	
Water-in-Oil Lecithin Microcapsule Production using an In-line Mixer 
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This article highlights the feasibility of creating water-in-oil lecithin microcapsules, at predetermined sizes, at large-scale quantities (~80 kg/h) using the Controlled Deformation Dynamic Mixer (CDDM) mixer.  The aim of this work was to create capsules with the exterior properties of oil and the fat content of water, with the impact being the replacement of oil in food formulations with water-in-oil capsules.  Benchmark trials were performed using ultrasonic mixers and bench-top high-shear mixers, and the capsules created compared to those produced using CDDM technology.  This work highlights that the CDDM is capable of both matching the ultrasonic mixer for capsule formulation, and can create capsules of varying size; dependent on the processing parameters used.  Oil content of the capsules was reduced by over 85% resulting in water capsules with ~13% oil covering the shell, enabling the capsules to maintain the exterior properties of oil but with minimal fat.
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Introduction	
Obesity is currently directly responsible for over 10,000 hospital admissions per year and is a factor in the admission of over 700,000 hospital admissions per year; worryingly 29% of adults in the UK are obese, as are 20% of 11 year olds (NHS Digital, 2019). Obesity and a high-fat diet are responsible, directly and/or indirectly, for multiple health conditions including male infertility, hepatic steatosis, type 2 diabetes,  atherosclerotic cardiovascular disease and depression (Ferramosca and Zara, 2014; Ferramosca et al., 2018; Grundy, 2004; Reynolds et al., 2018). Cardiovascular disease and obesity can be reduced through reducing total fat intake (Chen et al., 2020), particularly through the reduction of saturated fats (Hammad, 2016). Furthermore, through reduction in fat intake, obesity can be reduced, and health can begin to be restored to patients (Hooper et al., 2012). Dr Kermit Jones highlighted that obesity is also a major factor for dying of Covid-19 (Jones, 2020) and this was confirmed following further studies by Public Health England (Gov.UK, 2020). To aid in the reduction of obesity through consumption of oil containing products, this work looks to replace fatty oil in foods with water through replacement of pure oil with oil covered lecithin capsules and liposomes.
Liposomes were first reported by Bangham, et al. in 1965 and the publication led to extensive research in the field with many applications being discovered, such as in food, nanomedicines and cosmetics (Bozzuto and Molinari, 2015). A liposome is one or more phospholipid bilayers that are arranged spherically and are able to trap functional compounds, the properties of which can vary considerably with surface charge, method of preparation and particle size (Nguyen et al., 2017). Liposomes are particularly desirable materials due to their initial functionality, and the ability to further tune that functionality by chemical or enzymatic resolution further along in the processing (Shivakumar et al., 2012).
Lecithin is the phospholipid of choice due to it being a naturally occurring material that can be obtained from multiple sources (extraction can from egg yolk, yeast or soybeans), it provides high permeability of the liposome membrane and has a low cost, minimising production expenses (Nguyen et al., 2017; Tattrie et al., 1968). Work performed by Machado et al. (2014) highlighted lecithin as being a suitable encapsulation reagent for not only food, but for various materials, including both medical and pharmaceutical. Although no consumer studies have yet been performed on lecithin capsules containing water with oil bonded to the capsule exterior, lecithin derived from soy is currently used in chocolate manufacture where it is used as a flow enhancer (Böhme et al., 2016) implying that not only is lecithin safe to eat, there is a place for it in a sweet foods. The chemical structure of phosphatidylcholine (lecithin) is provided in Fig. 1. 
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Figure 1. Chemical structure of lecithin (phosphatidylcholine).
There are many publications on lecithin however of particular interest is that Chen et al. reported the production of liposomes using lecithin (from different sources) forming with oil and water due to the polar area of the phosphatidylcholine packing together to leave the nonpolar part of the molecule in the bulk of the continuous phase (Chen et al., 2012). As the aim of this work is to mass produce water capsules with a lecithin and oil shell previous work highlighting it is feasible at small scale is of relevance.
