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Abstract:

 The high throughput preparation of emulsions with high internal volume fractions is important for many different applications, e.g., drug delivery. However, most emulsification techniques reach only low internal volume fractions and need stable flow rates that are often difficult to control. Here, we present a centrifugal high throughput step emulsification disk for the fast and easy production of emulsions with high internal volume fractions above 95%. The disk produces droplets at generation rates of up to 3700 droplets/s and, for the first time, enables the generation of emulsions with internal volume fractions of >97%. The coefficient of variation between droplet sizes is very good (4%). We apply our system to show the in situ generation of gel emulsion. In the future, the recently introduced unit operation of centrifugal step emulsification may be used for the high throughput production of droplets as reaction compartments for clinical diagnostics or as starting material for micromaterial synthesis.
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1. Introduction

The production of many small aqueous droplets in oil has attracted much attention in the recent years. Large quantities of droplets are required for many applications [1], such as DNA detection [2], controlled drug delivery [3,4], food products [5,6] and microgels [7,8]. Most of these applications require high production rates of droplets and a high monodispersity [8] (i.e., a low coefficient of variation (CV) of droplet diameters). Moreover, it is important to reach high internal volume fractions (volume of internal/dispersed phase relative to total volume of the emulsion). This is especially important for the production of porous functional polymers [9,10,11]. The internal phase ratio should be high in these applications to allow for the formation of highly porous materials after polymerization of the continuous phase. In addition, high internal volume fractions help to reduce consumption of continuous carrier medium (mostly oils) that are often expensive since special surfactants are needed for stabilization of the droplets.

The most common droplet techniques rely on flow focusing [12,13,14] or T-junctions [15,16,17,18,19], both of which require two moving phases (continuous and internal phase). Therefore, nearly all current systems need to control the flow rate of internal and continuous phase in order to produce monodisperse droplets [8,20,21,22,23,24]. To simultaneously control the flow of more than one liquid is difficult, especially when using syringe pumps or other pressure-driven systems. Another technique that overcomes this disadvantage is step emulsification [25,26] and a variation, gradient emulsification [27]. They require control over only the internal phase flow rate. However, especially for step emulsification, droplets accumulate at the nozzle and need to be moved away in order to reach high droplet generation rates. A perpendicular flow of oil has been proposed to remove the droplets from the nozzle [28]. In gradient emulsification the droplets move away from the nozzle due to capillary effect but only as long as there is a reservoir filled with oil that is sufficiently large to accommodate the droplets. Using these systems it is difficult to reach high internal volume fractions above 95%. Thus far, values ranging from 40% [22] to a maximum of 93%–95% [24] have been reported, meaning that at least 5% continuous phase are required to produce a monodispers emulsion. A recycling step of the oil is possible but difficult to introduce in the downstream preparation. Using these techniques very high production rates of droplets of up to 10 kHz have been reached [1] and continuous flow reactors have been built [22] to allow for non-stop emulsion production. Centrifugal step emulsification allows for very high internal volume fractions of up to 97.2% [29].

Here, centrifugal step emulsification is used to produce high internal volume fraction emulsions with three different aqueous phases: water, ink solution and agarose solution. The system uses centrifugal forces for the production of the emulsion via centrifugal step emulsification. In addition to this, the centrifugal force is used to remove excess oil from the emulsion to the droplet production nozzles. The process is used to demonstrate the production of gel emulsions in situ and an outlook is given on the potential of parallelization.



2. Experimental Section

The microfluidic step emulsification disks were fabricated by Hahn-Schickard Lab-on-a-Chip Design & Foundry Service [30]. Designs of the structures were first drawn using SolidWorks 2015 (Dassault Systèmes, Vélizy-Villacoublay, France) and milled in Polymethyl methacrylate (PMMA) (Maertin, Freiburg, Germany) using a Kern Evo (Kern Micro- und Feinwerktechnik GmbH & Co. KG, Eschenlohe, Germany). Quality control was done with a Zeiss AX10 microscope equipped with an AxioCam ICc1 and an Imager M2m (Zeiss, Jena, Germany). The disk was sealed using pressure sensitive adhesive tape (#900 320, HJ Bioanalytik, Erkelenz, Germany) using a customized PCS 30 lamination tool (Jakob Weiß & Söhne, Sinsheim, Germany). The foil can be peeled off and the disk resealed and reused after careful cleaning with soap and water. For emulsification Novec7500 with 2 wt % of Picosurf-1 (Dolomite, Royston, UK) was used as continuous phase. The internal phase was DNAse/RNAse free water (Thermo Fisher Scientific, Waltham, MA, USA) or 1.25% w/v low melting agarose (Fisher, Schwerte, Germany) in water or 10% v/v inkjet printer ink in water. The disk was spun in a LabDisk player prototype (for a photograph of the full system please see the Figure S1) (Qiagen Lake Constance, Stockach, Germany). The LabDisk player was equipped with a stroboscopic camera unit that could take pictures under rotation. Coefficients of variation (CV) of the droplet volume were calculated by imaging the droplet production under rotation. Images of droplets from different positions on the disk and at different times were combined in a single image and droplet sizes measured using ImageJ.



