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Nanocomposite colloids prepared by the Ouzo effect

Introduction

Nanocomposite colloids, which we call nanocolloids, combine the desirable properties of inorganic nanoparticles (INPs) with an organic matrix and/or shell [1]. They offer immense utility due to their unique catalytic, photonic, optical, magnetic, and mechanical functionality [1,[START_REF] Guo | Mechanical properties of nanoparticles: basics and applications[END_REF]. The spatial arrangement of INPs within these nanocolloids plays a crucial role in determining their properties and functionality. Extensive research has focused on the encapsulation of nanoparticles within surrounding materials, resulting in the formation of core-shell colloidal structures or the surface organization of nanoparticles on colloids [START_REF] Gao | Encapsulated metal nanoparticles for catalysis[END_REF][START_REF] Wilson | Facile bioinspired synthesis of iron oxide encapsulating silica nanocapsules[END_REF][START_REF] Ladj | Polymer encapsulation of inorganic nanoparticles for biomedical applications[END_REF][START_REF] Mélinon | Engineered inorganic core/shell nanoparticles[END_REF]. Encapsulation of nanoparticles within the interior of nanocolloids becomes particularly essential if nanoparticles are susceptible to degradation from various environmental factors or when nanoparticle toxicity is a concern [START_REF] Gao | Encapsulated metal nanoparticles for catalysis[END_REF][START_REF] Wilson | Facile bioinspired synthesis of iron oxide encapsulating silica nanocapsules[END_REF][START_REF] Ladj | Polymer encapsulation of inorganic nanoparticles for biomedical applications[END_REF][START_REF] Mélinon | Engineered inorganic core/shell nanoparticles[END_REF]. By camouflaging INPs with an organic material, direct contact between the nanoparticle and the external environment can be avoided [START_REF] Gao | Encapsulated metal nanoparticles for catalysis[END_REF][START_REF] Wilson | Facile bioinspired synthesis of iron oxide encapsulating silica nanocapsules[END_REF][START_REF] Ladj | Polymer encapsulation of inorganic nanoparticles for biomedical applications[END_REF][START_REF] Mélinon | Engineered inorganic core/shell nanoparticles[END_REF]. Additionally, interfacial organization of nanoparticles in nanocolloids offer multiple advantages such as environmental stimulus responsiveness [START_REF] Tang | Stimuli-responsive Pickering emulsions: recent advances and potential applications[END_REF], Janus particle fabrication [START_REF] Perro | d c n f g q n f "J n " nanoparticles using wax-in-water emulsions[END_REF], or enhanced emulsion stability [START_REF] Ortiz | Current trends in Pickering emulsions: Particle morphology and applications[END_REF].

Several strategies have been developed to facilitate the precise placement of nanoparticles within nanocolloids, either in the core or at the interface [START_REF] Gao | Encapsulated metal nanoparticles for catalysis[END_REF][START_REF] Wilson | Facile bioinspired synthesis of iron oxide encapsulating silica nanocapsules[END_REF][START_REF] Ladj | Polymer encapsulation of inorganic nanoparticles for biomedical applications[END_REF][START_REF] Rodriguez | Catalysis in Pickering emulsions[END_REF][START_REF] Albert | Pickering emulsions: Preparation processes, key parameters governing their properties and potential for pharmaceutical applications[END_REF][START_REF] Gauthier | Pickering nanoemulsions: An overview of manufacturing processes, formulations, and applications[END_REF][START_REF] Sy | Pickering nano-emulsion as a nanocarrier for pH-triggered drug release[END_REF][START_REF] Mendez-Ortiz | Ionic strength-dependent assembly of polyelectrolyte-nanoparticle membranes via interfacial complexation at a water-water interface[END_REF][START_REF] Hann | Tuning interfacial complexation in aqueous two phase systems with polyelectrolytes and nanoparticles for compound all water emulsion bodies (AWE-somes)[END_REF]. For example, nanoparticles have been successfully encapsulated by growing shells of various materials around the particles [START_REF] Gao | Encapsulated metal nanoparticles for catalysis[END_REF]. Additionally, nanoparticles have been successfully embedded in the pores of porous structures [START_REF] Gao | Encapsulated metal nanoparticles for catalysis[END_REF] or encased in various materials such as polymers or oils via emulsion polymerization [START_REF] Wilson | Facile bioinspired synthesis of iron oxide encapsulating silica nanocapsules[END_REF][START_REF] Ladj | Polymer encapsulation of inorganic nanoparticles for biomedical applications[END_REF]. The interfacial organization of nanoparticles has been achieved by producing Pickering emulsions with micro and nano-scale droplets [START_REF] Rodriguez | Catalysis in Pickering emulsions[END_REF][START_REF] Albert | Pickering emulsions: Preparation processes, key parameters governing their properties and potential for pharmaceutical applications[END_REF][START_REF] Gauthier | Pickering nanoemulsions: An overview of manufacturing processes, formulations, and applications[END_REF][START_REF] Sy | Pickering nano-emulsion as a nanocarrier for pH-triggered drug release[END_REF] and performing layer-by-layer assembly of nanoparticles and polyelectrolytes on colloidal supports [START_REF] Mendez-Ortiz | Ionic strength-dependent assembly of polyelectrolyte-nanoparticle membranes via interfacial complexation at a water-water interface[END_REF][START_REF] Hann | Tuning interfacial complexation in aqueous two phase systems with polyelectrolytes and nanoparticles for compound all water emulsion bodies (AWE-somes)[END_REF]. Despite these notable achievements in controlling the spatial arrangement of INPs in nanocolloids, most existing methods are restricted to producing nanocolloids with specific morphologies; that is, few approaches are able to regulate the location of nanoparticles from the core to the interface using the same methodology [START_REF] Gao | Encapsulated metal nanoparticles for catalysis[END_REF][START_REF] Wilson | Facile bioinspired synthesis of iron oxide encapsulating silica nanocapsules[END_REF][START_REF] Ladj | Polymer encapsulation of inorganic nanoparticles for biomedical applications[END_REF][START_REF] Rodriguez | Catalysis in Pickering emulsions[END_REF][START_REF] Albert | Pickering emulsions: Preparation processes, key parameters governing their properties and potential for pharmaceutical applications[END_REF][START_REF] Gauthier | Pickering nanoemulsions: An overview of manufacturing processes, formulations, and applications[END_REF][START_REF] Sy | Pickering nano-emulsion as a nanocarrier for pH-triggered drug release[END_REF][START_REF] Mendez-Ortiz | Ionic strength-dependent assembly of polyelectrolyte-nanoparticle membranes via interfacial complexation at a water-water interface[END_REF][START_REF] Hann | Tuning interfacial complexation in aqueous two phase systems with polyelectrolytes and nanoparticles for compound all water emulsion bodies (AWE-somes)[END_REF]. Moreover, many of these methods rely on intricate and/or time-consuming processes, posing challenges to the scalable manufacturing of functional nanocolloids [START_REF] Gao | Encapsulated metal nanoparticles for catalysis[END_REF][START_REF] Wilson | Facile bioinspired synthesis of iron oxide encapsulating silica nanocapsules[END_REF][START_REF] Ladj | Polymer encapsulation of inorganic nanoparticles for biomedical applications[END_REF][START_REF] Rodriguez | Catalysis in Pickering emulsions[END_REF][START_REF] Albert | Pickering emulsions: Preparation processes, key parameters governing their properties and potential for pharmaceutical applications[END_REF][START_REF] Gauthier | Pickering nanoemulsions: An overview of manufacturing processes, formulations, and applications[END_REF][START_REF] Sy | Pickering nano-emulsion as a nanocarrier for pH-triggered drug release[END_REF][START_REF] Mendez-Ortiz | Ionic strength-dependent assembly of polyelectrolyte-nanoparticle membranes via interfacial complexation at a water-water interface[END_REF][START_REF] Hann | Tuning interfacial complexation in aqueous two phase systems with polyelectrolytes and nanoparticles for compound all water emulsion bodies (AWE-somes)[END_REF].

