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Abstract

:

We present a 512-channel geometric droplet-splitting microfluidic device that involves the injection of a premixed emulsion for microsphere production. The presented microfluidic device was fabricated using conventional photolithography and polydimethylsiloxane casting. The fabricated microfluidic device consisted of 512 channels with 256 T-junctions in the last branch. Five hundred and twelve microdroplets with a narrow size distribution were produced from a single liquid droplet. The diameter and size distribution of prepared micro water droplets were 35.29 µm and 8.8% at 10 mL/h, respectively. Moreover, we attempted to prepare biocompatible microspheres for demonstrating the presented approach. The diameter and size distribution of the prepared poly (lactic-co-glycolic acid) microspheres were 6.56 µm and 8.66% at 10 mL/h, respectively. To improve the monodispersity of the microspheres, we designed an additional post array part in the 512-channel geometric droplet-splitting microfluidic device. The monodispersity of the microdroplets prepared with the microfluidic device combined with the post array part exhibited a significant improvement.
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1. Introduction


Microspheres have been used as carriers to deliver functional materials such as drugs, proteins, and chemicals [1,2]. In the delivery of functional materials, a controlled release profile is necessary to control the functional materials quantitatively [3]. Size distribution of the micro carrier is an important factor governing the controlled release of functional materials [4]. Additionally, monodispersed microspheres have potential value for use as particulate blood analogues [5,6,7]. They have been mainly used as microfluidic systems to prepare monodispersed microspheres. Droplet-based microfluidic systems enable us to prepare monodisperse microspheres with precisely controlling the loading of functional materials [8,9]. Despite the promise of microfluidic system, conventional microfluidic systems have the limitations of low production rates and complexity for microsphere preparation [10,11,12].



Many groups have employed various approaches to improve the microsphere productivity of microfluidic systems, such as the use of parallel systems, multi-nozzle systems, and robust systems [12,13,14,15]. However, these approaches require complicated fabrication processes and precise handling of multilayer systems, as well as additional devices for generating high pressure [14,15]. Thus, it is not easy to implement them for scale up for industry application because of low reproducibility owing to a complicated fabrication process and complex systems.



Therefore, symmetrical droplet splitting using a microchannel geometry can be considered an alternative solution to the problem [16]. Multiple droplets can be generated from a single liquid plug through symmetric droplet splitting in a geometric T-junction microchannel with narrow size distribution [16]. Weitz et al. first described geometric droplet splitting by using a T-junction composed of 8 channels [17]. Our group proposed 512 channel T-junction passive breakup devices for preparing microspheres, which generate monodispersed chitosan microspheres at 42.7 kHz, but its microsphere production rate required improvement for mass production [18].



To overcome this limitation, we can consider the injection of premixed emulsion into a microfluidic device as an alternative approach [19,20]. With this approach, the size distribution of the microspheres was not more monodispersed than the size distribution of the microspheres prepared by injecting the dispersed and continuous phases independently. However, this approach of injecting premixed emulsion proved to be beneficial in terms of mass production and the one-step preparation process [19,20]. Especially, a design based on a single micro channel can drastically decrease flow resistance, which is the most important factor governing the production of microspheres at high flow rates. Additionally, this microfluidic device only required conventional photolithography and PDMS casting for fabrication, without any additional fabrication processes or additional devices. Moreover, this microsphere production process is a single-step process, which makes it suitable for mass producing microspheres.



In this study, we present a mass production method of a microsphere with a 512-channel geometric droplet-splitting microfluidic device by injecting a premixed solution. The performance of the fabricated is measured in W(Water)/O(Oil) system with an inverted microscope and the Image J software program. To demonstrate the proposed approach, the fabricated microfluidic device is used to prepare PLGA (poly (lactic-co-glycolic acid)) microspheres, which is a biocompatible and biodegradable co polymer approved by FDA (the Food and Drug Administration) [17]. The morphology of the prepared PLGA microspheres is inspected with scanning electron microscopy (SEM). Furthermore, the additional post array part in the microfluidic device is designed to improve size distribution of microspheres. Three types of post array parts are evaluated in terms of droplet splitting and size distribution.




