medium faster as they have a larger surface area in contact with the medium and other nutrients. Thus, the confirmation of successful swelling in both the top and bottom channels and efficient diffusion overnight is important. Trypan blue was used to observe the permeability of the GelMA inside the microfluidic chip. A cell-encapsulated GelMA was built inside of the middle channel of the microfluidic chip, and both the top and bottom channels were filled with medium, and the chip was incubated at 37 °C, 5% CO2, and 95% humidity. The media were refreshed on a daily basis. On days 1 and 7, the media in both channels were removed and replaced with trypan blue and left to incubate overnight.




2.2.12. Finite-Difference Simulation


The transport of trypan blue across the chip was modeled and simulated using the Finite Elements Method. The concentration gradient was calculated with conservation of diffusion where the diffusive flux,  J , was calculated with Fick’s first law of diffusion [71]:


  J = D ∇ c  



(1)




where  D  is the diffusion coefficient and  c  is the concentration. The fluid diffusion coefficient for trypan blue was calculated with the Stokes–Einstein equation [72]:


  D =   k T   6 π μ r    



(2)




where  k  is the Boltzmann constant,  T  is temperature,  μ  is the dynamic viscosity of the solute, and  r  is the radius of the diffusing particle. The viscosity of water at 37 °C was taken as 0.691 mPas while the radius of a trypan blue particle was taken as 1.13 nm, resulting in a diffusion coefficient of:


  D = 2.9 ×   10   − 9      m 2  ·  s  − 1      



(3)







The diffusion coefficient inside the porous matrix,    D  p o r o u s    , was calculated by adding the effect of porosity using the model of Millington and Quirk [73]. This model was developed for the ideal expression of the permeability of porous structures in both saturated and unsaturated forms; utilizing the distribution of the pore sizes:


   D  p o r o u s   =  ε  4 / 3   D  



(4)




where  ε  is porosity of the matrix. One of the side channels of the chip was initially filled with a water solution defined by a particle concentration of   1   mol /  m 3   , and the other channel was filled with pure water. The diffusion of the molecules through the porous membrane in the middle channel was simulated for a period of 72 h. Three different values of porosity, 0.2, 0.4, and 0.8, were simulated and compared. In addition, the diffusion coefficient for fluid was multiplied by 1/2 and 1/8 in order to see its effect on the concentration gradient.




2.2.13. Functional Immunofluorescent Staining


Fluorescent cell trackers were used for the identification of cell types and tracking their movements. Two different types of immunofluorescence dyes were used. CellTracker Green CMFDA dye (ThermoFisher Scientific) was used to stain SH-SHY5Y cells encapsulated inside GelMA at the middle channel, and Cell tracker Red CMTPX (ThermoFisher Scientific) was used for the HUVEC seeded into the top channel. Lyophilized dyes were dissolved in DMSO to the final concentration of 10 mM, and the solution was diluted in a 10 μM serum-free medium. The working solution was warmed to 37 °C prior to use. Two different protocols were used for each type of cell: staining protocol for cells in suspension (SH-SHY5Y) and staining protocol for adherent cells (HUVEC). For SH-SHY5Y, the cells were dyed before the UV photopolymerization process as the adherent cells required medium changes, which is not efficient for encapsulated cells. Prior to SH-SHY5Y cells being prepared for photopolymerization, they were centrifuged for 5 min, and the supernatant was aspirated. The working solution was used to resuspend the cells, and the cells were incubated in their growth environment at 37 °C, 5% CO2, and 95% humidity for 30 min. The cells were centrifuged and the working solution, Green CMFDA, was replaced with the growth medium, and the photopolymerization process was initiated. For HUVEC, at day 0, the growth medium inside the chip was removed and replaced with the working solution, Red CMTPX. Afterwards, the cells were incubated inside of a staining jar at 37 °C, 5% CO2, and 95% humidity for 30 min. The working solution was removed and replaced with a fresh medium with supplements. The fluorescent images were captured with an Olympus BX51 fluorescence microscope, stacked, and analyzed using ImageJ software.






3. Results


3.1. Field Emission Scanning Electron Microscopy Imaging of GelMA


Field emission scanning electron microscopy (FESEM) images of the lyophilized and hydrogel forms of GelMA were taken to image the surface morphology in both forms (Figure 2A). Lyophilized GelMA showed a patterned surface morphology with pores up to ~60 μm. In contrast, GelMA in a hydrogel form showed an irregular pattern of porous surface morphology, having more pores overall with smaller diameters.