One potentially powerful technique for either core encapsulation or interfacial organization of nanoparticles is the utilization of oil core/hydrophilic polymer shell nanocapsules fabricated by coprecipitation [START_REF] Ganachaud | Modulation of oil/polymer nanocapsule size via phase diagram-guided microfluidic coprecipitation[END_REF]. The same chassis can be used for either core-encapsulation of nanoparticles into the hydrophobic core or the embedment of nanoparticles into the hydrophilic shell using a single process, with the destination of nanoparticles within the nanocapsule being a function of nanoparticle wetting properties. More recently, nanoparticles have been used as an interfacial stabilizer of Ouzo effect precipitated droplets [START_REF] Goubault | Effect of nanoparticles on spontaneous Ouzo emulsification[END_REF], as well as in conjunction with polymers forming a polymer-nanoparticle hybrid coating [START_REF] Sciortino | Simple engineering of polymer-nanoparticle hybrid nanocapsules[END_REF], thereby imparting the properties of both materials to the emulsion interface. The approach proposed here avoids the need for chemical synthesis of shells surrounding nanoparticles as this process involves the relatively simple phenomena of nanoprecipitation and interfacial stabilization.

In this study, we examine the effect of nanoparticle surface wetting characteristics on their spatial arrangement within solid oil/hydrophilic polymer nanocomposite colloids fabricated via co-precipitation of the oil and the polymer. We hypothesize that the wetting properties of the INPs play a crucial role in determining their placement within the nanocolloids. Specifically, we reckon that relatively hydrophobic nanoparticles will be encapsulated into the oil core, whereas hydrophilic nanoparticles will be embedded within the hydrophilic shell. The processes of coprecipitation and concurrent INP incorporation into organic nanocolloids take place under identical continuous flow conditions. Clear differences between degrees of nanoparticle shell-embedment are shown by using nanoparticles that are larger than the shell thickness. This work aims to simplify nanoparticle encapsulation and interfacial organization by demonstrating the range of nanocolloid morphologies achievable when nanoparticles of varying surface chemistry are present alongside co-precipitating nanocapsule materials, and the design rules for fabricating nanocolloids with a desired morphology.

Materials and methods

Materials

The following materials are purchased from Sigma Aldrich (St Louis, Missouri, US) and are used without further purification: Dextran (average molecular weight 35 -45 kDa) from Leuconostoc mesenteroides, c n (≥99.5%), ph n d c n (IPDI) (98%, mixture of isomers), trilau n (≥99%), Ludox TMA (34 wt%), and 3-(trimethoxysilyl)propyl acrylate (92%). DI water (Barnstead Nanopure, Thermo Fisher Scientific, Waltham MA, US, 18.2 Ω-cm) is used as the aqueous phase. Ethanol (200 Proof) is purchased from Decon (King of Prussia PA, US). Glacial acetic acid is purchased from Fisher. Spherical colloidal silica suspensions are generously donated by Nissan Chemical (Houston TX, US), and their trade names, particle sizes, particle concentration, and suspension solvent are listed in Table 1 below. Two types of nonspherical colloidal silica that are graciously donated are used: ST-OUP from Nissan chemical (strung-together 12 nm spheres having a collective length of ~100 nm), and fumed silica from CABOT (Boston MA, US) (CAB-O-SIL TS-530) (spheres fused together with a collective length of ~ 100 nm, and surface treated with hexamethyldisilazane). 

Trilaurin Ouzo phase diagram determination

The acetone/water/trilaurin phase diagram is determined using a continuous-flow system. A microfluidic device used to mix miscible streams is fabricated as described in a previous work [START_REF] Ganachaud | Modulation of oil/polymer nanocapsule size via phase diagram-guided microfluidic coprecipitation[END_REF]. Briefly, a capillary (World Precision Instruments, Sarasota FL, US) of ~1 mm outer diameter and 0.59 mm inner diameter is pulled via a micropipette puller (Sutter Instruments, Novato CA, US) and the resulting opening is sanded down to 100 μm. This capillary is nested into a larger capillary having an inner diameter of ~ 1.1 mm. The outer capillary inlet is sealed via epoxy (Devcon, ITW Performance Polymers, Danvers MA, US) and syringe needles (McMaster Carr, Elmhurst IL, US). Connections are made to syringes via polyethylene tubing (Scientific Commodities Inc., Lake Havasu City AZ, US), and fluid flow rates are controlled via syringe pumps (Harvard Apparatus, infuse only PHD, manually controlled Holliston MA, US). The geometry of the coaxial glass capillary device is held constant at an inner capillary taper diameter of 100 μm. The acetone stream is flown through the inner capillary and the water stream is flown through the outer capillary. The mass fraction of trilaurin in acetone varies between 1×10 -4 and 1×10 -3 , the acetone stream flow rate is set to 91.2 mL/hr and the water flow rate varies to yield various final acetone mass fractions. The product is collected in a vial and is categorized as an optically clear mixture above the binodal line, as an Ouzo emulsion domain where the sample shows opalescence, and as a two-phase domain where the suspension is rapidly opaque beyond the spinodal line. The phase diagram is shown in Figure S1.