3. Results and Discussion


3.1. Working Principle

The system uses centrifugal step emulsification that has already been presented in detail [29]. In brief, an inlet chamber is connected to a droplet collection chamber by a channel. The connection between the channel and the chamber is called the nozzle. At the nozzle, the channel first widens in x-direction to form a terrace. This terrace is 100 µm wide and leads to a backward facing step. Here, the depth suddenly increases to 200 µm. After the structure is primed with oil, aqueous liquid is pushed into the channels by centrifugal force. At the sudden step, capillary effects lead to the formation of droplets. The size of these droplets is exclusively determined by the size of the channel and the interfacial tension. The droplets rise in the surrounding oil since the density of the oil (ρ = 1.6 g/mL) is much larger than that of water (see Figure 1B). To increase the throughput the number of nozzles was increased to 72 (for an overview of the structure see Figure 1A).

Figure 1. (a) Schematic top view of the high-throughput centrifugal step emulsification structure. The inlet chamber is located close to the center of rotation. A channel emerges from the inlet chamber and is split multiple times before leading to 8 sets of nozzles. These nozzles lead to the droplet collection chamber. Supporting pillars prevent the sealing film on top of the emulsification chamber to fall down to the bottom of the chamber during sealing. (b) Image of the production of ink emulsion in a similar setup taken under rotation. The black ink droplets can be seen rising in the surrounding fluorinated oil.
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In contrast to our previous work, the nozzles are arranged in eight rows of nine nozzles, each branching off from eight feed channels (for a video of droplet production see Movie S1). Each row of nozzles is supplied with aqueous solution by a common feed channel. To feed all nozzles with liquid, the cross section of the feed channel was larger than the cross section of the nozzles (w/d: 140 × 100 µm² and 90 × 60 µm², respectively, for details compare Table S1). Since the pressure along the feed channel drops as nozzles keep branching off, the droplet production rate per nozzle decreases with increasing length of the feed channel. In order to keep droplet production rates high, the feed channels were kept relatively short and supplied through a series of splitters from a common inlet. Each of the splitters divides the channel into two daughter channels that have the same depth but half the width of the mother channel. After each splitter the daughter channel cross section is “turned” sideways by 90°, i.e., the new channel depth is decreased to the former channel width and vice versa. This strategy allows to use only two aspect ratios throughout the whole disk ([image: there is no content] and [image: there is no content]) and avoids very shallow but wide channels at the beginning. It is important to avoid wide shallow channel bends since the channel is filled with oil (in the gutters) and water under centrifugation during the experiment. The lighter water tends to detach from the radially outer radius of the bend under centrifugation due to buoyancy. This can lead to a rupture of the aqueous thread, which will in turn inhibit droplet production. After the initial backward facing step (1st step) a small area of 200 µm in depth was introduced to observe the droplets in a monolayer (see Figure 2A). In contrast to previous work, the droplet collection chamber features another step (2nd step) radially inward, further increasing the depth to 2000 µm. Thereby, a larger volume of emulsion can be accommodated in the chamber (up to 1.2 mL).

Figure 2. (a) Microscopic image of droplets after production in the droplet collection chamber. In the lower part of the image the feed channel and nozzles can be seen. In the middle, the droplets form a monolayer since the droplet collection chamber is shallow. In the upper part of the images many layers of droplets lie on top of each other since the chamber is very deep at this point. Therefore, no individual droplets can be seen anymore. This image was taken without centrifugal forces being applied. Since the droplets are not pushed towards the center of rotation by buoyancy in the artificial gravity field the droplets fill the whole droplet chamber. Since very little oil surrounds the droplets, they are forced to form a hexagonal pattern. This is visible in the shallow area after the 1st step, where a monolayer of droplets is formed (as opposed to the deep area, where multiple layers are stacked on top of each other). (b) Photographic image of gel emulsion with 97.2% internal phase. The gel emulsion is stable enough to turn it upside down in a 0.5 mL vial. At the bottom of the picture, the structure of individual droplets can be identified.
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3.2. Experimental Results

The production rate of droplets at a rotational frequency of 20 Hz reaches 3700 droplets/s for 72 nozzles, measured to be 156 µm in diameter. This is equivalent to 13.5 µL/s and yields more than 1 kg per day, a range feasible for technical production. The generation speed of droplets can be changed over 3–4 orders of magnitude without changing the droplet volume. Since many applications require monodispers droplets, the CV of droplet diameters was measured and found to be <4% for the production of droplets throughout the experiment.

In order to produce emulsions with extremely high internal volume fractions, only very small amounts (10–50 µL) of carrier oil were inserted directly into the droplet collection chamber. Upon insertion of the oil into the shallow chamber, it immediately forms a thin film due to its highly wetting properties. This leads to a high surface to volume ratio, which increases the evaporation of oil to the air in the chamber. This evaporation could not be measured and, as a worst-case scenario for the calculation of the internal phase ratio, it was assumed to be zero. Any evaporation of the oil would decrease the oil volume in the final emulsion, thereby increasing the internal phase ratio.