2. Materials and Methods


2.1. Materials


Polydimethylsiloxane (PDMS, Sylgard 184, Midland, MI, USA) solution was purchased from Dow corning. PLGA (MW: 40,000~75,000, 65:35), dimethyl carbonate (DMC, anhydrous, 99%), polyvinyl alcohol (PVA, MW: 31,000~50,000, hydrolyzed), Mineral oil and SPAN®80, Hexadecane were obtained from Sigma-Aldrich (St. Louis, MO, USA). SU-8 2050 and SU-8 developer were purchased from MicroChem (Round Rock, TX, USA).




2.2. Design of Microfluidic Device


Figure 1 shows a CAD (Computer-Aided design, AutoCAD, San Rafael, CA, USA) design of the 512-channel geometric droplet-splitting microfluidic device. Five hundred and twelve micro channels were prepared from a single microchannel by ninth division of the microchannel. The widths of the microchannels at T-junctions gradually decreased for minimization of flow resistance and stable microsphere preparation (Table 1). The 512 channels were merged into a single microchannel by sixth combining micro channels to prevent merging of microdroplets in the collection part. The post array part was designed to adequate droplet-splitting time as shown in Figure 2.



Three types of post array parts were designed to achieve stable microdroplet preparation. Type 1 post array had dimensions of 250 μm × 250 μm with a horizontal interval of 1250 µm. Type 2 post array had dimensions of 500 μm × 250μm with a horizontal interval of 750 µm. Both designs had the same dimensions, except for the width and horizontal interval of the post arrays.



In case of the Type 1 and Type 2 post array parts, the concentrations of droplets along the streamline were found as the flow rate increased. To prevent the phenomena in the Type 3 post array, the inlet direction was designed to be perpendicular to the outlet direction. The width and horizontal interval of the Type 3 post array were equal to those of the Type 2 post array.




2.3. Fabrication of 512-Channel Geometric Droplet-Splitting Microfluidic Device


The master mold of microfluidic device with 40 μm thickness is fabricated by conventional photolithography. A negative photoresist (SU-8 2050, Kayaku Advanced Materials, Inc., Westborough, MA, USA) is dispensed and spread on the silicon wafer with two different speeds (500 rpm for 5 s and 4000 rpm 30 s). The spin coated master mold is baked at 65 °C for 3 min and 95 °C for 5 min. The photoresist is exposed ultraviolet (UV) radiation through transparency mask at 10 mW/cm2 for 25 s. The Post exposure baking process is conducted at 65 °C for 5 min and 95 °C for 12 min. The exposed wafer mold is immersed in SU-8 developer for 15 min to remove uncured photoresist. Finally, the wafer mold was rinsed with Isopropyl alcohol and dried with nitrogen gas.



To prepare PDMS solution, PDMS prepolymer is mixed with curing agent at a ratio of 10:1. The resulting solution is poured onto the fabricated master and degassed in the vacuum chamber to remove bubbles. The PDMS solution poured master mold is heated in an oven at 90 °C for 2 h. The cured PDMS block is detached carefully from the master mold and boned with slide glass by plasma treatment.




2.4. Experimental Setup of Microfluidic System


Microdroplets were prepared by injecting a premixed solution into the fabricated microfluidic system with a syringe pump (Harvard Apparatus, Pump 11 Elite & Pico Plus, Holliston, MA, USA). The syringe is connected to the microfluidic device through a tygon tube or Teflon tube according to the properties of the polymer solution. The behavior of microdroplets in the microchannel is observed using an inverted optical microscope (CSB-IH5, Samwon Scientific Ind. Co., Ltd., Seoul, South Korea). The diameter and size distribution of microspheres are measured by the ImageJ software program (National Institutes of Health, Bethesda, MD, USA). The morphology of prepared microspheres is observed with SEM.




