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Abstract

:

The shape and porosity of polymeric colloids are two properties that highly influence their ability to accomplish specific tasks. For micro-sized colloids, the control of both properties was demonstrated by the photo-induced phase separation of droplets of NOA81—a thiol-ene based UV-curable adhesive—mixed with acetone, water, and polyethylene glycol. The continuous phase was perfluoromethyldecalin, which does not promote phase separation prior to UV activation. A profound influence of the polymer concentration on the particle shape was observed. As the photo-induced phase separation is triggered by UV radiation, polymerization drives the extracted solution out of the polymeric matrix. The droplets of the extracted solution coalesce until they form a dimple correlated to the polymer concentration, significantly changing the shape of the formed solid colloids. Moreover, control could be gained over the porosity by varying the UV intensity, which governs the kinetics of the reaction, without changing the chemical composition; the number of nanopores was found to increase significantly at higher intensities.
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1. Introduction


Control over the shape and porosity of polymeric colloids is a major goal [1], as these two properties have powerful influence over the packing of the colloids [2], deposition upon solvent evaporation [3], and emulsion stabilization [4]. Anisotropic particles can be used for biomedical applications [5,6,7], and the assembly of colloids to colloidal microstructures [8,9,10,11] could be useful for the formation of new functional materials [12]. These particles serve as building blocks for creating complex colloidal structures [13], cubic crystals [14], and staggered linear chains [15]. Various procedures were developed in order to address this goal. Sacanna and Pine [12] surveyed the preparation of polymeric colloids with anisotropic shapes, and outlined the following seven approaches: swelling, phase separation, template-assisted synthesis, controlled deformation, seeded-emulsion polymerization, lithographic design, and particle confinement.



Porosity also has considerable influence on various features of polymeric colloidal systems. In general, materials with pores have higher surface areas than non-porous materials, leading to an increased capacity. This property is crucial for many applications [16], including solid phase extraction [17], chromatography [18], catalytic reactions [19], energy applications [20,21], and drug delivery [22,23]. Common preparation methods rely on the addition of porogens [24]. Porogens are solid, liquid, or gas additives that are incorporated within the desirable matrix and could be later extracted, thus forming pores. Extraction methods include calcination, dissolution by solvents, and exposure to UV light [25]. As an alternative to external porogens, pores can form by phase separation during polymerization.



The phase separation of polymers in bulk is well studied [26], and occurs when a binary or ternary system in a single phase (a homogeneous one-phase state) is quenched to a two-phased region, also termed the unstable region, which consists of two different phases, usually termed the dispersed and suspended phases, with distinctively different chemical compositions. Researchers have explored [27,28] liquid–liquid phase separation inside emulsion droplets that were formed by microfluidic devices and stabilized with surfactants. While microfluidic devices allow for the formation of droplets with a narrow size distribution on demand, they are limited in the smallest achievable size and are hard to upscale. Fan and coworkers [29] showed the formation of anisotropic Janus particles by phase separation, where control over the shape is achieved by varying the polymer blend. In this study, we propose a novel concept that allows for control over both the shape and porosity of droplets by controlled phase separation induced by photopolymerization. We first introduce the procedure, and then demonstrate how a profound influence on the shape is achieved by varying the polymer concentration. We then show how changing the UV intensity at a fixed chemical concentration effects the porosity because of changes in the polymerization dynamics. Finally, we quantify the changes in the pore distribution.




2. Materials and Methods


2.1. Materials


Norland Optical Adhesive 81 (NOA81) was purchased from Norland Products (Cranbury, NJ, USA), and used as received. This adhesive was reported as a mixture of mercapto-esters (50–70 wt %) and triallyl isocyanurate (30–50 wt %). Perfluoromethyldecalin (85% pure) was purchased from ABCR (Karlsruhe, Germany), acetone (99.8% pure) was purchased from Daejung (Seoul, South Korea), and polyethylene glycol (PEG) with an average molecular weight of 4000 g/mol was purchased from Fisher Chemical (Loughborough, England). All of the chemicals were used without further purification. De-ionized water (~18 MΩ) was provided from an inhouse source.