Nanocapsule fabrication

Nanocapsules are fabricated using the microfluidic device described above to coprecipitate core and shell materials. The microfluidic device geometry and flow rates of both streams in this study are held constant at a total volumetric flow rate of 133.6 mL/hr with an acetone:water stream volumetric ratio of 2.15. The aqueous stream composition is 0.1 wt% dextran and is introduced into the outer capillary, while the acetone stream composition is 2×10 -4 trilaurin and 2×10 -4 IPDI by mass fraction and is introduced into the inner capillary. The two fluids are flowed through at fixed flow rates and mix at the outlet of the inner capillary in microvortices formed near the nozzle [START_REF] Ganachaud | Modulation of oil/polymer nanocapsule size via phase diagram-guided microfluidic coprecipitation[END_REF][START_REF] Liu | Core/shell nanocomposites produced by superfast sequential microfluidic nanoprecipitation[END_REF]. The final acetone mass fraction is chosen to be 0.63 based on the acetone/water/trilaurin phase diagram (see dotted lines in Figure S1). Upon collecting one gram of product, an additional amount of IPDI of 2×10 -3 by mass fraction dissolved in acetone (a mass ratio of 1:4 IPDI solution:nanocapsule suspension) is added to ensure efficient crosslinking of the shell. Immediately upon adding the IPDI solution the mixture is vortexed for 10 seconds. The final suspension is left at room temperature overnight followed by preparation for imaging the next day.

Nanocomposite colloid fabrication

To prepare composite nanocolloids comprising organic nanocapsules and inorganic nanoparticles, the same formulation and post-processing steps as for the basic nanocapsules are used, however, nanoparticles are added to the acetone stream (unless otherwise noted). Silica nanoparticles are suspended either in toluene, methyl ethyl ketone (MEK), or water (Table 1), and are diluted down by acetone to the desired concentration. The nanoparticle mass fraction in acetone ranges from 1×10 -5 to 5×10 -4 . An example acetonic phase composition is 2×10 -4 trilaurin, 2×10 -4 IPDI, and 1×10 -5 silica nanoparticles by mass fraction. After co-precipitation at the acetone mass fraction of 0.63, the final mass fractions of the components for the example composition given here are 1.26×10 -4 trilaurin, 1.26×10 -4 IPDI, 6.3×10 -6 silica nanoparticles, and 3.7×10 -4 dextran. Regarding the potential side reactions between IPDI and water to form urea versus the polyurethane polymer shell, it has been shown that the reaction between IPDI and alcohols is favored over IPDI reacting with water [START_REF] Shi | Quantitative IR characterization of urea groups in waterborne polyurethanes[END_REF], thus side reactions of this kind are negligible.

Transmission electron microscopy imaging and micrograph analyses

Transmission electron microscopy (TEM) micrographs are obtained using a JEOL (Peabody MA, US) F200 TEM under an accelerating voltage of 200 kV and an emission current of 15 µA. Samples are prepared by dropping a small amount of suspension onto holey carbon grids (electron microscopy sciences, 200 mesh copper, 3 mm) and allowing the solvent to evaporate off. Size distributions of nanocolloids are obtained via analysis of the obtained micrographs in ImageJ (NIH, US) by fitting circles to the nanocolloids. From the micrographs, the nanoparticle/dextran wetting angle [START_REF] Fiegel | Wetting of a particle in a thin film[END_REF] is estimated. Only nanoparticles clearly in the plane of focus are included in these estimations. The wetting angle is formed between the line formed between the nanoparticle center and the wetting ridge peak, and the line formed between the nanoparticle center and the nanocolloid center (Figure S2). Approximately 30 measurements are taken per condition.

Silica nanoparticle surface modification

Ludox TMA silica nanoparticles are surface-modified using a method reported previously [START_REF] Boakye-Ansah | Designing bijels formed by solvent transfer induced phase separation with functional nanoparticles[END_REF]. Briefly, a silica nanoparticle suspension having the composition of 19 vol% acetic acid, 38 vol% water, 38 vol% ethanol, and 5 vol% Ludox TMA stock (34 wt%) suspension is placed in an oil bath at 70 °C under thorough magnetic stirring. An amount of 3-(trimethoxysilyl)propyl acrylate in excess of the calculated value for 100% coverage is added to the vial followed by overnight stirring at 70 °C. The modified nanoparticles are washed thrice in DI water, followed by vortexing, sonication and filtering to suspend the nanoparticles. The suspension is then diluted down by acetone to the desired concentration for further encapsulation.

Spin coating and air/water/nanoparticle contact angle measurements

To characterize the relative hydrophobicity of the nanoparticles, the nanoparticle suspensions starting in their original solvents are spin coated onto silicon wafers (~ 1 c 1 c ) 10,000 p f 30 c nd d ng n n p c p ck ng f b 5 μ thicknesses based on cross-sectional SEM (Figure S3). These nanoparticle-coated wafers are then placed on the stage of a goniometer (Attention Theta, OneAttention, Biolin Scientific, Gothenburg Sweden), followed by placing a ~ 5 μL DI water droplet on the particle packing. The tensiometer software digitally records the contact angle formed by air/water/particle bed. Since evaporation of water or possible uptake of water by the nanoparticle packing occurs rapidly, the value of the contact angle after a few seconds is recorded before substantial evaporation or water absorption occurs.

Zeta potential measurements

Zeta potential measurements are performed one day after fabrication of the nanocolloids (same timing as preparation of the grids for TEM) using a Delsa Nano C particle analyzer (Beckman Coulter, Brea CA, US). The measurement is taken in the acetone/water mixture in which the nanocolloids are formed, and as such the dielectric constant is adjusted to 35.7 [START_REF] Akerlof | Dielectric constants of some organic solvent-water mixtures at various temperatures[END_REF] since the final acetone mass fraction after the addition of extra IPDI is about 0.7.

Results and Discussion

In our previous study we extensively explored the effects of varying the oil and polymer supersaturation in a microfluidic co-precipitation scheme to fundamentally understand the factors controlling the average size of the resulting nanocapsules [START_REF] Ganachaud | Modulation of oil/polymer nanocapsule size via phase diagram-guided microfluidic coprecipitation[END_REF]. Oil is precipitated by moving its solution state from dissolution in a polar organic solvent to precipitation in the Ouzo domain [START_REF] Ganachaud | Nanoparticles and nanocapsules created using the ouzo effect: spontaneous emulsification as an alternative to ultrasonic and high-shear devices[END_REF], and polymer is coprecipitated via moving above the polymer cloud point [START_REF] Yan | Programmable hierarchical construction of mixed/multilayered polysaccharide nanocapsules through simultaneous/sequential nanoprecipitation steps[END_REF]. Building upon this foundation, the current work aims to investigate the possible structures that can be fabricated by introducing inorganic nanoparticles into the co-precipitating mixture. Figure 1 illustrates our guiding hypothesis; the nanocapsule itself is a composite structure comprising a hydrophilic shell and a hydrophobic core material and thus we proposed that the addition of hydrophilic nanoparticles into the co-precipitation mixture will yield structures with nanoparticles embedded in the shell of the nanocolloids, while the addition of hydrophobic nanoparticles will yield nanocolloids with nanoparticles embedded in the hydrophobic core. Additionally, we hypothesize that the inclusion of nanoparticles having wetting properties in between these two extremes will yield structures with nanoparticles partially associated with the hydrophilic shell and partly with the hydrophobic core.