2.5. Preparation of Microspheres Using 512-Channel Geometric Droplet-Splitting Microfluidic Device


Figure 3 shows the microdroplet preparation process of 512-channel geometric droplet-splitting microfluidic device by injection of premixed emulsion solution. First, deionized water and mineral oil (with 3 wt.% SPAN 80) are prepared as the dispersed phase and continuous phase, respectively. The two solutions are gently mixed and injected into the device using the syringe pump. The fabricated microfluidic device was bonded with a slide glass by plasma treatment. The assembled microfluidic device was placed in an oven at 90 °C to recover surface hydrophobicity for W/O system. In order to prepare PLGA microspheres, PLGA powders were dissolved in DMC solution to prepare 2 wt.% PLGA solution as the dispersed phase. 2 wt.% PVA solution is prepared as the continuous phase by dissolving PVA in deionized water at 90 °C. The PDMS microfluidic device was bonded with a slide glass by plasma treatment. After plasma treatment, PVA coating was applied in the microchannel to maintain its hydrophilic condition for stable microdroplet preparation. The 2 wt.% PLGA solution and 1 wt.% PVA solution were gently mixed in the ratio of 0.75:1. The premixed emulsion was injected into the fabricated microfluidic device by using a syringe pump. The prepared PLGA microspheres were collected in the 2 wt.% PVA solution under stirring at 300 RPM for 5 h to remove solvent from the microspheres. In order to remove satellites, the sieve was used. The mesh size of the sieve was determined according to the microsphere size. The satellites had fallen through the sieve and the prepared microspheres were collected in the sieve.





3. Results and Discussion


For stable preparation of the proposed device, optimization of the mixing ratio for the dispersed phase and the continuous phase is necessary. As the volume of the dispersed phase increased, the size of the prepared microdroplet increased, and the microdroplets aggregated because the distance between the microdroplets decreased. Moreover, when the microdroplets aggregated, the flow rate was changed periodically, resulting in unstable microdroplet preparation. By contrast, as the volume of the continuous phase increased, the microdroplet production rate decreased, resulting in ineffective microdroplet preparation.



Therefore, a dispersion test of the premixed emulsion solution was conducted to determine the suitable mixing ratio for the premixed emulsion solution. The dispersed phase and continuous phases were gently mixed and placed at room temperature for 10 min. The dispersion condition of the premixed emulsion solution was observed after mixing and 10 min (Figure 4a,b). As a result, the optimized mixing ratio of premixed emulsion solution was 2(mineral oil):1(water). Droplets in premixed emulsion were observed by microscope after mixing and 10 min (Figure 4d,e). The droplet sizes were 193.44 and 243.64 μm with polydisperse size distribution (CV = 47.77, 46.92%) after mixing and 10minutes as shown Figure 4f. The droplet size after 10 min was larger than that after mixing, owing to aggregation with each other. The prepared premixed emulsion was injected into a single inlet of the microfluidic device by using a syringe pump as shown Figure 4c.



Figure 5a–e shows optical images of the preparation of water microdroplets with the microfluidic device by injection of premixed emulsion solution. The prepared water droplets of various sizes flowed stably into the first T-junction part of the 512-channel geometric droplet-splitting microfluidic device. The droplets at T-junction were contracted and expanded with fluid flow due to their large volume. When the microdroplet enters at the T-junction, it is contracted and elongated along the streamline.



If the prepared microdroplets were large enough to be split, they were divided into two droplets at a T-junction. By contrast, if the prepared microdroplets were not large enough to be split, they were passed through the T-junction without splitting. As the width of the microchannel of T-junction decreased, smaller water microdroplets could be divided. The prepared microdroplets were gathered at a collection region without merging (Figure 5f,g).



However, many satellites were found during the splitting process. The satellites were separated from the parent droplet by the imbalance of capillary force during droplet formation [21]. Because the microsphere with satellites have a broad size distribution, it is better not to generate satellites. However, formation of satellites was unavoidable, even with the microfluidic system for higher flow rate [22,23,24,25,26]. Furthermore, the presented method is a combination of the conventional emulsification method and microfluidic method. Therefore, removing satellites from microspheres is necessary. The number of satellites significantly decreased or were removed when a viscosity of dispersed phase was higher than viscosity of the continuous phase [27]. In this case, the satellites were filtered during the collection process, therefore they are ignored during the measuring process.



The diameter and size distribution (C.V. (Coefficient Variation)) of the prepared water microdroplets were 35.29 µm and 8.8% when Qmix was 10 mL/h (Figure 5h). Fine water microdroplets could be prepared stably and repeatably. Based on this result, we attempted to prepare a biocompatible PLGA microsphere with the fabricated microfluidic device. Firstly, a dispersion test of the DMC solution with the PVA solution was conducted to find an optimized mixing ratio for a premixed emulsion solution.