2.2. Dispersed Phase-NOA81-Mixture-Preparation


A thiol-ene-based UV curable adhesive (NOA81) was mixed with acetone, PEG-4000, and water. NOA81 contains a mixture of mercapto-esters (50%–65%) and triallyl isocyanuarte (30%–55%). The polymerization mechanism upon UV irradiation is illustrated in Figure S3 in the Supplementary Materials. First, a 1:2 weight mixture of PEG and water was prepared. The PEG/water mixture was then mixed with acetone at a 1:4 weight ratio, thus obtaining a 1:2:12 weight ratio of PEG, water, and acetone, respectively. The PEG/water/acetone mixture was added to varying amounts (see below) of the more viscous NOA81 in a 2-ml vial.




2.3. Colloidal Formation


Then, 2 µL of the NOA81-mixture was added to a 5 mL vial containing 2 mL of perfluoromethyldecalin oil at 23 °C. A homogenizer (D1000, Benchmark Scientific, Edison, NJ, USA) with a rotor speed of 19,000 rpm was used immediately upon the addition of the dispersed phase. UV irradiation (360 nm; CS2010 by Thorlabs, Newton, NJ, USA) with an intensity of 7–46 mW/cm2, measured by a PM16-130 power meter (Thorlabs, Newton, NJ, USA), was applied within 3 s of the beginning of the homogenization process. The combined duration of the homogenization and UV irradiation was 2 or 5 min. A scheme of the polymerization process is shown in Figure S3.




2.4. Characterization


For the characterization of the formed colloids, a droplet from the UV-treated perfluoromethyldecalin/NOA81-mixture was deposited on a clean glass cover slide and left for 48 h at ambient conditions, to allow for the evaporation of all of the solvents (perfluoromethyldecalin, acetone, and water). SEM images were obtained using a Quanta FEG 250 System (Thermo Scientific, Hillsboro, OR, USA) at 15 kV. Pore size histograms were obtained by a multidimensional program for analyzing images, Image J.




2.5. Cross-Sectioning


The dry NOA81 colloids were transferred into 1-mL Eppendorf safe-lock tubes that were subsequently filled with a PELCO epoxy resin (purchased from TED PELLA, Redding, CA, USA). The epoxy was cured at room temperature for two days in order to fixate the colloids, and was then extracted from the tubes and cross-sectioned by a microtome (PowerTome PC produced by Boeckeler Instruments, Tucson, AZ, USA) with a diamond knife. The slices of epoxy with incorporated colloids were characterized by SEM.





3. Results and Discussion


Following the work of Guenthner, Hess, and Cash [30], with some variations, we used a thiol-ene-based UV-curable adhesive (NOA81) mixed with acetone, water, and PEG as a dispersed phase. Acetone is a good solvent for NOA81, while water serves as a non-solvent. PEG is added in order to increase the viscosity [30]. A 1:2:12 weight ratio of PEG-4000, water, and acetone, respectively, was mixed with various weight percentages of NOA81 (10–85 wt %); we refer to the acetone/water/PEG/NOA81 mixture as the “NOA81-mixture” throughout the manuscript.



Phase separation can be induced by increasing the molecular weight of the polymer chains during polymerization. A given combination of the polymer ratio and temperature that yields a single-phase system can be driven because of the increase in molecular weight toward a two-phase system. The binodal curve in Figure 1 was found by varying the temperature of the NOA81-mixtures with different ratios. For each ratio, the temperature was found at which the mixture shows a transition from transparent–single-phase to opaque–two-phase. As an example, for phase separation as a result of photo-induced polymerization, we consider a 23 wt % NOA81-mixture at 23 °C (red dot in Figure 1). Prior to UV exposure, the mixture is a transparent liquid (single-phase state); during irradiation, a photochemical reaction instantly takes place, and the monomers polymerize. As a result, the binodal curve shifts considerably (dashed line in Figure 1a), as the polymerized moieties are much less likely to dissolve. Therefore, after UV irradiation, the 23 wt % NOA81-mixture at 23 °C is situated at the two-phase region, and a white opaque solid polymer (Figure 1b) separates from the water/acetone/PEG solvent mixture.



While previous studies of a similar system [30] have demonstrated photo-induced phase separation in bulk, the formation of colloids with controlled morphologies as a result of phase-separation was not shown. In order to form colloids from our dispersed phase (NOA81-mixtures), a fluid that can serve as a dispersant is required. As the mixtures are composed of several components with various properties, it is challenging to find a continuous phase that will not promote phase separation prior to the UV activation of the polymerization. Trials of various carbon oils were performed in order to find a suitable dispersion liquid; however, their addition led to the undesirable separation of one or more components of the NOA81-mixture (see Figure S1 in the Supplementary Materials). Fluorinated carbon oils such as perfluoromethyldecalin could serve as the continuous phase, as they are inert to a wide variety of materials [31,32,33,34,35,36]. They were previously used in microfluidic research, where chemically inert solvents are required [37]. Indeed, the mixing of the NOA81-mixtures with perfluoromethyldecalin did not result in separation (see Figure S1).