Fig. 1.

Left: A schematic of the microfluidic device used to produce nanocolloids made of oil, hydrophilic polymer and inorganic nanoparticles. Right: Hypothesis of the nanoparticle arrangement in nanocolloids. Increasing nanoparticle hydrophobicity leads to increasing particle embedment inside of the nanocapsules. Hydrophilic nanoparticles prefer to interact with the hydrophilic polymer as well as the bulk water/acetone mixture, and thus position themselves on the exterior of the capsules. Hydrophobic nanoparticles prefer to interact with the core oil material, and thus end up embedded in the core of the capsule. An intermediate state is hypothesized to exist where the nanoparticles position themselves both in the hydrophilic polymer and in the core oil.

Chemicals' choices

To conduct this study, it is essential to use nanoparticles with a similar size but varying wetting properties. We use commercially available spherical silica nanoparticles from Nissan Chemical as summarized in Table 1. These silica nanoparticles are approximately 10 -15 nm in diameter and are suspended in three different solvents: water, methyl ether ketone (MEK) and toluene. While the exact surface chemistries of these particles are unknown, the wetting properties of these nanoparticles are characterized by measuring the three-phase contact angle of a water droplet on the packed bed of each nanoparticle as illustrated in Figure 2A. As expected, the silica nanoparticles suspended in water possess the lowest contact angle, whereas the ones in toluene gave the highest value as shown in Figure 2B. The silica nanoparticles suspended in MEK show wetting properties that are intermediate between the water and toluene-based suspensions. These contact angles represent a wide range of wetting characteristics, allowing testing of our hypothesis on the role of surface wettability on the spatial arrangement of silica nanoparticles in nanocolloids prepared via co-precipitation. Nanocapsules comprising an oil core and hydrophilic polymer shell are fabricated via microfluidic coprecipitation. Coaxial glass capillary microfluidics is used to mix acetone containing triglyceride and diisocyanate species with a water stream containing a hydrophilic polymer (dextran). Microvortices form alongside the inner capillary nozzle providing efficient conditions for oil and polymer coprecipitation, followed by interfacial crosslinking of the polymer via the diisocyanate. The nanoparticles described in Figure 2 are loaded into the acetonic stream and are hypothesized to congruently load into the nanocapsule according to their wetting properties, thereby forming nanocomposite colloids.

For high magnification TEM analysis of nanocolloids, it is desirable to use materials that are solid and non-volatile at room temperature so that they can withstand the energy dose of a focused electron beam without significant deformation or volatilization. Thus, in this study, as a model oil we use a core material, trilaurin, that is homologous in structure to the oil used in our previous study (miglyol) but of larger melting point (46.5 °C) [START_REF] Ganachaud | Modulation of oil/polymer nanocapsule size via phase diagram-guided microfluidic coprecipitation[END_REF]. Including this oil in our formulation and precipitating in the Ouzo domain (Figure S1) yields nanocapsules having an average diameter of approximately 200 nm with a coefficient of variation of 13% for the flow conditions used, as shown in Figure S4. Th c nk d d n h h h ckn f ≥ 20 n , h is similar to the diameter of the silica nanoparticles used in this study (Table 1) and is appropriate for studying how particle wetting properties affect the degree of association or embedment within the shell versus the core of the nanocapsule.

While the primary focus of this work lies in exploring the diverse nanocolloid structures achievable by incorporating nanoparticles with varying wetting property into the nanocapsule formulation, it is worth noting that this work also addresses the fabrication of solid lipid nanocapsules, which are of interest in multiple domains [START_REF] Li | A review of the structure, preparation, and application of NLCs, PNPs, and PLNs[END_REF]. Conventional methods for producing solid lipid nanoparticles typically involve batch processes [START_REF] Garg | Development and characterization of single step self-assembled lipid polymer hybrid nanoparticles for effective delivery of methotrexate[END_REF][START_REF] Arduino | PEGylated solid lipid nanoparticles for brain delivery of lipophilic kiteplatin Pt (IV) prodrugs: An in vitro study[END_REF], whereas this work operates under continuous production conditions. Although others have reported on the fabrication of solid lipid nanoparticles using continuous flow systems as well, their particle fabrication occurs at high temperature above the lipid melting point [START_REF] Arduino | Preparation of cetyl palmitate-based PEGylated solid lipid nanoparticles by microfluidic technique[END_REF] or uses small molecule stabilizers [START_REF] Dong | Solid lipid nanoparticles: continuous and potential large-scale nanoprecipitation production in static mixers[END_REF]. In contrast, we operate at room temperature and co-precipitate a polymer followed by interfacial crosslinking for a robust and stable nanocapsule suspension. The size distribution of nanocapsules found in the current study is comparable to those reported by others (here: 193 nm with a CV of 13%, other works: smallest reported values of 178 nm with a PDI of 0.23 [START_REF] Arduino | Preparation of cetyl palmitate-based PEGylated solid lipid nanoparticles by microfluidic technique[END_REF] and 122.7 nm with a PDI of 0.262 [START_REF] Dong | Solid lipid nanoparticles: continuous and potential large-scale nanoprecipitation production in static mixers[END_REF]. The nanocapsule size here could potentially be further reduced by adjusting the total volumetric flow rate or the microfluidic device geometry [START_REF] Ganachaud | Modulation of oil/polymer nanocapsule size via phase diagram-guided microfluidic coprecipitation[END_REF]).

Composite nanocolloid structuration with model silica nanoparticles

To study the influence of wetting properties on the spatial arrangement of nanoparticles in the resulting nanocolloids, we maintain the same formulation and simply introduce nanoparticles to the organic stream. Figure 3 illustrates the representative structures of nanocolloids observed via TEM for various nanoparticle concentrations in the precursor solution and different nanoparticle wetting characteristics. When using hydrophobic nanoparticles at a concentration of 10 -5 mass fraction in acetone, the nanoparticles are observed in the interior of the capsule. The enlarged section of the image shows that no particles reside on or within the shell. At higher particle concentration (10 -4 ), several nanoparticles are observed to pack in the interior of the nanocolloids. In this case, some nanoparticles appear to be positioned at the interface of the oil core and polymer shell which could be a result of high nanoparticle concentration, causing some nanoparticles to be pushed toward the exterior edge of the core. Alternatively, these nanoparticles may possess wetting properties predominantly favoring the core material but can partially wet the polymer phase as well. No nanoparticles are observed along the exterior of the polymer shell, as indicated by the smooth shell surfaces in the enlarged section of the image. Nanoparticles of intermediate wetting properties, both at low and high concentrations, exhibit favorable interactions with both the core and the shell. The electron contrast from the core of the nanocolloids is significant, and the nanoparticles can be visibly seen embedded in the shell in the enlarged sections of the images. Finally, when hydrophilic nanoparticles are included in the precursor solution, there is a much greater electron contrast from the shell than the core, suggesting that the nanoparticles preferentially interact with the hydrophilic shell rather than with the core. Moreover, at both low and high particle concentrations, the nanoparticles are observed protruding from the shell, indicating their partial wetting of the continuous acetone/water mixture phase. Hydrophilic nanoparticles starting at a mass fraction of 10 -5 are found in the shell of the capsule, as they are seen protruding from the shell in the enlarged image. (F) The protruding nanoparticles are seen more clearly at a higher concentration of 10 -4 mass fraction in acetone. These capsules are prepared for imaging using a holey carbona carbon film containing spherical holes in the film of a range of sizesand in some of the images (particularly E) a portion or the entirety of a hole is seen.