As shown in Figure 6a, when DMC and PVA were mixed in the ratio of 0.75 and 1, the premixed emulsion solution was most balanced and stable for 10 min. PLGA microspheres were prepared at an emulsion flow rate of 10 mL/h. PLGA microspheres with various sizes were formed in the microchannels and split at the T-junctions in the microchannel (Figure 6b–d). The prepared PLGA microspheres were smaller than water microdroplets, owing to the low viscosity of the PVA solution. the PLGA microspheres were collected stably in the final collection part of the 512-channel geometric droplet-splitting microfluidic device. The few satellites were found at collection part because viscosity of the polymer solution is higher than that of the PVA solution, they are filtered during washing process. The prepared PLGA microspheres were overserved with a field-emission scanning electron microscope (Figure 6e). The size distribution and diameter of the prepared PLGA microspheres were 6.56 µm and 8.66% (Figure 6f).



The PLGA microsphere size was similar to that of red blood cells, and they can be considered an RBCs model [28,29]. The size of the PLGA microsphere is controlled by concentration of the PLGA solution and PVA solution [4,30]. The microsphere size is increased with low concentration of PVA solution and high concentration of the PLGA solution.



Weitz’s group presented a microfluidic post array device based on droplet-splitting by using obstacles to prepare microspheres with premixed emulsion solution [20]. They prepared photocurable microspheres with a C.V. of 13% by using the microfluidic post array device. A comparison of the results of this study with those of Weitz’s group revealed that the size distribution of microspheres could be improved to 33% by using the proposed 512-channel geometric droplet-splitting microfluidic device because the droplets are guided for symmetrical splitting by using the geometry of T-junction micro channel, as opposed to the irregular and asymmetrical splitting pattern employed in the previous study. We demonstrated the preparation of PGLA microspheres by using the 512-channel geometric droplet-splitting microfluidic device. However, we observed that large microdroplets were formed intermediately because the number of T-junctions was inadequate for complete droplet splitting in some cases.



To solve this problem, the post array part was combined with the microfluidic device for complete droplet splitting. The splitting behaviors of the microdroplet in the fabricated microfluidic device with the post array part were inspected at 10, 60, and 100 mL/h. hexadecane (with 3 wt.% SPAN80) solution and deionized water were used as the dispersed phase and continuous phase in the O/W system. Microdroplets could be prepared stably by using the proposed microfluidic device combined with the post arrays of all three types. The microdroplet size decreased with increased passes of droplets splitting by the post array part. The device stably worked until 150 mL/h and the resulting solution leaked from the device at higher flow rates than 150 mL/h.



Figure 7a–i show the diameter and size distribution of the water microdroplets prepared using the 512-channel geometric droplet-splitting microfluidic device combined with three type of post array. The diameters of the prepared microdroplets were 9.41 µm, 7.63 µm, and 9.23 µm for the Type 1 (Figure 7a–c), Type 2 (Figure 7d–f), and Type 3 (Figure 7g–i) post arrays. The diameter of microdroplets in the type 2 significantly decreased to 81.1% of type 1 because width between posts decreased from 1.25 to 0.75 mm.



Moreover, the size distributions of the microdroplets were 6.73%, 5.56%, and 3.72% for Type 1, Type 2, and Type 3 post arrays. The size distribution of microdroplets can thus be modified using the post array part. The microsphere size distributions improved by 23.5%, 36.8%, and 57.7% when using the Type 1, Type 2, and Type 3 post arrays compared to that without any post array. The size distribution of micro droplet in Type 3 was especially low since it was designed that the streamline at the inlet is perpendicular with a streamline at the post array part to disperse droplets without gathering along the streamline.



In all types of post array parts, the diameter of the microdroplets decreased significantly as the flow rate increased (Figure 7m). The diameters of the microdroplet obtained with the Type 2 post array were smaller than those obtained with the Type 1 post array at 10 mL/h to 40 mL/h because of the narrower distance between posts. The diameter of microdroplets prepared with the Type 3 post array was the smallest among the three types of post arrays under the emulsion flow rate of 40 mL/h due to increased opportunities for droplet splitting by changing flow direction at the inlet.