In order to form colloids, 2 µL of the NOA81-mixture was added to 2 mL of perfluoromethyldecalin oil at 23 °C (Figure 2A). A homogenizer (Figure 2B) and UV source (Figure 2C) were turned on immediately upon the addition of the dispersed phase. The total time of homogenization and UV irradiation was 5 min. The entire system of dispersed, and the suspended liquids can be described as a (W/O)/FO system comprising water (water/acetone) and oil (NOA81) phases in fluorinated oil (FO). Without UV irradiation, the dispersed NOA81-mixture droplets coalesce and cream at the surface of the perfluoromethyldecalin (1.95 g/mL), because of their lower density.



The dispersion droplets formed as a result of homogenization are photopolymerized by UV irradiation, and shift from one-to two-phase state (inset of Figure 2B,C) with the formation of solid colloids (Figure 2D) that were extracted and visualized by SEM. Upon drying, water, acetone, and perfluoromethyldecalin evaporate, yielding polymerized NOA81 colloids.



We observed a profound influence on the shape of the particles as a function of the polymer concentration (achieved by varying the NOA81 weight content). Figure 3 shows the SEM micrographs of the polymeric colloids (NOA81) formed from droplets with a different polymer concentration. All of the colloids were prepared with an irradiation intensity of 46 mW. As is evident from the images in Figure 3A–C, the colloids formed by higher polymer concentrations are more spherical. We attribute this behavior to the manner in which the non-polymeric solution was extracted.



After the phase separation is triggered by UV irradiation, polymerization of NOA81 drives the extracted water/acetone/PEG-4000 solution out of the polymeric matrix. We observed noticeable changes in the colloidal shape as a function of the polymer content using a fixed UV irradiation intensity (46 mW). For relatively high polymer concentrations (44 wt %), the viscosity rises very quickly, trapping the extracted solution (seen as submicron pores, Figure 3C) in almost spherical polymeric colloids. At lower polymer concentrations, the polymeric structure is not rigid enough to maintain a spherical shape. In these cases, as shown in Figure 3A,B for the 20 and 30 wt % polymer, respectively, nano-sized droplets of the extracted solution grow over time as the polymerization progresses inside the forming colloid. Because of the relatively low viscosity for the low polymeric concentrations, the nano-sized droplets of the extracted solution coalesce until they form a dimple (Figure 3D), in order to minimize surface tension. The size of the dimple is correlated with the polymer concentration (a lower polymeric concentration results in bigger dimples), and significant changes to the shape of the formed colloids can be seen in Figure 3A,B for 20 and 30 wt % polymer, respectively. We note that the FTIR measurements did not reveal the presence of PEG in the formed colloids.



While controlling the shape of the formed colloids is achievable by changing the polymer concentration, as shown above, control over the porosity can also be gained by governing the kinetics of the polymerization, without any change to the chemical composition. We show, in Figure 4, the formation of significantly different colloids, all formed from the same NOA81-mixture (38 wt %), by variation of the UV intensity, which is known to influence the polymerization rate [21]. Applying relatively high UV intensities (46 mW) leads to high polymerization rates, trapping small droplets of extracted solution in the polymeric matrix. This procedure therefore forms spherical colloids with small pores (Figure 4C). Decreasing the UV intensity slows down the polymerization rate, therefore allowing more time for dynamic processes of the extracted solution to occur. When applying 26 mW of UV radiation, droplets of the extracted solution grow significantly, resulting in spherical colloids with larger pores (Figure 4B). Decreasing the UV intensity even further to 8 mW, allows the growing droplets of the extracted solution to coalesce and migrate to the surface of the growing colloid (illustrated in Figure 4F). The resulting colloid is no longer spherical, because of the dimple formed by the extracted solution



Figure 4A shows how, as the droplets of the extracted solution migrate to the surface of the colloid to form the dimple, the polymerized colloid is no longer porous. Micrographs of additional colloids with various sizes [38] are shown in Figure S2.