These results demonstrate that nanoparticle wetting characteristics enable the fabrication of nanocomposite colloids with nanoparticles embedded predominantly or entirely in the oil core or preferentially arranged along the exterior of the nanocapsules, allowing them to wet both the hydrophilic polymer and the continuous phase. These micrographs also demonstrate the capability to incorporate different amounts of nanoparticles within the nanocolloids, from a small content to full saturation. Interestingly, the size of the nanocolloids appears to increase as the particles become more hydrophilic. While we do not fully understand the origin of such a change, we believe silica nanoparticles may interfere with polymer precipitation at the oil interface. In the absence of nanoparticles, upon mixing acetone and water with dissolved polymer, the polymer precipitates from the continuous phase due to its poor solubility, and it tends to deposit at the oil interface, where subsequent crosslinking occurs. However, the presence of hydrophilic nanoparticles in the precipitation mixture potentially competes with the precipitating polymer chains, slowing down their deposition on the oil interface, allowing more time for the oil droplets to aggregate and grow before interfacial stabilization takes place.

The aqueous colloidal stability of oil core/dextran shell nanocapsules has been studied in a previous work [START_REF] Sciortino | Simple engineering of polymer-nanoparticle hybrid nanocapsules[END_REF]. In that work, dextran-shell nanocapsules are freeze dried and shown to be readily re-suspendable in water. The properties of the dextran shell in aqueous conditions are also studied there. When the shell is only crosslinked by the amount of crosslinker added during the co-precipitation event, the crosslinking density is insufficient to prevent swelling of the shell once the nonsolvent of the polymer (acetone) is removed. However, if a second round of crosslinking is performed, the crosslinking density is sufficient to retain the shell size as it was in the collapsed state in the presence of acetone. Since the same dextran molecular weight is used in this work, we believe that these same features would carry over to nanocapsules with a trilaurin core instead of a miglyol core. When nanoparticles are included in the co-precipitating mixture, we do not expect to observe a variation in the aqueous colloidal stability. When using hydrophilic-type nanoparticles, these are already colloidally stable in water and thus when positioned at the surface of the nanocolloids they will presumably enhance their colloidal stability due to the increased surface charge. The intermediate-type nanoparticles are themselves stable in water at the low concentration of nanoparticles used and are also partially or totally engulfed in the polymer, and since the polymer is readily water soluble, we hypothesize these structures to be colloidally stable in water. The hydrophobic-type nanoparticles embed themselves in the interior of the nanocolloids, and as such their aqueous stability is likely to be similar to that of the base nanocapsules.

To better understand the surface properties of the nanocolloids formed, zeta potential measurements are performed to probe the surface charge of the nanocolloids. Interestingly, despite using neutral materials for both the core and the shell of the base nanocapsules, a zeta potential of about -8 mV is measured indicating that there is some negative surface charge on the nanocapsules. The origin of a negative surface charge at oil-water interfaces derived from nanoprecipitation, in particular around neutral pH aqueous conditions, has been demonstrated to result from the adsorption of bicarbonate ions to the interface [START_REF] Yan | Central role of bicarbonate anions in charging water/hydrophobic interfaces[END_REF], which can explain the charge found on the bare nanocapsules. When the hydrophilic type-nanoparticles are incorporated into the nanocapsules, the magnitude of the zeta potential measured increases to about -20 mV. This shift is intuitive given that native silica nanoparticles have a negative surface charge and will contribute to the net zeta potential of the nanocolloid, especially since they protrude out of the shell. When either the intermediate-type or hydrophobic-type nanoparticles are used, the measured zeta potential is similar to that of the base nanocapsules at about -8 mV. Both nanoparticle types presumably have their surface chemistries modified so that they suspend well in either MEK or toluene. As such, their surface charge is likely significantly reduced compared with native silica nanoparticles. Therefore, the presence of these nanoparticles does not alter the zeta potential of the base nanocapsules, as they are either totally engulfed within the polymer shell, or partially engulfed in the shell, so only the dextran shell contributes to the measured zeta potential. The zeta potential measurements are summarized in Figure 4A.

To investigate the effects of including nanoparticles of various wetting properties on the size distribution of the nanocolloids formed, we measure their size distributions and they are shown in Figure 4B. When using either intermediate or hydrophobic type nanoparticles, the average size as well as the size distribution is comparable to the base nanocapsules themselves without any nanoparticles. However, when the hydrophilic-type nanoparticles are used, the resulting average nanocolloid size is about 150 nm larger, with a larger size distribution as well. While the origin of this difference is unknown, we note that the trend mirrors that of the zeta potential of the nanocolloids. Since the base nanocapsules have a negative zeta potential, the presence of native silica nanoparticles which themselves have a negative surface charge may disrupt the polymer shell formation leading to longer time scales of nanocapsule stabilization thereby allowing more time for oil aggregation prior to nanocolloid stabilization. 

Modulation of the size, the surface functionality and the structure of inorganic nanoparticles