Ultrasonic mixers provide a different way of mixing to standard impeller devices and high-pressure homogenizers. They produce acoustic cavitation which results in the growth, oscillation, and collapse of microbubbles in the fluid medium (Skorb et al., 2010). The subsequent impact of these microbubbles causes chemical and physical changes to both the reagents involved and their surroundings (Skorb et al., 2010). Over the past decade sonochemistry has transformed from being an exotic art to a technique used by chemists in a multitude of research areas (Belova et al., 2010). Food chemistry has significantly advanced from producing a simple emulsion using ultrasonic mixing, to utilising ultrasonic to specifically enhance the stabilising properties of an emulsion system (Abismaïl et al., 1999; Lad and Murthy, 2012; Sui, et al., 2017).
The Controlled Deformation Dynamic Mixer (CDDM) is a unique mixing technology designed and developed to allow for both distributive and dispersive mixing (Brown et al., 2012). By moving the stator up and down the rotor, through the addition of shims of specific sizes, the stator can be displaced relative to the rotor and allow the operator to move through the different mixing modes (Fig. 2). 
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Figure 2. Illustration showing flow of fluid through a) cavity transfer mixer, b) full CDDM mode and c) CDDM knife (Harvey et al., 2019).
The CDDM has shown previously it is capable of processing plant fibres and creating products of equal viscosity to industrially used high-pressure homogenizers (Harvey et al., 2019). The ability to configure the mixer depending on the reagents and required product makes the potential of this mixer vast and allows investigation into the impact of pressure and mixing speed upon capsule formation. This work involves utilising both the dispersive elements of the mixer to obtain as small capsules and liposomes as possible in order to mimic oil droplets, whilst utilising the distributive aspect to ensure that they are evenly distributed throughout the fluid medium. Unlike ultrasonic mixers, the CDDM is capable of large-scale production through in-line mixing and high-flow rates.
1. Materials and Methods
2.1 Materials
Lecithin, 90% purity from soybean, was purchased from Alfa Aesar, composed of 90% phosphatidylcholine, along with 10% impurities such as phosphatidylethanolamine, lysophosphatidylcholine and triglycerides (Choi et al., 1999). Both Sunflower oil and vegetable oil (rapeseed oil) were purchased from food retailers, the brands of oil remaining the same throughout the study. 
2.2 Mixers
Four different mixers were evaluated for their efficiency in lecithin capsule formation: an ultrasonic probe (QSonica Q700 Sonicator, QSonica, Newtown, Connecticut, USA), an Ultra-Turrax T25 basic homogenizer (IKA-Werke, Staufen, Germany), an Ultra-Turrax T50 homogenizer (IKA-Werke, Staufen, Germany) and a Controlled Deformation Dynamic Mixer (TecExec Ltd, Glossop, UK).
Prior to formulation using the Controlled Deformation Dynamic Mixer (CDDM) the premix formulation was gentle stirred with a EUROSTAR Power Control-Visc Stirrer (EURO-ST P CV S2, IKA-Werke, Staufen, Germany).
2.3 Analytical Apparatus
[bookmark: _Hlk65163607][bookmark: _Hlk65514860][bookmark: _Hlk65514841]A Malvern Mastersizer 3000 (MS3000) capable of analysing particles of sizes between 10nm and 3.5mm was used to determine the size of the capsules; the Hydro MV sample dispersion unit filled with water and operated at a pump speed of 2400 rpm to analyse the oil-in-water capsules, and the Hydro SV sample dispersion unit filled with vegetable oil was operated at 1800 rpm using a micro magnetic stirrer bar to analyse the water-in-oil capsules. The D[3,2] value known as the Sauter Mean Diameter or Surface Area Moment Mean is calculated to be the ratio of the total volume of the particles to the total surface area; the smaller the number, the smaller the capsules are in size (Phadke and Eichorst, 1991). To obtain D[3,2] values for the capsules the samples were left to separate out via gravimetric separation as due to the stable lecithin capsule coating there was no agglomeration. Following the formation of two clear layers, an aliquot of the capsule layer was added dropwise into the sample dispersion unit until the obscuration was at the appropriate level (between 3-5% for sub-micron capsules, 5-10% for 1µm-100µm capsules). The MS3000 then performed laser diffraction on the samples using the following parameters; refractive index of 1.475 for the capsules as although 1.465 is the RI for both rapeseed oil and sunflower oil (Aparicio et al., 2018), the lecithin shell will increase it slightly, and an absorption of 0.001. Five measurements were taken for each sample using both red laser and blue light analysis to ensure nothing was missed. The span of each sample was taken and recorded for further analysis and scrutiny of the particle size data produced. The span is a measurement produced automatically by Malvern Mastersizers and is “the difference between the 10th and 90th percentiles, divided by the median particle size” (Kippax, 2013). The span is used to determine how broad or tight the particle size distribution is.