Histograms of the pore diameters of the colloids are shown in Figure 4D,E. The pore sizes were determined by analyzing the SEM micrographs of 20 colloids prepared with a UV intensity of either 26 or 46 mW. Figure 4D shows the diameter distribution of the micropores (up to 8 µm), while Figure 4E shows the size distribution of the nanopores. From these histograms, we conclude that using a higher UV intensity during polymerization results in a significant increase in the number of nanopores, matching the mechanism suggested above.



In order to understand whether the pores visualized by SEM are only at the surface of the colloids or also inside them, we studied various cross-sections of the colloids, performed by fixation in epoxy and slicing using a microtome. Figure 5A,B shows typical SEM micrographs of cross-sections for colloids prepared with 8 and 26 mW, respectively. The conclusion from these images is that the interior parts of the colloids have the same morphology as their exterior. The colloids that do not show voids at the surface (8 mW) are also free of voids in the interior, while those that seem porous on the outside (26 mW) are also porous on the inside. Moreover, the diameter distribution of the micropores at the colloids’ surface and inside the colloids (as seen after cross sectioning) are similar (see Figure S4 in the Supplementary Materials).




4. Conclusions


We demonstrate a novel method that allows for control over the shape and porosity of polymeric micro-sized colloids. This is achieved by controlling the photo-induced phase separation of droplets of a thiol-ene-based UV curable adhesive (NOA81) mixed with acetone, water, and PEG. The continuous phase chosen was perfluoromethyldecalin, which does not promote phase separation prior to UV irradiation. We observed a profound influence on the shape and porosity of the particles as a function of the polymer concentration and UV intensity. This is due to the dynamics by which the solution extracted from the polymerization process coalesces.








Supplementary Materials


The following are available online at https://www.mdpi.com/2073-4360/11/7/1225/s1, containing the following figures: Figure S1: (A) Various hydrocarbon oils at 30 °C (from left to right: octane, cyclohexane, toluene, hexane mixture, benzene, pentane, dichloromethane, ether, heptane, and triethyamine) combined with an NOA81-mixture. In all cases, a turbid phase was obtained as a result of phase separation. (B) NOA81-mixture with perfluoromethyldecalin resulting in two distinct clear phases without any turbidity, where (C) the upper phase is the NOA81-mixture and the lower phase is perfluoromethyldecalin. Figure S2: SEM images of colloidal particles obtained from a 38 wt % NOA81-mixture at 0 °C following 2 minutes of UV irradiation at different intensities (indicated). Figure S3: Polymerization scheme of mercapto-esters and triallyl isocyanuarte (the components of NOA81) under UV irradiation. Figure S4: Histogram of the colloids’ pores diameter obtained from 38 wt % of NOA81-mixtures using 26 mW of UV intensity.





Author Contributions


Conceptualization, H.S. and E.H.; Methodology, H.S. and E.H.; Software, E.H.; Validation, H.S. and E.E.; Investigation, E.H. and E.E.; Resources, H.S., E.H. and E.E.; Data Curation, E.H. and E.E.; Writing—Original Draft Preparation, E.H.; Writing—Review & Editing, H.S., E.H. and E.E.; Visualization, H.S., E.H. and E.E.; Supervision, H.S.; Project Administration, H.S.; Funding Acquisition, H.S.;




Funding


This research received no external funding.




Acknowledgments


The authors acknowledge Dr. Silvia Piperno for technical assistance, Dr. Yuval Elias for scientific editing and thank Bar-Ilan University for a generous start-up package.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Dugyala, V.R.; Daware, S.V.; Basavaraj, M.G. Shape anisotropic colloids: Synthesis, packing behavior, evaporation driven assembly, and their application in emulsion stabilization. Soft Matter 2013, 9, 6711. [Google Scholar] [CrossRef]

	



Sacanna, S.; Rossi, L.; Wouterse, A.; Philipse, A.P. Observation of a shape-dependent density maximum in random packings and glasses of colloidal silica ellipsoids. J. Phys. Condens. Matter 2007, 19, 376108. [Google Scholar] [CrossRef]

	



Yunker, P.J.; Still, T.; Lohr, M.A.; Yodh, A.G. Suppression of the coffee-ring effect by shape-dependent capillary interactions. Nature 2011, 476, 308–311. [Google Scholar] [CrossRef] [PubMed]

	



Kalashnikova, I.; Bizot, H.; Bertoncini, P.; Cathala, B.; Capron, I. Cellulosic nanorods of various aspect ratios for oil in water Pickering emulsions. Soft Matter 2013, 9, 952–959. [Google Scholar] [CrossRef]