Although hydrophobic or hydrophilic nanoparticles lead to formation of nanocolloids with distinct morphologies, the difference between the hydrophilic and intermediate nanoparticles is less apparent. Both nanoparticles can be clearly observed embedded within the polymer shell with slight protrusion. To gain a better understanding of the morphological differences resulting from these two nanoparticle types, larger nanoparticles (45 nm) having the same surface chemistries as the 10-15 nm variety are used to prepare nanocolloids using the same protocol. The size of these larger nanoparticles is also larger than the shell thickness, making them ideal for assessing the morphological difference between nanocolloids with hydrophilic versus intermediate nanoparticles, as well as observing the effect of nanoparticle size on the morphology of nanocolloids. In the case of the hydrophilic nanoparticles, their water polymer/water contact angle is sufficiently low that a large region of the nanoparticle protrudes into the outer aqueous phase, and these nanoparticles do not make contact with the oil corepolymer shell interface; that is, their morphology is similar independent of nanoparticle size. However, for the intermediate type nanoparticles, since they incorporate more deeply into the polymer shell, the nanocolloid morphology produced could depend on the nanoparticle size especially when nanoparticles are larger than the thickness of the polymer shell. This situation is analogous to the description of a nanoparticle in a thin liquid film [START_REF] Fiegel | Wetting of a particle in a thin film[END_REF] where the thickness of the liquid film is smaller than the size of the nanoparticle and thus the nanoparticle interacts with both the water/polymer and oil/polymer interfaces. When the nanoparticle diameter is greater than the polymer shell thickness, the nanoparticle can span the shell and contact all three phases: the oil core, the polymer shell, and the continuous phase. However, when the nanoparticle diameter is smaller than the polymer shell thickness, the nanoparticles reside at the interface between the polymer and continuous phases and do not contact the oil core. Figure 5 shows the various morphologies obtained by using these larger nanoparticles at low (5×10 -5 ) and high (2×10 -4 ) concentrations (mass fraction in acetone). At the low nanoparticle concentration, the hydrophilic nanoparticles are more prominently seen protruding from the dextran shell compared to the intermediate nanoparticles. This suggests that hydrophilic nanoparticles have a stronger preference for interacting with the continuous water/acetone mixture than the intermediate nanoparticles. In some instances, the intermediate nanoparticles can be seen interacting with trilaurin as evidenced by a line of contact between the nanoparticle and the oil (Figure 5A, zoomed in panel), indicating their relatively greater hydrophobic character. For the hydrophilic type nanoparticles, a line of contact is only observed between the nanoparticle and the polymer (Figure 5C, zoomed in panel).. At the high particle concentration of 2×10 -4 in acetone, a similar trend in particle wettability is observed. It is qualitatively evident that the intermediate nanoparticles are positioned within the plane of the polymer shell while the hydrophilic nanoparticles exhibit greater protrusion towards the continuous phase. We can use these images to estimate the wetting angle [START_REF] Fiegel | Wetting of a particle in a thin film[END_REF] formed by the silica nanoparticles within dextran shell as illustrated in Figure S2. In theory a three-phase contact angle can be extracted from these images, however it is unclear whether these configurations are equilibrium or kinetically trapped by crosslinking of the polymer, thus we rely on the wetting angle for quantitative comparison between nanocolloid morphologies. This angle can be used to calculate the degree of engulfment of the nanoparticle in the dextran film which is a marker of the affinity that the nanoparticles have for the surrounding materials. It can also in theory be used to calculate the line tension that the polymer film meniscus exerts on the nanoparticle via surface tension, which is balanced by the portion of the polymer film that supports the nanoparticle from below. Overall, the estimation of the wetting angle clearly reveals the difference in wetting properties between the two nanoparticles and the difference in nanocolloid morphologies formed. While the use of commercially available silica nanoparticles having varying sizes and wetting properties enables us to make qualitative and quantitative comparison of nanoparticle arrangements within oil core/hydrophilic polymer shell nanocolloids, a deeper understanding of nanocolloid morphology requires studying the effect of silica surface chemistry. To study the effects of silica surface modification on nanocolloid morphology, we modify widely used 22 nm Ludox silica nanoparticles [START_REF] Boakye-Ansah | Designing bijels formed by solvent transfer induced phase separation with functional nanoparticles[END_REF] with 3-(trimethoxysilyl)propyl acrylate to make the nanoparticle surface more hydrophobic and fabricate nanocolloids with both native and acrylated nanoparticles. Figure 6A and 6B presents representative TEM micrographs of nanocolloids, along with zoomed in sections of the shell for both nanoparticles. Similar to the observations made with the two nanoparticle types shown in Figure 5, we notice that native hydrophilic silica nanoparticles protrude outwards from the dextran shell to a greater extent compared to the acrylated nanoparticles. This result indicates that the acrylated silica nanoparticles tend to shield themselves more from the polar continuous phase. The wetting properties of native Ludox TMA and the acrylated nanoparticles are comparable to the hydrophilic and intermediate-type nanoparticles from Nissan Chemical based on contact angle measurements (Figure S5) when measured by placing a water droplet on a packed bed of each nanoparticle type, thus we would expect comparable arrangement within the nanocolloids. When estimating the wetting angle for these nanoparticles, once again we observe a larger angle for the acrylated silica nanoparticles as they exhibit greater distance from the continuous phase compared to the native hydrophilic silica nanoparticles. The wetting angle observed for Ludox TMA nanoparticles (68° ± 9°) is quite similar to that observed for Nissan Chemical ST-30-L nanoparticles (62° ± 8°) despite these nanoparticles starting in different pH stock solutions. In the nanoprecipitation process, precipitation occurs quickly upon mixing the initial solution with a poor solvent, so the precipitation of each solute relies mainly on its solubility/solvency in the solvent/water mixture. Nanoparticle arrangement in the nanocomposites depends predominantly on their hydrophilicity rather than on the zeta potential or initial pH of the stock solutions, especially considering the degree to which the stock solutions are diluted with acetone. The contact angles shown of particle films in Figure 2 reveal the relative hydrophilicity of the nanoparticles used in this study, which is the primary determinant of whether the nanoparticles associate more with the hydrophilic polymer shell versus the oil core. Also, the air/water/nanoparticle contact angle has been shown to be insensitive to changes in the pH of nanoparticle stock suspensions [START_REF] Graham | Formation mechanism of multipurpose silica nanocapsules[END_REF][START_REF] Weston | Silica nanoparticle wettability: Characterization and effects on the emulsion properties[END_REF]. To estimate the zeta potential of nanocolloids with Ludox TMA and Nissan Chemical ST-30-L, we draw a comparison to the zeta potential measured here for nanocolloids with Nissan chemical ST-O (stock solution pH 2-4). The measured zetapotential of the nanocolloid is ~ -20 mV (Figure 4), and the zeta potential of the silica nanoparticles in the stock suspension is ~ -20 mV [START_REF] Kim | Aggregation of silica nanoparticles and its impact on particle mobility under high-salinity conditions[END_REF]. Thus, we can reason that the zeta potential of nanocolloids with hydrophilic silica nanoparticles is approximately equal to that of the nanoparticles in their stock suspension. Therefore, we estimate zeta potentials for nanocolloids with Ludox TMA to be ~ -35 mV [START_REF] Haase | Encapsulation of amphoteric substances in a pH-sensitive Pickering emulsion[END_REF], and those with Nissan chemical ST-30-L to be ~ -50 mV [START_REF] Cho | Characterization of surface charge and zeta potential of colloidal silica prepared by various methods[END_REF] based on the reported values for the zetapotential of respective silica nanoparticles.

To demonstrate the generality and versatility of incorporating nanoparticles into nanocolloids using microfluidic coprecipitation, we present two variations of the system described thus far. In general, the nanoparticles are suspended in acetone from their initial medium and then combined with the other components required in the acetonic stream for coprecipitation. In Figures 7A and7B we demonstrate that the hydrophilictype nanoparticles and the intermediate-type nanoparticles shown in Figure 5 can be initially present in the water stream with dextran and still incorporate into the polymer shell to the same extent as when the nanoparticles start in acetone. Thus, these results suggest that the formation mechanism of these nanocolloids does not depend on the initial location of the nanoparticles prior to coprecipitation, albeit under the employed flow conditions.