Experiments with different parameters were performed (for an overview see Table 1). Three different aqueous components were used: water, inkjet printer ink in water (10% v/v) and low melting agarose (1.25% w/v). For the water in oil emulsions 700 µL of aqueous phase and 20 µL of oil were used and the disk was rotated at 20 Hz. Assuming no loss of oil by evaporation, internal volume fractions of at least 97.2% could be reached, without any droplet merging being observed. Another experiment was performed using only 10 µL of oil and 1000 µL of water, increasing the internal volume fraction to 99%. Spinning frequency was kept at 20 Hz. While droplet production proceeded without problems at 20 Hz throughout the experiment, the droplets close to the center merged to a single layer of water. Assuming that all of the oil is displaced from the emulsion in the parts closest to the center of rotation, the droplets begin to merge and the oil sinks to the radially outer parts of the disk to participate in continued droplet formation. When the spinning frequency is reduced to 10 Hz to avoid merging, the buoyancy of the droplets decreases. Therefore, the droplets do not pack as densely and more oil is trapped between the droplets. Droplets begin to accumulate at the nozzle, which impedes production of new droplets and leads to inhomogeneous droplet sizes.


Table 1. Overview of parameters for different gel emulsification experiments. Oil phase is Novec7500 with 2 wt % of Picosurf-1. The experiments were performed at room temperature, except for agarose, which was performed at 50 °C. Image of #1 is a monolayer on the disk with the step to deeper regions in the top part, #4 is a monolayer on the disk with the step to deeper regions in the top part, #5 is agarose droplets after gelification.



	
#

	
Aqueous Medium

	
Aqueous Volume

	
Oil Volume

	
Internal Volume Fraction

	
Spinning Frequency

	
Comment

	
Image






	
1

	
Water

	
700 µL

	
20 µL

	
97.2%

	
20 Hz

	
Functional
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2

	
Water

	
1000 µL

	
10 µL

	
(99%)

	
20 Hz

	
Merging of droplets observed




	
3

	
Water

	
700 µL

	
20 µL

	
-

	
10 Hz

	
Low frequency leads to accumulation of droplets at nozzles. This leads to inhomogeneous droplet production




	
4

	
Ink Solution

	
700 µL

	
20 µL

	
97.2%

	
20 Hz

	
Functional
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5

	
Agarose Solution

	
700 µL

	
50 µL

	
93%

	
20 Hz

	
Functional

	
 [image: Micromachines 06 01180 i003]











In a separate experiment water was replaced with a solution of 10% v/v of inkjet printer ink in water. Seven-hundred microliters of ink solution and 20 µL of oil were used, spinning frequency was 20 Hz. Droplet generation proceeded without problems with an internal volume fraction of 97.2%.

For the production of agarose beads a solution of low melting agarose was prepared. Since the agarose solution needed to be kept at temperatures around 50 °C to avoid gelification of the solution, the system was heated to 50 °C using the heating system of the LabDisk Player that is based on heating with a stream of hot air. Since the evaporation of the oil (vapor pressure 2.1 kPa at 25 °C) drastically increases at elevated temperatures, 50 µL oil instead of the usual 20 µL oil were inserted into the system to compensate for possible evaporation, Seven-hundred microliters of agarose solution were used. For calculation of the internal volume fraction no evaporation was assumed yielding an internal volume fraction of 93%. The emulsification was carried out at 20 Hz and 50 °C. Afterwards the emulsion was cooled on ice to allow gelification of the agarose (see Table 1).

The very high internal volume fractions of up to 97.2% enable the in situ production of gel emulsions as can be seen in Figure 2B. Since the droplets are very densely packed with very little oil surrounding them, the internal friction increases and the emulsion starts to behave like a gel. The emulsion remained stable in test tubes at room temperature for a minimum of 6 months for all three experiments performed. Careful resuspension of the gel in additional oil is possible.




4. Conclusions

We presented a high throughput step emulsification disk that is easy to use (requiring only two pipetting steps), enables single step in situ gel emulsification [24] and requires no syringe pumps. Compared to previous systems [24] the remaining internal phase ratio was lowered by 44% reaching internal volume fractions of 97.2%. The production rate of droplets was high with a maximum of 3700 droplets/s for 72 nozzles and a low CV of 4%. The fabrication of the disk is compatible with mass production. In the future, the throughput could be increased even further by increasing the spinning frequency of the disk and adding additional nozzles to the structure. This could be done by increasing the size of the disk segment to 360°. Alternatively the disks could be stacked on top of each other, if the inlets of these stacked disks were to be connected, it would effectively result in a drum shaped cylinder with a large number of nozzles (many thousand would be possible). The size and volume of the disk could be increased to accommodate even larger volumes feasible for industrial production. The fast and easy preparation of large quantities of monodisperse droplets and particles with low carrier oil consumption demonstrated here may be of interest to the production of controlled release particles for the pharmaceutical industry and can also be applied in the food and homecare products.
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