	



Skrabalak, S.E.; Chen, J.; Sun, Y.; Lu, X.; Au, L.; Cobley, C.M.; Xia, Y.; Cobley, L.M. Gold Nanocages: Synthesis, Properties, and Applications. Acc. Chem. Res. 2008, 41, 1587–1595. [Google Scholar] [CrossRef] [PubMed]

	



Jacob, I.; Edri, E.; Lasnoy, E.; Piperno, S.; Shpaisman, H. Influencing colloidal formation with optical traps. Soft Matter 2017, 13, 706–710. [Google Scholar] [CrossRef] [PubMed]

	



Ruffner, D.B.; Shpaisman, H.; Grier, D.G. Light-driven three-dimensional rotational motion of dandelion-shaped microparticles. Appl. Phys. Lett. 2013, 102, 071103. [Google Scholar]

	



Armon, N.; Greenberg, E.; Layani, M.; Rosen, Y.S.; Magdassi, S.; Shpaisman, H. Continuous Nanoparticle Assembly by a Modulated Photo-Induced Microbubble for Fabrication of Micrometric Conductive Patterns. ACS Appl. Mater. Interfaces 2017, 9, 44214–44221. [Google Scholar] [CrossRef] [PubMed]

	



Sazan, H.; Piperno, S.; Layani, M.; Magdassi, S.; Shpaisman, H. Directed assembly of nanoparticles into continuous microstructures by standing surface acoustic waves. J. Colloid Interface Sci. 2019, 536, 701–709. [Google Scholar] [CrossRef]

	



Piperno, S.; Sazan, H.; Shpaisman, H. Simultaneous polymerization and patterning: A one step acoustic directed assembly method. Polymer 2019, 173, 20–26. [Google Scholar] [CrossRef]

	



Greenberg, E.; Armon, N.; Kapon, O.; Ben-Ishai, M.; Shpaisman, H. Nanostructure and Mechanism of Metal Deposition by a Laser-Induced Photothermal Reaction. Adv. Mater. Interfaces 2019, 1900541. [Google Scholar] [CrossRef]

	



Sacanna, S.; Pine, D.J. Shape-anisotropic colloids: Building blocks for complex assemblies. Curr. Opin. Colloid Interface Sci. 2011, 16, 96–105. [Google Scholar] [CrossRef]

	



Sacanna, S.; Irvine, W.T.M.; Chaikin, P.M.; Pine, D.J. Lock and key colloids. Nature 2010, 464, 575–578. [Google Scholar] [CrossRef] [PubMed]

	



Rossi, L.; Sacanna, S.; Irvine, W.T.M.; Chaikin, P.M.; Pine, D.J.; Philipse, A.P. Cubic crystals from cubic colloids. Soft Matter 2011, 7, 4139–4142. [Google Scholar] [CrossRef]

	



Shelke, Y.; Sabapathy, M.; Mani, E. Staggered Linear Assembly of Spherical-Cap Colloids. Langmuir 2017, 33, 6760–6768. [Google Scholar] [CrossRef] [PubMed]

	



Gokmen, M.T.; Du Prez, F.E. Porous polymer particles—A comprehensive guide to synthesis, characterization, functionalization and applications. Prog. Polym. Sci. 2012, 37, 365–405. [Google Scholar] [CrossRef]

	



Rao, T.P.; Praveen, R.S.; Daniel, S. Styrene-Divinyl Benzene Copolymers: Synthesis, Characterization, and Their Role in Inorganic Trace Analysis. Crit. Rev. Anal. Chem. 2004, 34, 177–193. [Google Scholar] [CrossRef]

	



Berek, D. Size exclusion chromatography—A blessing and a curse of science and technology of synthetic polymers. J. Sep. Sci. 2010, 33, 315–335. [Google Scholar] [CrossRef]

	



Lu, J.; Toy, P.H. Organic Polymer Supports for Synthesis and for Reagent and Catalyst Immobilization. Chem. Rev. 2009, 109, 815–838. [Google Scholar] [CrossRef]

	



Lackner, K. Capture of carbon dioxide from ambient air. Eur. Phys. J. Spéc. Top. 2009, 176, 93–106. [Google Scholar] [CrossRef]

	