The diameter of microdroplets could be controlled by varying the flow rate and the design of the post array part. We have demonstrated that the post array has potential for improvement of microdroplets monodispersed. However, the size distribution of the microdroplets was mainly influenced by the inherent premixed emulsion condition. Therefore, the 512-channel geometric droplet-splitting microfluidic device should be studied further regarding the premixed emulsion condition, post array for preparation monodispersed microsphere and minimization of the flow resistance for mass production.




4. Conclusions


We presented a 512-channel geometric droplet-splitting microfluidic device for mass production of microspheres. The diameter and size distribution of water microdroplets prepared using the proposed microfluidic device were 35.29 µm and 8.80%, respectively. Additionally, we demonstrated the preparation of biocompatible microspheres by using the proposed microfluidic device. The diameter and size distribution of PLGA microspheres were 6.56 µm and 8.66%, respectively. Additionally, the 512-channel geometric droplet-splitting microfluidic device was combined with a post array part to achieve adequate passes of droplet splitting and stable droplet preparation. Microdroplets were prepared stably at emulsion flow rates of up to 150 mL/h. The three types of post array parts significantly modified the size distribution and diameter of microdroplets. As the post array interval decreased, the size distribution of microdroplets improved. With the Type 3 post array part, more monodisperse microdroplets (CV=3.72%) were obtained than those possible with Type 1(CV=6.73%) and Type 2(CV=5.56%) post array parts. We predict that the proposed device will be considered an alternative approach for the mass production of microspheres in various fields.







Author Contributions


C.M.K. designed and performed experiments, analyzed the data and wrote the paper. H.J.C. performed related experiments and analyzed the data. G.M.K. proposed initial idea, supervised the study, and wrote the paper. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Research Foundation of Korea Grant (NRF-2017R1A2B4004966, 2017R1A6A1A03015562, 2019R1I1A1A01063257), and the Project of Advanced Technology Center (10077414, 2017).




Conflicts of Interest


The authors declare no conflicts of interest




References


	



Li, H.; Lv, N.; Li, X.; Liu, B.; Feng, J.; Ren, X.; Guo, T.; Chen, D.; Stoddart, J.F.; Gref, R.; et al. Composite CD-MOF nanocrystals-containing microspheres for sustained drug delivery. Nanoscale 2017, 9, 7454–7463. [Google Scholar] [CrossRef] [PubMed]

	



Chiang, B.; Kim, Y.C.; Doty, A.C.; Grossniklaus, H.E.; Schwendeman, S.P.; Prausnitz, M.R. Sustained reduction of intraocular pressure by supraciliary delivery of brimonidine-loaded poly (lactic acid) microspheres for the treatment of glaucoma. J. Control Release 2016, 228, 48–57. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Wischke, C.; Mittal, S.; Mitra, A.; Schwendeman, S.P. Design of controlled release PLGA microspheres for hydrophobic fenretinide. Mol. Pharm. 2016, 13, 2622–2630. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.G.; Kim, K.M.; Kim, Y.H.; Lee, S.H.; Kim, G.M. Preparation of Monodisperse ENX-Loaded PLGA Microspheres Using a Microfluidic Flow-Focusing Device. J. Biobased Mater. 2013, 7, 108–114. [Google Scholar] [CrossRef]

	



Calejo, J.; Pinho, D.; Galindo-Rosales, F.J.; Lima, R.; Campo-Deaño, L. Particulate blood analogues reproducing the erythrocytes cell-free layer in a microfluidic device containing a hyperbolic contraction. Micromachines 2016, 7, 4. [Google Scholar] [CrossRef] [PubMed]

	



Pinho, D.; Campo-Deano, L.; Lima, R.; Pinho, F.T. In vitro particulate analogue fluids for experimental studies of rheological and hemorheological behavior of glucose-rich RBC suspensions. Biomicrofluidics 2017, 11, 054105. [Google Scholar] [CrossRef]

	