The second variation presented involves the use of hydrophilic hollow silica nanoparticles in the coprecipitation mixture, demonstrating their incorporation into the dextran shell similar to solid hydrophilic silica nanoparticles as shown in Figure 7C. Incorporation of these hollow silica nanoparticles into the polymer shell indicates that the placement of silica indeed is determined by the surface wetting property of the nanoparticles rather than their bulk properties. Thus, understanding the required silica surface chemistry for achieving the desired location within nanocolloids prepared via co-precipitation expands the range of materials that can be encapsulated in nanocolloids according to specific application requirements. This can be achieved, for example, by encapsulating the target material in a silica shell and modifying the silica surface, if necessary [START_REF] Liz-Marzan | n h f nanosized g d-silica c -shell particles[END_REF][START_REF] Kobayashi | Silica coating of silver nanoparticles using a modified Stober method[END_REF][START_REF] Shin | Synthesis of Fe 3 O /PdO heterodimer nanocrystals in silica nanospheres and their controllable transformation into Fe 3 O 4 /Pd heterodimers and FePd nanocrystals[END_REF][START_REF] Zhao | Ultrafine platinum/iron oxide nanoconjugates confined in silica nanoshells for highly durable catalytic oxidation[END_REF]. The third variation presented involves investigating the effects of incorporating nonspherical silica nanoparticles in nanocolloids. To do this, we add nonspherical silica nanoparticles having either hydrophilic or hydrophobic wetting properties into the coprecipitated mixture. The nanocolloids formed with these nanoparticle types are shown in Figure S6. These nanoparticles display similar behavior to their spherical counterparts; the hydrophilic-type nonspherical nanoparticles are observed to partially incorporate into the dextran shell in a configuration that is parallel to the shell, and the hydrophobic-type nonspherical nanoparticles appear to incorporate into the oil core of the nanocolloids, or at minimum they are not observed to associate with the dextran shell. These nanocolloids are observed to be largely spherical in shape just as was observed with spherical nanoparticles. A hydrophobic non-spherical nanoparticle is observed to poke the interior of the nanocolloids, thus the ratio of the nanoparticle size to the nanocolloid size can determine if the overall nanocolloids has a spherical or nonspherical geometry.

Conclusions

In comparison to previously reported methods of preparing nanocomposite colloids, which often involve time-consuming complex procedures with little control over their morphology [START_REF] Wilson | Facile bioinspired synthesis of iron oxide encapsulating silica nanocapsules[END_REF][START_REF] Rodriguez | Catalysis in Pickering emulsions[END_REF][START_REF] Liz-Marzan | n h f nanosized g d-silica c -shell particles[END_REF][START_REF] Ge | Core-satellite nanocomposite catalysts protected by a porous silica shell: controllable reactivity, high stability, and magnetic recyclability[END_REF][START_REF] Xie | Tandem Catalysis for CO 2 H d g n n C2-C4 H d c b n[END_REF][START_REF] Imoto | Preparation and Unique pH-Responsive p f N B d g d b N n c p C p d f (γ-glutamic acid) and Chitosan as Weak Polyelectrolytes[END_REF], this work demonstrates that complex nanocolloids with precise control over the arrangement of nanoparticles can be manufactured via microfluidic coprecipitation of an oil and polymer in the presence of nanoparticles. We hypothesized that the arrangement of nanoparticles in nanocomposite colloids can be controlled by varying the wetting characteristics of nanoparticles. Our method allows for fabrication of nanocolloids that incorporate functionalized nanoparticles having various sizes and shapes into either their core or shell. Moreover, these nanocolloids are produced via a single, simple and inherently scalable continuous flow process. We highlight the differences between the present work and other prior works in Table 2. We observe distinct nanocolloid structures depending on the wetting characteristics of the silica nanoparticles employed. Hydrophilic nanoparticles are incorporated into the polymer shell and protrude outward to contact the continuous water/acetone mixture. Conversely, hydrophobic nanoparticles become embedded within the oil core, while nanoparticles with intermediate wetting properties exhibit a combination of embedding and protrusion, forming wetting angles of ~120°. Unlike the existing methods [START_REF] Wilson | Facile bioinspired synthesis of iron oxide encapsulating silica nanocapsules[END_REF][START_REF] Rodriguez | Catalysis in Pickering emulsions[END_REF][START_REF] Liz-Marzan | n h f nanosized g d-silica c -shell particles[END_REF][START_REF] Ge | Core-satellite nanocomposite catalysts protected by a porous silica shell: controllable reactivity, high stability, and magnetic recyclability[END_REF][START_REF] Xie | Tandem Catalysis for CO 2 H d g n n C2-C4 H d c b n[END_REF][START_REF] Imoto | Preparation and Unique pH-Responsive p f N B d g d b N n c p C p d f (γ-glutamic acid) and Chitosan as Weak Polyelectrolytes[END_REF], which would be limited to making only one type of nanocolloids, our method enables fabrication of nanocolloids with vastly different structures simply by changing the wetting characteristics of nanoparticles. The zeta-potential of the resulting nanocolloids also can be controlled by incorporating hydrophilic nanoparticles into the nanocolloid which increases its surface charge or by using intermediate or hydrophobic nanoparticles which do not significantly alter the zeta potential. Use of larger silica nanoparticles as well as silanized silica nanoparticles, hollow silica nanoparticles, and nonspherical silica nanoparticles also highlight the significance of nanoparticle wetting properties in determining their spatial arrangement within the nanocomposite colloids. The fundamental principle elucidated in this work will provide guidelines on how to produce nanocomposite colloids with controlled morphology and designed functionality that would make them useful in catalysis, separation, and delivery of actives. Our future research aims to establish a comprehensive relationship between nanoparticle surface chemistry and the morphology of the resulting nanocomposite colloids. Additionally, we will study the stability of these structures over time, as this knowledge is crucial for potential applications of these nanocomposite colloids. domain is where metastable emulsions are formed that phase-separate completely on the order of hours; beyond the spinodal line, a two phase region is drawn where rapid precipitation of the oil from the mixture occurs on the order of minutes. The oil and acetone conditions used in this study are pinpointed. 

Fig. 2 .

 2 Fig. 2. Air/water/nanoparticle contact angle measurements of silica nanoparticles used in this study. A) A nanoparticle thin film (~5 μm) is spin coated on a silicon wafer substrate, and a drop of water is placed atop the surface. B) Contact angles measured on the film of silica nanoparticles suspended in different solvents. C) Optical images of the water droplets atop the nanoparticle packings.