3.2. Atomic Force Microscopy Analysis of GelMA


Atomic force microscopy (AFM) was used to image the structural properties of the GelMA hydrogel. A non-contact mode was used during scanning, resulting in 2D and 3D images (Figure 2B). The resulting images from the AFM topography provided complete information about the surface morphology, with the parameters of Sa (arithmetical mean deviation of surface 3D roughness), Sq (root-mean-square deviation of surface roughness topography), Sy (amplitude of height), Sp (height at peak), and Sv (height at valley). The mentioned values were obtained by operating the scanning procedure at a resonance frequency of 65 kHz and a force constant of 48 N m−1 over an area of 100.8 pm2, and they are organized in Table 4.




3.3. Fourier Transform Infrared Spectroscopy Analysis of GelMA


To confirm that the synthesized GelMA contained the desired compounds in its structure, Fourier transform infrared spectroscopy (FTIR) analysis was performed (Figure 2C). The hydrogel spectra showed a broad peak around 3300 cm−1. The peak around 1600 cm−1 is caused by C=O stretching groups. The smaller peak at 1500–1550 cm−1 refers to C–N–H structure. The FTIR spectra values correlated with the previously analyzed values of the GelMA, demonstrating that the synthesized GelMA had the desired chemical structure [74].




3.4. Swelling Test of the GelMA Inside the Microfluidic Chip


To visually confirm that the hydrogel inside the chip could swell enough liquid during overnight periods for a week, GelMA hydrogels were tested at days 1 and 7, respectively. A microfluidic environment containing co-cultured HUVEC and SH-SHY5Y cells was supplied with fresh medium on a daily basis. Prior to the test, the media from both the top and bottom channels were removed and replaced with trypan blue (Figure 2D, i and ii). The swelling process resulted in the middle medium channel swallowing a larger amount of liquid compared to the other channels, resulting in a darker blue color with no white space, meaning an efficient diffusion (Figure 2D, iii–v). Both of the hydrogels were able to swallow trypan blue efficiently overnight, which demonstrated that the hydrogels had the capability to swallow enough medium during overnight periods for at least 7 days.




3.5. Simulation Results


The ability of the chip to distribute particles by diffusion along its channels was simulated, and the concentration distribution results are visualized for the initial condition (Figure 3A), after 1 day (Figure 3B), and after 3 days (Figure 3C). Additionally, the change in the concentration distribution over 72 h on a vertical line in the chip for various hours throughout the study was organized in a diagram, as shown in Figure 3D. The simulation study also demonstrated that the diffusion speed increased with a higher porosity in the gel structure (Figure 3E). In addition, the simulation of smaller fluid diffusion coefficients in the porous matrix region demonstrated the diminishing effect on diffusion speed (Figure 3F).




3.6. Cell Viability Test


The viability of the encapsulated cells outside of the microfluidic platform was studied. HUVEC, SH-SHY5Y, and co-cultured HUVEC and SH-SHY5Y cells were encapsulated inside GelMA hydrogels on TMSPMA coated surface. For days 0, 1, 4, and 7 each, absorbance ratios of three different cell types were obtained, normalized, and quantitatively analyzed. The cell viability ratios of days 0, 1, 4, and 7, were 100%, 77%, 80%, and 82% for HUVEC cells, 100%, 80%, 82%, and 85% for SH-SHY5Y cells, and 100%, 70%, 85%, and 91% for co-cultured cells, respectively (Figure 4A). In addition, a comparison of the encapsulated co-cultured cells inside the GelMA hydrogel in different platforms was also studied (Figure 4B).




3.7. Cell Viability Imaging of GelMA Inside the Microfluidic Chip


To analyze the cell viability of the co-cultured HUVEC and SH-SHY5Y cells encapsulated in GelMA hydrogel inside the microfluidic chip, calcein AM and propidium iodide were used. Viability images of days 0, 1, 4, and 7 were taken (Figure 4C). The co-cultured cells inside the GelMA hydrogel in the microfluidic chip showed viability results of 83%, 75%, 84%, and 89% for days 0, 1, 4, and 7, respectively. A linear relationship was obtained between the viability values for both platforms (Table 5 and Table 6). There is a positive linear relationship at the 0.05 significant with a 70.4% correlation. Therefore, there is no significant positive or negative cellular viability difference between encapsulating cells inside GelMA hydrogels, outside or inside of a microfluidic chip, as cell viability values correlate with both.




