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To investigate the effects of microparticles on the immune system, a device was designed for an optimal culture environment. Macrophages phagocytose microparticles and produce inflammatory cytokines. In a culture environment in which macrophages phagocytose microparticles mixed in a culture medium, it remains unclear whether the macrophages can physically access all the microparticles present in the culture medium. In the culturing of fine particles, such as microparticles, it is necessary to devise methods that can realize a close biological contact between the macrophages and the microparticles. To enable macrophages to appropriately phagocytose microparticles, a microchamber with a glenoid hole for cell culturing was designed and manufactured. To clarify the effects of the size, administration amount, and administration time of the microparticles on the production of inflammatory cytokines, a system that can continuously deliver and collect the culture medium was introduced. The results obtained using these systems helped clarify the aforementioned effects. Our study confirms the possibility of employing a system that can optimally adjust the biological contact between macrophages and microparticles in a culture environment.
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INTRODUCTION
The effects of microparticles on the immune system are widely known. One of the microparticle-formation processes involves microplastics, which are considered to be less than 5 mm in diameter. Fibrous microfibers that cannot be removed by sewage treatment plants from laundered clothes (Browne et al., 2011; De Falco et al., 2018) and plastic products become increasingly finer by mechanical actions, UV radiation, and thermal oxidation (Cole et al., 2011; Auta et al., 2017). Subsequently, they transform into micrometer-sized plastics and diffuse into the environment. These micrometer-sized plastics eventually affect the immune system (Andrady, 2011; Détrée and Gallardo-Escárate, 2018). The effect of these microparticles on the immune system has also been observed with implants in vivo. In the case of artificial joints, micrometer-sized wear particles generated from artificial joints stimulate macrophage activity and promote the secretion of inflammatory cytokines, which cause osteolysis (Matthews et al., 2000; Tipper et al., 2000).
To investigate the effect of microparticles, various culture methods have been proposed. To let macrophages make contact with microparticles that are lighter than the culture medium, inverted incubation, which cultures macrophages inversely with well plates covered by PVC films, was proposed (Motojima et al., 2019; Shen et al., 2018). Although the inverted incubation method is effective for dozens of micrometer-sized particles, few micrometer-sized particles remain suspended in the culture medium and cannot make contact with macrophages. In another culture method, a microfluidic device fabricated based on the microelectromechanical systems technology was proposed (Nakanishi et al., 2020). The microfluidic device consisted of a narrow tube with a cross-section area of 200 × 500 µm2, where the macrophages were cultured with microparticles. However, the device allowed macrophages to access only a few micrometer-sized microparticles, possibly owing to external factors such as shear stress stimulating the macrophages because of the narrow tube. To solve these problems, it is necessary to devise methods that can realize a close biological contact between the macrophages and the microparticles. In addition, the series of flow reactions that lead to the phagocytosis of the macrophages and production of inflammatory cytokines are temporal, so a culture system that can capture these is required.
In this study, a microchamber that minimizes the physical distance between macrophages and microparticles was designed and manufactured so that the macrophages can accurately phagocytose the administered microparticles (Nakashima et al., 2016). To clarify the effects of the size, administration amount, and administration time of the microparticles on the production of inflammatory cytokines, a system that can continuously deliver and collect the culture medium was introduced. With these systems, we conducted experiments using PS fluorescent particles and human monocyte-derived macrophages (HMDMs) and verified the effectiveness and validity of the system.
MATERIALS AND METHODS
Fabrication of Microchamber
For a close biological contact between macrophages and microparticles, a microchamber comprising a glenoid hole was proposed. Figure 1 shows a schematic of the microchamber. The microchamber comprises a lower plate with a glenoid hole for culturing cells (glass), an O-ring for sealing, a cover plate (polycarbonate), and a connector to connect the tube for delivering the culture medium. The parts used in the microchamber are heat resistant and can therefore withstand sterilization in autoclaves. Figure 2 shows a schematic of the delivery system used for evaluating the inflammatory cytokine production from HMDMs. As shown, the microchamber is connected to a microsyringe pump after seeding the HMDMs in the glenoid hole on the bottom of the microchamber. The culture medium containing the microparticles is delivered to the microchamber using the microsyringe pump, and the inflammatory cytokines are measured using the culture medium collected after the delivery.
[image: Figure 1]FIGURE 1 | Schematic of the microchamber.
[image: Figure 2]FIGURE 2 | Schematic of microchamber for evaluation of inflammatory cytokine production from HMDMs.
Verification Experiment
In this study, microparticles made of polystyrene (Fluoro-Max TM, Blue Fluorescent, Thermo Fisher Scientific) were used as the microparticles for the verification experiment. The diameters of the particles were 0.046, 0.2, 0.49, 1.1, and 2.1 μm. Fluoro-Max TM contained microplastics at a concentration of 1% in pure water with small amounts of surfactants and preservatives. The microplastics were manufactured in different ways depending on the particle diameter, and the surface morphology might also vary. Therefore, the surface of the particles was coated with Tween 80 (polyoxyethylene sorbitan monooleate) to make it uniform. Figure 3 shows the coating method used in the surface treatment with a surfactant (Tween 80). First, to remove the surfactants and preservatives, ultracentrifugal separation was performed using an ultracentrifuge (Optima MAX-XP, BECKMANCOULTER). Second, the supernatant was skimmed. After adding Tween 80, the entire surface of the particles was coated with Tween 80 using ultrasonic wave dispersion. Third, to remove Tween 80 from the solution, the supernatant was skimmed, pure water was added, and another round of ultrasonic wave dispersion was applied. Fourth, after performing ultracentrifugal separation, we skimmed the supernatant and applied ultracentrifugal separation once again. Finally, ethanal was added for sterilization.