Anes, C.F.; Pinho, D.; Muñoz-Sánchez, B.N.; Vega, E.J.; Lima, R. Shrinkage and colour in the production of micro-sized PDMS particles for microfluidic applications. J. Micromech. Microeng. 2018, 28, 075002. [Google Scholar] [CrossRef]

	



Teh, S.-Y.; Lin, R.; Hung, L.-H.; Lee, A.P. Droplet microfluidics. Lab Chip 2008, 8, 198–220. [Google Scholar] [CrossRef]

	



Song, H.; Chen, D.L.; Ismagilov, R.F. Reactions in droplets in microfluidic channels. Angew. Chem. Int. Ed. 2006, 45, 7336–7356. [Google Scholar] [CrossRef]

	



Zhu, P.; Wang, L. Passive and active droplet generation with microfluidics: A review. Lab Chip 2017, 17, 34–75. [Google Scholar] [CrossRef]

	



Crevillén, A.G.; Pumera, M.; González, M.C.; Escarpa, A. Towards lab-on-a-chip approaches in real analytical domains based on microfluidic chips/electrochemical multi-walled carbon nanotube platforms. Lab Chip 2009, 9, 346–353. [Google Scholar] [CrossRef]

	



Nisisako, T.; Torii, T. Microfluidic large-scale integration on a chip for mass production of monodisperse droplets and particles. Lab Chip 2008, 8, 287–293. [Google Scholar] [CrossRef] [PubMed]

	



Holtze, C. Large-scale droplet production in microfluidic devices—An industrial perspective. J. Phys. D. Appl. Phys. 2013, 46, 114008. [Google Scholar] [CrossRef]

	



Conchouso, D.; Castro, D.; Khan, S.A.; Foulds, I.G. Three-dimensional parallelization of microfluidic droplet generators for a litre per hour volume production of single emulsions. Lab Chip 2014, 14, 3011–3020. [Google Scholar] [CrossRef] [PubMed]

	



Schroen, K.; Bliznyuk, O.; Muijlwijk, K.; Sahin, S.; Berton-Carabin, C.C. Microfluidic emulsification devices: From micrometer insights to large-scale food emulsion production. Curr. Opin. Food Sci. 2015, 3, 33–40. [Google Scholar] [CrossRef]

	



Kim, C.M.; Park, S.J.; Kim, G.M. Applications of PLGA microcarriers prepared using geometrically passive breakup on microfluidic chip. Int. J. Precis. Eng. Man. 2015, 16, 2545–2551. [Google Scholar] [CrossRef]

	



Link, D.R.; Anna, S.L.; Weitz, D.A.; Stone, H.A. Geometrically mediated breakup of drops in microfluidic devices. Phys. Rev. Lett. 2004, 92, 054503. [Google Scholar] [CrossRef]

	



Kim, C.M.; Kim, G.M. Fabrication of 512-Channel Geometrical Passive Breakup Device for High-Throughput Microdroplet Production. Micromachines 2019, 10, 709. [Google Scholar] [CrossRef]

	



Kim, C.M.; Choi, H.J.; Park, E.J.; Kim, G.M. Repeated geometrical T-junction breakup microfluidic filter device by injection of premixed emulsion for microdroplet production. J. Ind. Eng. Chem. 2020, 81, 81–87. [Google Scholar] [CrossRef]

	



Amstad, E.; Datta, S.S.; Weitz, D.A. The microfluidic post-array device: High throughput production of single emulsion drops. Lab Chip 2014, 14, 705–709. [Google Scholar] [CrossRef]

	



Tan, Y.C.; Cristini, V.; Lee, A.P. Monodispersed microfluidic droplet generation by shear focusing microfluidic device. Sens. Actuators B Chem. 2006, 114, 350–356. [Google Scholar] [CrossRef]

	



Lee, S.G.; Kim, J.P.; Chan Kwon, I.; Park, K.H.; Noh, S.K.; Han, S.S.; Lyoo, W.S. Heterogeneous surface saponification of suspension-polymerized monodisperse poly (vinyl acetate) microspheres using various ions. J. Polym. Sci. Pol. Chem. 2006, 44, 3567–3576. [Google Scholar] [CrossRef]

	