3.8. Functional Immunostaining of Cells


Two types of fluorescence cell dyes were used to track the localization of cells: CellTrackerTM Red CMTPX dye for HUVEC and CellTrackerTM Green CMFDA dye for SH-SHY5Y (Figure 5A). In addition to the localization of cells, the dyes were also used to observe the structural stability of the gel in the microfluidic chip throughout the study period. The first intersection points from each side were observed in this process, referred to as C1 and M1 (Figure 5A). Immunofluorescence images of these regions of interest on IC-Chip through 72 h were captured (Figure 5B). Immunofluorescence imaging demonstrated that GelMA could protect its structural stability for a duration of 72 h, allowing HUVEC migration through its porous structure.





4. Discussion


Modeling a structurally stable extracellular matrix (ECM) with the ability to mimic the natural extracellular environment of the cell efficiently is useful for tissue engineering applications. GelMA has shown structural stability and the ability to imitate the natural environment of the cell accurately. Using biocompatible gels, modeling cellular migration and invasion with conventional ways, such as using Matrigels (the solubilized basement membrane matrix secreted by Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells), or well plates, are challenging when compared to utilizing photopolymerization on microfluidic systems. In conventional cases of modeling a 3D cell culture environment inside a microfluidic chip, Matrigels have been used. However, their drawbacks relating to mass manufacturing due to complex and inconvenient procedures, such as the necessity to use ice inside of the biosafety cabinet while forming the gel, means that they are less cost-efficient when compared to photopolymerizable GelMA hydrogels. On the other hand, as PDMS is being used as the main material to manufacture microfluidic devices, and these setups have high transparency, producing a GelMA hydrogel using photopolymerization on a microfluidic chip is a viable option for co-culturing and modeling migration/invasion studies.



4.1. Hydrogel Fabrication Inside the Microfluidic Chip Using UV Photopolymerization


Some desired properties, such as suitable shape and structure, are required by hydrogels for cell encapsulation. There are various strategies to fabricate biocompatible hydrogels that can mimic the ECM efficiently. However, options are narrow for the fabrication of hydrogels with the desired shape and that have inner structures that are stable in the long term. Three-dimensional printing is one of the main strategies utilized. Three-dimensional printing offers suitable resolution and precision; however, the process before printing is less convenient and more complex compared to UV photopolymerization. For UV photopolymerization, the process is rather simple, but the main concerns are the shape and the structural stability of the hydrogel, especially in the long term. As shown in this work, photopolymerization in a microfluidic environment had the ability to increase the structural stability of the gel in the long term while conveniently forming the gel in the desired shape. As compared to strategies such as Matrigels or 3D printing, UV photopolymerization is faster, as this method only requires 20 to 60 s to polymerize a gel.



The UV photopolymerization of GelMA has been widely used by us [75,76] and many well-established biomaterials research groups [62,70,71]. However, various aspects of the process of polymerization can influence cell viability, such as the concentration of the macromer, the type of the photoinitiator, and the wavelength and duration of the utilized light [77,78]. Among these factors, the macromer concentration can be easily optimized to maximize cell viability. In addition, the photoinitiator used in this study (Irgacure D-2959) has been reported to have relatively low cytotoxicity [79,80]. Furthermore, the current study, which utilized a UV-exposure intensity of 6.25 W cm−2 with an exposure time of 50 s, can be compared to a previous study that used a UV-exposure intensity of ~6 W·cm−2 for 10 min with low damage to the cells [80]. Hence, minimizing the possible negative effect of UV light can be carried out by selecting the most convenient type of photoinitiator for the study setup along with modifying the exposure dose (UV power and crosslinking time) [81,82,83,84].




4.2. Microfluidic Applications for Co-Culture and Migration Studies


Migration and invasion studies are easier to model on microchips compared to conventional methods mainly because of the ability to control and manipulate the fluid flow inside the channels, for example, by using gravitational force to control the fluid flow inside of the channels by simply placing the microchip in a horizontal position while in the incubation period promotes migration and invasion activities towards the direction of the gravitational force without needing extra protocols or environments such as transwell migration assay chambers or Matrigels. Additionally, compared to the conventional models, mechanical forces applied to the hydrogel are smaller as non-contact points organize the structural stability of the hydrogels while the intersection points allow for the controlled activity of co-culturing processes. Furthermore, mechanical forces are only applied in the desired locations, unlike conventional methods where mechanical forces such as shear stress are applied to a wider surface area of the gel, resulting in structures that are less viable for long-term applications. In addition to the mechanical properties and stability of a photoinitiated GelMA hydrogel inside a microfluidic chip, the cellular viability of the 3D matrix structure plays a vital role when conducting experiments to the desired duration. As shown in this work, the cellular viability inside the IC-Chip was almost the same as the cellular viability outside of this platform. Hence, there are no major drawbacks of using GelMA hydrogels on this platform when cellular viability is considered.