Li, M.; Katsouras, I.; Piliego, C.; Glasser, G.; Lieberwirth, I.; Blom, P.W.M.; De Leeuw, D.M. Controlling the microstructure of poly(vinylidene-fluoride) (PVDF) thin films for microelectronics. J. Mater. Chem. C 2013, 1, 7695. [Google Scholar] [CrossRef]

	



Elbert, D.L. Liquid–liquid two-phase systems for the production of porous hydrogels and hydrogel microspheres for biomedical applications: A tutorial review. Acta Biomater. 2011, 7, 31–56. [Google Scholar] [CrossRef] [PubMed]

	



Kaity, S.; Maiti, S.; Pal, D.; Ghosh, A.; Banerjee, S.; Ghosh, A.; Ghosh, A.K. Microsponges: A novel strategy for drug delivery system. J. Adv. Pharm. Technol. Res. 2010, 1, 283–290. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.C.; Hosoya, K.; Svec, F.; Fréchet, J.M.J. Polymeric porogens used in the preparation of novel monodispersed macroporous polymeric separation media for high-performance liquid chromatography. Anal. Chem. 1992, 64, 1232–1238. [Google Scholar] [CrossRef] [PubMed]

	



Gong, X.; Wen, W.; Sheng, P. Microfluidic Fabrication of Porous Polymer Microspheres: Dual Reactions in Single Droplets. Langmuir 2009, 25, 7072–7077. [Google Scholar] [CrossRef] [PubMed]

	



Dobry, A.; Boyer-Kawenoki, F.; Boyer-Kawenoki, F. Phase separation in polymer solution. J. Polym. Sci. 1947, 2, 90–100. [Google Scholar] [CrossRef]

	



Gao, F.; Su, Z.-G.; Wang, P.; Ma, G.-H. Double Emulsion Templated Microcapsules with Single Hollow Cavities and Thickness-Controllable Shells. Langmuir 2009, 25, 3832–3838. [Google Scholar] [CrossRef] [PubMed]

	



Haase, M.F.; Brujic, J. Tailoring of High-Order Multiple Emulsions by the Liquid-Liquid Phase Separation of Ternary Mixtures. Angew. Chem. 2014, 126, 11987–11991. [Google Scholar] [CrossRef]

	



Fan, J.-B.; Song, Y.; Liu, H.; Lu, Z.; Zhang, F.; Liu, H.; Meng, J.; Gu, L.; Wang, S.; Jiang, L. A general strategy to synthesize chemically and topologically anisotropic Janus particles. Sci. Adv. 2017, 3, e1603203. [Google Scholar] [CrossRef]

	



Guenthner, A.J.; Hess, D.M.; Cash, J.J. Morphology development in photopolymerization-induced phase separated mixtures of UV-curable thiol-ene adhesive and low molecular weight solvents. Polymer 2008, 49, 5533–5540. [Google Scholar] [CrossRef]

	



Theberge, A.B.; Courtois, F.; Schaerli, Y.; Fischlechner, M.; Abell, C.; Hollfelder, F.; Huck, W.T.S. Microdroplets in Microfluidics: An Evolving Platform for Discoveries in Chemistry and Biology. Angew. Chem. Int. Ed. 2010, 49, 5846–5868. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.-H.; Abate, A.R.; Lee, D.; Terentjev, E.M.; Weitz, D.A. Microfluidic Assembly of Magnetic Hydrogel Particles with Uniformly Anisotropic Structure. Adv. Mater. 2009, 21, 3201–3204. [Google Scholar] [CrossRef]

	



Hashimoto, M.; Garstecki, P.; Whitesides, G.M. Synthesis of Composite Emulsions and Complex Foams with the use of Microfluidic Flow-Focusing Devices. Small 2007, 3, 1792–1802. [Google Scholar] [CrossRef] [PubMed]

	



Köster, S.; Angilè, F.E.; Duan, H.; Agresti, J.J.; Wintner, A.; Schmitz, C.; Rowat, A.C.; Merten, C.A.; Pisignano, D.; Griffiths, A.D.; et al. Drop-based microfluidic devices for encapsulation of single cells. Lab Chip 2008, 8, 1110–1115. [Google Scholar] [CrossRef] [PubMed]

	



Agresti, J.J.; Antipov, E.; Abate, A.R.; Ahn, K.; Rowat, A.C.; Baret, J.-C.; Marquez, M.; Klibanov, A.M.; Griffiths, A.D.; Weitz, D.A. Ultrahigh-throughput screening in drop-based microfluidics for directed evolution. Proc. Natl. Acad. Sci. USA 2010, 107, 6550. [Google Scholar] [CrossRef] [PubMed]