An Olympus BX53 Microscope was used to perform optical microscopy on the capsules. Each sample analysed was left to separate out via gravimetric separation, before a small aliquot (~20µL) of the capsule layer was placed on a glass slide, a cover slip placed over the top, and analysis performed using transmission microscopy.
A Tescan S8000G Focused Ion Beam/Scanning Electron Microscope (FIB/SEM) fitted with Quorum Technologies PP3010 cryogenic system was used to study the water-in-oil microcapsules following liquid nitrogen slushing. Energy Dispersive Spectroscopy (EDS) was used to analyse the microcapsules in the FIB/SEM (Oxford Instruments Aztec). 
2.4 Oil-in-Water (O/W) Capsules
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Figure 3. Flow diagram detailing the complete experimental design.
To create a benchmark for this work, as per the experimental design in Fig. 3, a series of ultrasonic trials were performed using a QSONICA Q700 Sonicator with a power rating of 700 Watts, and a frequency of 20 kHz. The materials were added to the sample vessel (vessel size 300mL) with a total working volume of 100mL before the sonicator was switched on and the reagents were mixed for 120 seconds.
The second step of the experimental design required creation of oil-in-water lecithin capsules using high-shear mixing. Trials were performed using bench-top homogenizers Ultra-Turrax T25 basic and Ultra-Turrax T50. The reason two high-shear mixers were used is because this allowed an investigation of the impact of impeller speed from 250 rpm through to 24000 rpm. The method of capsule preparation is identical to the ultrasonic with the exception being the temperature of the high-shear mixer trials was kept constant at 40°C to prevent the mixer being blocked, and to enable calorimetric analysis to be performed on the ultrasonic trials.
2.5 Water-in-Oil (W/O) Capsules
[bookmark: _Hlk65516168]A premix was prepared involving powdered lecithin (2 wt%) distributed within vegetable oil (78 vol%); the reagents were gently stirred and water (20 vol%) was slowly added while the formulation was mixed using a EUROSTAR Power Control-Visc Stirrer (fitted with a Jiffy Mixer HS-1 stirrer) at 750 rpm for 120 seconds. This premix slurry was then processed initially using the Ultra-Turrax T25 basic to ascertain whether water-in-oil capsules could be created. Upon successful creation of them, a 2kg batch of premix slurry was formulated and processed using the CDDM where it resided in the mixing chamber for less than a second. 
2. Results and Discussion
3.1 Ultrasonic Oil-in-Water Mixing Trials
Work performed by Sui et al., in 2017, highlighted that ultrasonic mixing of lecithin and soybean protein isolate can result in stabilized emulsions, dependent on the processing parameters (Sui et al., 2017). The data in Fig. 4a confirms their findings and highlights the fact that the size of the lecithin capsules is dependent on the amplitude of the ultrasonic mixer; increasing amplitude reduces the size of the capsules and liposomes produced. 
[bookmark: _Hlk65606327][image: ]
Figure 4. Capsule size as affected by a) Amplitude of ultrasonic probe. b) Impeller speed of high-shear mixer. 