5. Conclusions


Neural-tissue modeling in tissue engineering that can allow for the building of accurate tissue models in 3D environments, which can mimic their natural environments in vivo, is one of the greatest challenges in this area, as animal tests suffer from complexity, ethical issues, and inaccuracy in regard to human tissue models. To overcome these challenges, neural tissue models have been developed to study the intra- and extra-cellular activities. In this research, a neural tissue model was developed in a microfluidic setup using the UV photopolymerization method to form the GelMA hydrogel structure in an IC-Chip, which is one of the most convenient, cost-efficient, easy-to-use microfluidic chips. This study showed that a neural tissue model could be created in a microchip in a short time for both short- and long-term studies.



In a nutshell, we demonstrated the co-culturing of two human cell lines inside the Invasion Chemotaxis (IC) microfluidic chip by the fabrication of the GelMA hydrogel inside the chip. By minimizing the mechanical forces applied to the surface area of the hydrogel structure inside the chip, the structural stability of the hydrogel lasted for more than 3 weeks, demonstrating that our approach is a suitable method for long-term studies. Furthermore, the cell viability results showed that the cells were viable inside the photopolymerized GelMA at the UV exposure duration needed to build the gel structure in the chip. Moreover, GelMA exhibited the desired biomechanical properties, and the viability of the cells was more than 80% for seven days. This work demonstrated a viable strategy to conduct co-culturing experiments as well as modeling invasion and migration events in a cost-efficient and easy-to-use microfluidic chip.




6. Future Prospects


The structural properties and bioavailability of GelMA hydrogels were examined inside and outside of the microfluidic chip with the co-culturing of a neurovascular tissue structure. In addition to the neurovascular research applications of this setup, the developed environment can also be suitable for modeling various types of cancer and examining the invasion and migration of various types of cancer or tumor cells. Furthermore, this platform can enable chemotaxis studies, allowing chemoattractants to be used for the promotion of the migration of cells from the selected channels. As the design of the microfluidic devices enables the user to “mold” their hydrogel patterns easily without a surface coating or chemical or mechanical functionalization, patterning the desired shape and sustaining the cell environment in a matrix is rapid and convenient. Our experiment proved that photo-initiating GelMA hydrogel inside a well-designed microfluidic chip is a viable strategy for conducting co-culturing experiments as well as modeling invasion and migration events. This property can also be used in experimental studies for drug delivery and drug dosage optimization studies on various diseases. In addition, by precisely controlling the fluid flow inside of the channels, studies on drug delivery speed and frequency can be conducted using this model. In addition, using the developed model, the effects of drugs or various molecules on the cell’s encapsulated 3D environment can also be tested by using entities alongside the seeded cells or only with the medium at the selected channels.
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Figure 1. Curing Gelatin Methacryloyl (GelMA) using ultraviolet (UV) light and co-culturing two cell lines inside the microfluidic chip. (A) Schematical design of the Invasion Chemotaxis Chip (IC-Chip) and (B) The actual setup of the chip used in this study (Scale bar: 250 μm). (C) Microfluidic chip setup preparation process includes steps of (i) Injecting GelMA along with neuroblastoma cells (SH-SHY5Y) to the middle channel. (ii) Curing the GelMA with UV light. (iii) Addition of medium with human umbilical vein endothelial cell (HUVEC) (shown in red) to the top channel and medium without cells (in green) to the bottom channel of the chip. (iv) Upon filling the channels, the chip was put inside of a staining jar for incubation with bottom channel at the top to accelerate medium flow through the middle channel. (v) The chip was rotated upside down to promote cell movement towards the gel. (D) Media in both top and bottom channels were removed and replaced with calcein AM and propidium iodide, respectively, for the purpose of locating the dead and alive cells inside the hydrogel. Fluorescence imaging shows the distribution of calcein AM/propidium iodide marked cells inside the microfluidic chip (Scale bar: 50 μm). 
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Figure 2. (A) Field emission electron microscopy (FESEM) images of the GelMA surface. Scale bars are 10 μm (left) and 100 μm (right). Porosities are marked with star. (B) Non-Contact mode atomic force microscopy (AFM) scanning of the GelMA surface, shown in a 2D image (top) and a 3D image (bottom). Analysis parameters and measured results are organized in the table. (C) Fourier transform infrared spectrophotometry (FTIR) of GelMA and gelatin. (D) Swelling test included steps of (i) removing the media from top and bottom channels of the chip and (ii) replacing them with trypan blue. (iii) The initial state of the microfluidic chip with trypan blue. After this process, the permeability of the hydrogel was observed visually. (iv) Day 1 image and (v) Day 7 image of the chip after incubating with trypan blue overnight. 
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Figure 3. Finite element simulation of the process of trypan blue diffusion and its transport across the microfluidic platform and the chambers. Contour plot of the trypan blue concentration along the chip for a gel structure with 40% porosity for (A) initial condition, (B) after 24 h, and (C) after 72 h. (D) Concentration variation with time over a central vertical cutline length for 40% porosity. (E) Concentration over the vertical cutline for different porosity values applied on the porous substrate at 72 h. (F) Concentration over the vertical cutline for different diffusion coefficients applied on the porous substrate at 72 h. 
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Figure 4. Cell viability experiment results. (A) The alamarBlue cell viability test results of human umbilical vein endothelial cell (HUVEC) and neuroblastoma cells (SH-SHY5Y) encapsulated into GelMA hydrogel (n = 3). (B) Comparison of encapsulated co-cultured cells inside of GelMA hydrogel in different platforms (n = 3). (C) The cell viability images of co-cultured HUVEC and SH-SHY5Y cells inside of GelMA hydrogel. 
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Figure 5. Cell migration results (n = 3). (A) Schematics of the experimental setup used to observe cell migration inside of the GelMA structure. M1 and C1 refer to regions of interest where images were taken. The channel painted with red color contains human umbilical vein endothelial cell (HUVEC) along with growth medium. On the other hand, the channel painted with green color contains neuroblastoma cell line (SH-SHY5Y) along with GelMA. Blue channel contains only growth medium, and it was considered as the control medium. (B) Immunofluorescence images of selected regions of interest on IC-Chip through 72 h. HUVEC was dyed with red immunofluorescence dye, whereas SH-SHY5Y was dyed with green dye. Immunofluorescence imaging demonstrated that GelMA could protect its structural stability for the duration of 72 h, letting HUVEC migrate through its porous structure. 
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Table 1. Nomenclature.