Xu, Q.; Hashimoto, M.; Dang, T.; Hoare, T.; Kohane, D.S.; Whitesides, G.M.; Langer, R.; Anderson, D.G. Preparation of Monodisperse Biodegradable Polymer Microparticles Using a Microfluidic Flow-Focusing Device for Controlled Drug Delivery. Small 2009, 5, 1575–1581. [Google Scholar] [CrossRef]

	



Li, J.; Lam, A.T.L.; Toh, J.P.W.; Reuveny, S.; Oh, S.K.W.; Birch, W.R. Fabrication of uniform-sized poly-ɛ-caprolactone microspheres and their applications in human embryonic stem cell culture. Biomed. Microdevices 2015, 17, 105. [Google Scholar] [CrossRef] [PubMed]

	



Wang, K.; Lu, Y.C.; Xu, J.H.; Luo, G.S. Droplet generation in micro-sieve dispersion device. Microfluid. Nanofluid. 2011, 10, 1087–1095. [Google Scholar] [CrossRef]

	



Tran, V.T.; Benoît, J.P.; Venier-Julienne, M.C. Why and how to prepare biodegradable, monodispersed, polymeric microparticles in the field of pharmacy? Int. J. Pharm. 2011, 407, 1–11. [Google Scholar] [CrossRef]

	



Derzsi, L.; Kasprzyk, M.; Plog, J.P.; Garstecki, P. Flow focusing with viscoelastic liquids. Phys. Fluids 2016, 25, 092001. [Google Scholar] [CrossRef]

	



Doshi, N.; Zahr, A.S.; Bhaskar, S.; Lahann, J.; Mitragotri, S. Red blood cell-mimicking synthetic biomaterial particles. Proc. Natl. Acad. Sci. USA 2009, 106, 21495–21499. [Google Scholar] [CrossRef]

	



Gao, W.; Zhang, L. Engineering red-blood-cell-membrane–coated nanoparticles for broad biomedical applications. AIChE J. 2015, 61, 738–746. [Google Scholar] [CrossRef]

	



Kemala, T.; Budianto, E.; Soegiyono, B. Preparation and characterization of microspheres based on blend of poly (lactic acid) and poly (ɛ-caprolactone) with poly (vinyl alcohol) as emulsifier. Arab. J. Chem. 2012, 5, 103–108. [Google Scholar] [CrossRef]








[image: Polymers 12 00776 g001 550] 





Figure 1. CAD design of 512-channel geometrical droplet-splitting microfluidic device. 
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Figure 2. CAD designs of post array part for 512-channel geometric droplet-splitting microfluidic device: (a) type a, (b) type b, and (c) type c (unit: mm). 
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Figure 3. Microsphere preparation process of 512-channel geometric droplet-splitting microfluidic device by injecting premixed emulsion solution. 
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Figure 4. Pictures of dispersion test about ratio of water in mineral oil (3wt.% span 80): (a) after shaking and (b) 10 min, (c) microfluidic system with premixed emulsion. Optical images (d,e) and graph (f) of inherent droplet after shaking and 10 min. 
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Figure 5. Optical images of water droplets prepared using 512-channel geometric droplet-splitting microfluidic device using premixed emulsion solution at (a) 1st, (b) 2nd, (c) 3rd, (d) 5th, and (e) 6–9th T-junctions, and (f,g) collection part. (h) The graph of diameter and size distribution for the prepared micro water droplet (Qmix = 10 mL/h). 
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Figure 6. (a) Dispersion test about the ratio of DMC solution with PVA solution, (b–d) optical images of PLGA micro droplet in microchannel, (e) SEM image and (f) diameter and size distribution of PLGA microsphere prepared by using injecting premixed emulsion at 10 mL/h. 
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Figure 7. Optical images of microdroplets prepared using 512 channel T-junction passive breakup device combined with a post array part according to the flow rate: 10 mL/h, 60 mL/h, and 100 mL/h: Type 1 (a–c), Type 2 (d–f), and Type 3 (g–i). The graphs of diameters and size distribution of micro water droplets with post array part (Qmix = 20 mL/h): (j) Type 1, (k) Type 2, and (l) Type 3. and (m) diameter of water microdroplets according to flow rate of premixed emulsion with post array parts. 
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Table 1. Microchannel width of T-junction in the presented microfluidic device (unit: μm).