[image: Figure 3]FIGURE 3 | Coating method of surface treatment with surfactant (Tween 80).
Figure 4 shows a schematic of cell seeding on the microchamber. After coating fibronectin on the lower plate, a cover plate was assembled on the lower plate, and Dulbecco’s Modified Eagle’s Medium (D-MEM, FUJIFILM) with HMDMs was injected into the microchamber. The HMDMs were obtained from healthy volunteer donors. Informed written consent was obtained donors. The concentration of the HMDMs was adjusted to 3.0 × 105 cells/chamber. Thereafter, the microchamber was soaked in the culture medium (D-MEM containing 2% FBS and 100 μg/ml of 100 U/ml penicillin) and incubated for 24 h in an incubator at 37°C. The microparticles of each size were adjusted to [image: image] particles/ml ([image: image] particles/chamber). A culture medium containing lipopolysaccharide (LPS) was used as a positive control. A microsyringe pump was used to deliver 2.0 ml of the culture medium over 12 h. After the experiment, the inflammatory cytokine production (TNF-α) was measured every 3 h using sandwich ELISA kits (88-7346-88, eBioscience, United States).
[image: Figure 4]FIGURE 4 | Schematic of seeding cells on the microchamber.
RESULTS AND DISCUSSION
Figure 5 shows the SEM images of the microparticles before and after applying the surface treatment with a surfactant. As shown, there is no difference in the surface morphologies before and after the surface treatment. For surface unification, an external force in the form of an ultracentrifugal force was applied. Nevertheless, the original size and shape were appropriately maintained for the experiment.
[image: Figure 5]FIGURE 5 | SEM images of microparticles before and after treatment with surfactant.
Figure 6 shows the TNF-α concentration (Yoshioka et al., 2016). As shown, the HMDMs react only to microparticles with a size of 0.49 μm in this experiment. Moreover, there is a peak in the inflammatory cytokine production 6 h after administering the microparticles. Regarding the positive control, there is a peak after 3 h. These results show that the HMDMs phagocytosed microparticles of a specific size and that there is a peak corresponding to the occurrence of the phagocytosis reaction. Figure 7 shows an observation example of the HMDMs after the experiment. The microparticles used in this study were PS fluorescent particles, which became luminescent under ultraviolet radiation. As shown in Figure 7, the microchamber delivers particles with a size of 0.49 μm, resulting in the production of inflammatory cytokines and phagocytosis of the HMDMs. The microchamber, which did not produce inflammatory cytokines, did not phagocytose the HMDMs, when injecting particles with a size of 0.046 μm. These results show that the production of inflammatory cytokines can be attributed to the phagocytosis of the microparticles by the HMDMs. Figures 8 and 9 show examples of the HMDMs observed every 3 h in the microchamber that delivered particles with a size of 0.49 and 0.046 μm, respectively. The HMDMs in the microchamber that delivered particles with the size of 0.49 µm were alive even after peak inflammatory cytokine production. In addition, no difference in the status of HMDMs was observed in this case, compared to the HMDMs in the microchamber that delivered particles with the size of 0.046 µm, and did not produce inflammatory cytokine. Therefore, no inflammatory cytokine was produced after the peak because the HMDMs did not phagocytose.
[image: Figure 6]FIGURE 6 | TNF-α concentration every 3 h (N = 3, Error bars indicate SD).
[image: Figure 7]FIGURE 7 | Observation example of the HMDMs after experiment.
[image: Figure 8]FIGURE 8 | Observation example of the HMDMs in the microchamber delivering the size of 0.49 μm.
[image: Figure 9]FIGURE 9 | Observation example of the HMDMs in the microchamber delivering the size of 0.046 μm.
From these results, we can infer that if the size of wear particles can be controlled, inflammatory cytokine production may be suppressed in the case of artificial joints, even if the wear rate is high. In addition, a previous experiment has been reported, where HMDMs reacted with microparticles with a size of 0.8 µm (Chikaura et al., 2016). In that experiment, polymethylmethacrylate particles were used, whereas in the experiment in this study, polystyrene particles were used. Currently, we cannot confirm whether the peak in the inflammatory cytokine production with different particle sizes is due to particles of different materials or different culture environments. In the future, we would like to investigate various experimental conditions to confirm the usefulness of this microchamber.
CONCLUSION
A microchamber was proposed for a close biological contact between macrophages and microparticles. The microchamber can be considered a potential evaluation system to improve the accuracy of the relationship between the microparticles and the inflammatory cytokine production. Using the microchamber, we found that macrophages can phagocytose microparticles of specific sizes and that this phagocytosis process varies with time.
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