The data in Fig. 4a for trials performed with an amplitude of 30% and 40% show an increase in size with increasing amplitude from the ultrasonic probe, rather than a decrease in size with increasing amplitude, leading to larger capsules being formed at these input values. One hypothesis is this occurs because particles are coalescing at these specific energy input, an occurrence referred to as ‘over-processing’ at specific energies (Desrumaux and Marcand, 2002; Sui et al., 2017). Tornberg describes "overprocessing" as an instance which can occur when most flocculated emulsions are stabilised by soy protein (Tornberg, 1980). It should be noted that the larger error on the measurement at 40% amplitude highlights that the “overprocessing” phenomena can vary quite substantially with respect to resulting particle size. 
Work performed in 2006 by Shchukin et al., demonstrated that polyelectrolyte capsules, specifically those without inorganic nanoparticles in, can become deformed after sonification (Shchukin et al., 2006). Instead of continuing to decrease in size as the ultrasonic amplitude is increased; this proposes another hypothesis that the “over-processing” could simply be the capsules undergoing a process of deformation, and as such they are larger when analysed using particle sizing techniques.
A third hypothesis for the overprocessing phenomena is that when ultrasonic mixing using at an amplitude value between 30-40%, annealing could be occurring between smaller capsules forming larger ones. Wang et al., reported in 2013 that annealing takes place when nanoparticles have contact with hot spots, which are short lived and micrometer sized (Wang et al., 2013). If the lecithin undergoes annealing then the ~1µm sized capsules will merge with smaller ones forming capsules ~1.5µm sized capsules. 
Confirming the findings of previous work on the formation of lecithin capsules using ultrasonic created a benchmark with which comparison to the impact of high-shear mixing on the formulation of lecithin liposomes and capsules could be compared to. 
3.2 Ultra-Turrax Oil-in-Water Mixing Trials
The results from these trials are very similar to those from the ultrasonic mixing trials; the data in Fig. 4b shows that as impeller speed increases, the size of the capsules formed decreases. It can be seen in Fig. 4b that there is an instance of “overprocessing” when the high-shear mixers are operating around 11,000 rpm. This may simply be that 11,000 rpm is the lowest speed at which the Ultra-Turrax T25 basic homogenizer operates at, as the Ultra-Turrax T50 homogenizer has a maximum speed of 10,000 rpm, and at its lowest speed the T25 is not able to match the T50 when operating at full power. As a similar “bump” in the curve has been observed in Fig. 4a it is proposed that 11,000 rpm is the speed at which overprocessing occurs and that the impeller speed of the homogenizer is not the reason for the increase, particularly as the drop back down to the curve is so rapid following this. 
The data in both Fig. 4a and Fig. 4b indicate that the greater the energy input into the system, the smaller the lecithin capsules produced. It is noteworthy to highlight that the change in mixer had limited impact on the capsules produced, there is almost no variation in the trendline whatsoever and repeats of the trials yield results so identical that the error bars which are present on the graph, appear invisible. 
To confirm the size of the capsules, and ensure they were not merely artefacts of the particle size analyser, microscopy was utilised to obtain visual images of the capsules formulated. The images displayed in Fig. 5a provide a visual representation of the formulated capsules that supports the particle size data presented in Fig. 4a and Fig. 4b. It can be observed that at slower speeds there are a lot of larger capsules, and that as the impeller speed is increased, significantly smaller capsules are formed, and the larger capsules are fewer, if at all present.
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Figure 5. a) Microscopy images of lecithin capsules produced using the Ultra-Turrax mixer at i. 500 rpm. ii. 11,000 rpm. iii. 24,000 rpm. The scale bar in each image is representative of 200µm (length). b) Particle Size Distribution of Water-in-Oil capsules. c) Cryo-Scanning Electron Microscopy image of the capsules produced using the CDDM. d)i) Energy Dispersive Spectroscopy (EDS) of the capsules shown in c) with focus on carbon. d)ii) Energy Dispersive Spectroscopy (EDS) of the capsules shown in c) with focus on oxygen.