Table 1. Nomenclature.





	Abbreviation/Symbol
	Explanation





	HUVEC
	Human umbilical vein endothelial cell line



	SH-SY5Y
	Human neuroblastoma cell line



	  J  
	Diffusive flux



	  D  
	The fluid diffusion coefficient



	    D  p o r o u s     
	The diffusion coefficient inside the porous matrix



	  c  
	Concentration



	  k  
	The Boltzmann constant



	  T  
	Temperature



	  μ  
	Dynamic viscosity



	  r  
	Radius of the diffusing particle



	  ε  
	Porosity of the matrix
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Table 2. Specifications of the Invasion Chemotaxis microfluidic chip (IC-Chip).
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	Side Channels
	Middle Channel





	Height
	150 μm
	150 μm



	Width
	3250 μm
	1125 μm (the narrow parts); 3375 μm (the wide parts)



	Injection Volume
	20 μL
	20 μL



	Diameter of Inlets
	1000 μm
	1000 μm
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Table 3. UV Curing parameters for the hydrogel fabrication inside of the microfluidic chip.
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	UV Exposure Duration
	50 s



	Microchip Distance from the UV Source
	60 mm



	Irradiance Level
	6.25 W cm−2



	GelMA Concentration
	10%



	Photoinitiator Concentration
	1%



	Cell Concentration
	5 × 105 mL−1
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Table 4. Analysis parameters and measured results in atomic force microscopy (AFM) scanning of the GelMA surface.
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	Area
	100.8 pm2



	Sa
	7.3136 nm



	Sq
	9.9188 nm



	Sy
	116.32 nm



	Sp
	74.854 nm



	Sv
	−41.464 nm



	Sm
	−5.7364 fm
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Table 5. Mean and standard deviation values of cell viabilities inside of different platforms (N = 12).
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	Mean
	Std Deviation
	N





	IC-Chip
	82.500
	5.632
	12



	Petri Dish
	86.416
	11.766
	12
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Table 6. Pearson correlation values of cellular viability of co-cultures in different platforms.
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KERRYPNX

	
IC-Chip

	
Petri Dish






	
IC-Chip

	
Pearson Correlation

	
1

	
0.704




	
Sig. (2-tailed)

	
-

	
0.011




	
N

	
12

	
12




	
Petri Dish

	
Pearson Correlation

	
0.704

	
1




	
Sig. (2-tailed)

	
0.011

	
-




	
N

	
12

	
12
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