Fig. 3 .

 3 Fig. 3. Representative TEM micrographs of nanocolloid structures obtained with particles of varying wetting properties at different concentrations. The wetting properties of silica nanoparticles are presented as hydrophobic for the particles initially suspended in toluene, intermediate for those suspended in methyl ethyl ketone, and hydrophilic for those suspended in water. A) Hydrophobic silica nanoparticles at a starting mass fraction of 10 -5 in acetone are found in the oil core of the nanocolloid, as seen in the n g d g f c n f h n n c d' h d philic shell that is devoid of particles. B) When a mass fraction of hydrophobic silica nanoparticles of 10 -4 is used, a greater number of particles are observed in the core with a shell largely devoid of nanoparticles. C) Using nanoparticles of intermediate hydrophobicity at 10 -5 mass fraction results in nanocolloids with nanoparticles distributed in both the core and the shell. D) Intermediate nanoparticles initiated at a mass fraction of 10 -4 in acetone E)Hydrophilic nanoparticles starting at a mass fraction of 10 -5 are found in the shell of the capsule, as they are seen protruding from the shell in the enlarged image. (F) The protruding nanoparticles are seen more clearly at a higher concentration of 10 -4 mass fraction in acetone. These capsules are prepared for imaging using a holey carbona carbon film containing spherical holes in the film of a range of sizesand in some of the images (particularly E) a portion or the entirety of a hole is seen.

Fig. 4 .

 4 Fig. 4. A) Zeta potential measurements of the base nanocapsules and nanocolloids with different nanoparticle types. B) Size distribution of nanocolloids as a function of nanoparticle type.

Fig. 5 .

 5 Fig. 5. TEM micrographs of nanocolloids with 45 nm nanoparticles that have identical surface chemistries to the particles used in Figure 3. A) When particles of intermediate hydrophobicity are used at a starting mass fraction of 5×10 -5 in acetone, the particles embed themselves in a manner such that they are contacting the oil core, the hydrophilic shell, and the continuous phase. B) The same wetting behavior is seen when the particles are present at a starting mass fraction of 2×10 -4 . C) When hydrophilic particles are used at a mass fraction of 5x10 -5 , the particles are observed to embed themselves only partially into the hydrophilic polymer shell. A wetting ridge is visible in the enlarged image of the capsule shell. D) The particles also partially insert themselves into the shell at a mass fraction of 2×10 -4 . E) The wetting angle formed by the dextran shell and the nanoparticles of both the hydrophilic and intermediate wettability used in this study. The error bars are standard deviations. Approximately 30 particles are analyzed per condition. All scale bars are 100 nm.

Fig. 6 .

 6 Fig. 6. Comparison of the morphologies formed when Ludox TMA or 3-(trimethoxysilyl)propyl acrylate modified TMA nanoparticles are used for nanocolloid fabrication. A) Nanocolloids with hydrophilic silica nanoparticles embedded in the dextran shell. B) Nanocolloids with acrylated silica nanoparticles embedded in the dextran shell. C) The wetting angle formed between both types of nanoparticles and the dextran shell. Scale bars are 100 nm.

Fig. 7 .

 7 Fig. 7. Representative TEM micrographs demonstrating the generality of nanoparticle organization in nanocolloids. A) Hydrophilic silica nanoparticles initially introduced in water during microfluidic co-precipitation. B) Intermediate-type silica nanoparticles initially introduced in water during microfluidic co-precipitation. C) Hydrophilic hollow silica nanoparticles (~45 nm) are embedded in the dextran nanocapsule shell. Scale bars are 100 nm.

Fig. S6 .

 S6 Fig. S6. Representative TEM micrograph of nanocolloids with nonspherical silica nanoparticles.

Fig. S2 .

 S2 Fig. S2. The wetting angle formed between the nanoparticle and dextran shell for intermediate and hydrophilic nanoparticles when the wetting angle is less than 90 degrees (hydrophilic-type particles) as well as for the case where the wetting angle is greater than 90 degrees (intermediate-type particles).

Fig. S3 .

 S3 Fig. S3. A representative SEM image showing the spin coated nanoparticle packing atop a silicon wafer. The thickness of the nanoparticle packing for all samples is pp 5 μ .

Fig. S4 .

 S4 Fig. S4. Trilaurin/dextran nanocapsules. Solid oil core/polymer nanocapsules are fabricated in a microfluidic coprecipitation scheme. (a) Representative TEM micrograph of the nanocapsules. The electron contrast between the core and shell of the object is indicative of a core/shell morphology. The blurrier spherical objects in the image are attributed to dextran nanoparticles forming from drying of excess polymer directly on the grid [1]; (b) Size distribution of the nanocapsules. The average size is 193 nm with a coefficient of variation of 13%.

Fig. S5 .

 S5 Fig. S5. The three-phase contact angle between air, DI water, and a nanoparticle packing of native Ludox TMA nanoparticles and 3-(trimethoxysilyl)propyl acrylate modified TMA nanoparticles.

Fig. S6 .

 S6 Fig. S6. A) Hydrophillic nonspherical nanoparticles incorporated into the dextran shell of a nanocolloid. B) Hydrophobic nonspherical nanoparticles incorporated into the core of a nanocolloid. Scale bars are 100 nm.

  

Table 1

 1 Properties of spherical colloidal silica from Nissan Chemical used in this study.

	Trade name	Particle size (nm)	Particle concentration (wt%)	Suspension solvent
	ST-O	10-15	40	Water
	MEK-AC-2140-Z	10-15	40	Methyl ethyl ketone
	TOL-ST	10-15	40	Toluene
	ST-30-LH	40-50	30	Water
	MEK-AC-4130-Y	40-50	30	Methyl ethyl ketone

Table 2

 2 Comparison of reported methods of nanocolloid fabrication with this work.

	Reference Preparation Method		Morphologies Produced	Batch/
					Continuous
	4	-Homogenization		-Silica shell/	Batch
		-Ultrasonication		oil core + nanoparticles
		-Silica Growth		
	10	-Homogenization		-Nanoparticle shell/	Batch
		-Ultrasonication		oil core
	35	-Stober silica growth		-Silica shell/	Batch
				nanoparticle core
	39	-Stober silica growth		-Silica shell + nanoparticles/	Batch
		-Nanoparticle adsorption		nanoparticle core
	40	-Heterogeneous nanoparticle		-Silica shell + nanoparticles/	Batch
		growth	-	nanoparticle core + adsorbed
		Sol-gel silica growth		nanoparticles
		-Nanoparticle adsorption		
	41	-Layer by layer assembly		-Polymer shell/	Batch
				Nanoparticle or hollow core
	Present	-Microfluidic coprecipitation		-Polymer shell/
	work			oil core
				-Polymer shell +
				nanoparticles/
				oil core
				-Polymer shell/
				oil core + nanoparticles

Continuous
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