Table 1. Microchannel width of T-junction in the presented microfluidic device (unit: μm).





	a
	1st T-Junction
	500
	b
	2nd T-Junction
	540



	c
	3rd T-junction
	330
	d
	4th T-junction
	200



	e
	5th T-junction
	130
	f
	6th T-junction
	80



	g
	7th T-junction
	50
	h, i
	8, 9th T-junction
	30











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
"B R B R R
LR

o O O B O O
(BN - - DB - -
(=B~ B = - = I - =~~~ - I~ N~ R~

(= - B - - - -

4 O 0 o0ooooosoao oo - - T - TR - TR - - - - -
o oo o008 B 000D BEnDE DD B Do D EnoDeE B |






nav.xhtml


  polymers-12-00776


  
    		
      polymers-12-00776
    


  




  





media/file16.png
40 -

D=9.41 pm
CV=6.73 %

3

520 -

5

©

&

0 || 1 1

6 7 8 9 10 11 12
Diameter of water micro droplet(.m)

(j)
40 1 D=9.23 um
CV=3.72%

X
EZO -
5
©
£

0 1 | || 1

7 8 9 10 11 12
Diameter of water micro droplet(um)

(D

Diameter of micro droplet(um)

40 1 D=7.63 um
CV=5.56 %
S
E 20 -
©
o
L
0 1 1 1 1 I I 1
5 6 7
Diameter of water micro droplet(um)
(k)
¢ Type l
3 N Type 2
10 T Type 3

=)
-

0 ] ]

20 40
Flow rate of premixed emulsion(m//h)

(m)





media/file2.png
s

LTI T]
\Hr_ IR W ) ____\Hlk__.






media/file5.jpg
6

o
Microfluidic device ToXfo!

E D sining

Injection of premixed emulsion





media/file3.jpg





media/file14.jpg
D=9.41 um
73%

Fraction(%)

04

40

Fraction(%)
8

6 7 8 9 10 11 12
Diameter of water micro droplet(jim)

0+

5 6 7 8 9 10
Diameter of water micro droplet(uum)

G ®)
T *Typel
40 .23 pm £ H atypez
310 + 1 ampes
) 1
£ H i
20 g, 2
g £
g s
o+ £ol
6 7 8 9 10 11 12 a 0 20 40

Diameter of water micro droplet(um)

m

Flow rate of premixed emulsion(m//h)

(m)





media/file1.jpg





media/file7.jpg
Atter mixing After 10 min

w21 w4 s 121 s 4 s

»-.“

Diameter of drolet

g

¥

H

®





media/file10.png
Fraction (%)
9]
=]

0 D = 35.29um
CV = 8.80%
N = 72

0 I m

10 20 30 40 50

Diameter of water droplet (um

(h)





media/file15.png





media/file12.png
=0 oL TRET 5
S = e &8 o
S SR S

S b o w0 A
x ~ L .,.‘;:éi‘l,{’@_- i a};’,‘.‘:‘
"4 o Wt o LB WA RO |
LG LR PO TP SRR G N
. N oy 'O ¢ e d

, ' & L " ‘;7‘7,, . nTe
PO™ e PR RN Uy .::..v.u-‘u\
3 A SCw' SRR T TNTE W BN P4

D =6.56 um
304
_ CV= B.66%
. N =81

Fraction (%)

10+

J ‘N:’ w:" 4T J : .~ £ A T T T T T 1
LA - 0 2 4 6 8 10 12
Diameter of PLGA microparticle {um}

(f)

L=

DNI 5.0kV x500






media/file9.jpg





media/file0.png





media/file8.png
After mixing After 10 min

— — . L - o —_—A N A -~
1:1 21 31 4:1 5:1 1] =22 1=—3: 101 1
(c)
D=193.44um  D=243.64um
» 400 | cy=47.77% CV=46.92%
°
O 300
S
©
* I
© 200
| .
Q
] l
£ 100
8
)

After shaking After 10 min

(f)






media/file11.jpg
®)

[T

@ (© ®






media/file6.png
— =@ —
==y

e

+

Continuous

ohase Microfluidic device 00 00O

- - c : Stirring
Injection of premixed emulsion

phase
L

Mixing solutions