	



Holtze, C.; Rowat, A.C.; Agresti, J.J.; Hutchison, J.B.; Angilè, F.E.; Schmitz, C.H.J.; Köster, S.; Duan, H.; Humphry, K.J.; Scanga, R.A.; et al. Biocompatible surfactants for water-in-fluorocarbon emulsions. Lab Chip 2008, 8, 1632. [Google Scholar] [CrossRef]

	



Ildefonso, M.; Candoni, N.; Veesler, S. A Cheap, Easy Microfluidic Crystallization Device Ensuring Universal Solvent Compatibility. Org. Process. Res. Dev. 2012, 16, 556–560. [Google Scholar] [CrossRef]

	



Wang, C.; Shpaisman, H.; Hollingsworth, A.D.; Grier, D.G. Celebrating Soft Matter’s 10th Anniversary: Monitoring colloidal growth with holographic microscopy. Soft Matter 2015, 11, 1062–1066. [Google Scholar] [CrossRef] [PubMed]








[image: Polymers 11 01225 g001 550]





Figure 1. (A) Phase diagram of the Norland Optical Adhesive 81 (NOA81)-mixtures before and after UV irradiation. Blue dots are experimental measurements, where a change in turbidity was observed, and construct the binodal curve (solid line). The red dot represents the parameters used for the formation of the structure shown by SEM imaging in (B). As the monomers polymerize upon UV irradiation, the binodal curve shifts (dashed line, illustration) and phase separation occurs. Scale bar = 5 µm. 






Figure 1. (A) Phase diagram of the Norland Optical Adhesive 81 (NOA81)-mixtures before and after UV irradiation. Blue dots are experimental measurements, where a change in turbidity was observed, and construct the binodal curve (solid line). The red dot represents the parameters used for the formation of the structure shown by SEM imaging in (B). As the monomers polymerize upon UV irradiation, the binodal curve shifts (dashed line, illustration) and phase separation occurs. Scale bar = 5 µm.



[image: Polymers 11 01225 g001]







[image: Polymers 11 01225 g002 550]





Figure 2. Illustration of colloid formation by photo-induced phase separation of NOA81-mixtures, as follows: (A) mixture added to perfluoromethyldecalin oil (blue phase), (B) homogenizer forms droplets, (C) UV irradiation promotes polymerization and phase separation, and (D) solid polymerized NOA81 colloids (white porous spheres) can be extracted. 
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Figure 3. SEM images using a fixed UV intensity (46 mW) demonstrating a change in shape with varying polymer (NOA81) concentrations, as follows: (A) 20 wt %, (B) 30 wt %, and (C) 44 wt %. All of the colloids were dispersed in perfluoromethyldecalin at 23 °C, and irradiated at 46 mW for 5 min. Scale bars = 30 µm. (D) Illustration (not to scale) of the formation mechanism of non-spherical colloids using a high UV irradiation intensity: A droplet of the mixed solution starts in a single-phase state. Upon UV irradiation, phase separation occurs. For low polymeric concentrations, the nano-sized droplets of the extracted solution coalesce until they form a dimple. For a high polymeric content, the high viscosity traps the extracted solution, resulting in a spherical colloid. 
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Figure 4. SEM images of the colloids obtained from 38 wt % of a NOA81-mixture at different UV intensities, as follows: (A) 8 mW, (B) 26 mW, and (C) 46 mW. Scale bars = 5 µm. (D,E) Histograms of the NOA81 colloid pore diameter. (F) Illustration (not to scale) of the formation mechanism of non-spherical and porous colloids using a fixed polymer concentration, namely: A droplet of the mixed solution starts in a single-phase state. Upon UV irradiation, phase separation occurs. High UV irradiation intensities leads to high polymerization rates, trapping small droplets of extracted solution in the polymeric matrix. Low intensities allow for more time for the extracted solution to grow and coalesce, resulting in a colloid with a dimple, but almost without pores. 
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Figure 5. SEM micrographs of colloid cross-sections for a 38 wt % NOA81-mixture formed at different UV intensities, namely: (A) 8 mW and (B) 26 mW. Scale bars = 15 µm. The white dashed lines show the border between the colloids and the epoxy used to fixate them for cross-sectioning. 
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