3.3 Controlled Deformation Dynamic Mixer Water-in-Oil Mixing Trials
Several bench-top homogenizer trials were performed to determine the maximum water content that could be used to make water-in-oil capsules following the premix formulations steps; ~20% water phase was found to be the optimum water quantity to use. Percentages of water 25% and above resulted in the formation of large oil-in-water capsules with few water-in-oil capsules produced.
[bookmark: _Hlk64992661]Based on the findings from the bench-top trials it was determined that a high amount of energy would be required to be input into the system in order to get as small capsules as possible. A high impeller speed (15,000 rpm), with a constant flow (80 kg/h) and the CDDM set in the “knife-edge” position were the predetermined parameters. The data displayed in Fig. 5b shows the results of a single trial at these process parameters with each separate analysis numbered. It can be observed [from the data in Fig. 5b] that the CDDM is capable of not only producing capsules of equal size in large quantities, the resultant size of these water-in-oil capsules is comparable with the oil-in-water capsules produced using the ultrasonic mixer at 100% amplitude. To confirm the size of these smaller capsules, cryogenic temperature scanning electron microscopy (Cryo-SEM) was used.
The cryo-SEM image (Fig. 5c) shows the presence of multiple sub-micron capsules, supporting the particle size data in Fig. 5b. This corroborates with the data obtained during the bench-top ultrasonic and bench-top ultra-turrax trials, that the particle size data is accurate and that the capsules have been formulated and are present. It appears that during the cryogenic freezing process, smaller capsules have agglomerated, giving the appearance of a larger capsule, however upon closer observation the sub-micron capsules can be seen and appear to be almost spherocylindrical in shape.
Energy Dispersive Spectroscopy (EDS) performed on the sample confirms that the capsules are water-in-oil as there is little detection of carbon within the capsules due them being filled with water, however they are surrounded by a large presence of carbon in the form of oil. This is displayed in the EDS image in Fig. 5d)i where carbon is highlighted in red. To confirm this hypothesis, EDS images were taken with a focus on the presence of oxygen. Fig. 5d)ii shows the same sample with an incredibly high presence of oxygen throughout the capsule [coloured green]. The oxygen in the oil surrounding the capsule can be seen as there are green dots scattered around the capsule, however they are very small in comparison to the intense green of the capsule where oxygen is concentrated as a result of the water. Although the capsule shell itself is rich in carbon, as is the oil within which it resides, the significantly larger quantity of water that fills the interior of the capsule makes the detection of the carbon incredibly difficult using EDS; the presence of the oxygen in the water is clear due the dense presence of it. 
The percentages of oil, water and lecithin within the final capsules was determined theoretically by mass. The capsules were removed using gravimetric separation, due them having a greater density than the oil. Following processing it was calculated that ~13% of the oil remained bonded to the lecithin of the capsules (Table 1).
Table 1. Percentages of reagents from a production run of lecithin microcapsules using in-line mixer.
	
	Water Phase (including lecithin) (%)
	Oil Phase (%)

	Prior to formulation
	23.3
	76.7

	Recovered following processing
	36.1
	63.9

	Difference
	12.8
	12.8



From the data in Table 1 it can be hypothesised that replacing 100% of oil within a formulation with these water-in-oil capsules will result in a fat reduction (of that contributed by the oil) of ~87%, with the majority of the fat replaced with water and lecithin. The removal of the final amounts of oil bonded to the capsules is currently unrequired because they provide the capsules with the exterior properties of oil, allowing them to bond as they would if they were entirely oil.
3.4 Specific Energy Required to make Lecithin Capsules
The specific energy required to make the lecithin capsules using the QSonica Q700 Sonicator, the Ultra-Turrax T25 basic homogenizer and the Controlled Deformation Dynamic Mixer (CDDM) is reported in Table 2.
Table 2. Specific energy required by each mixer to make the smallest lecithin capsule reported using each mixer.
	Mixer
	Capsule Formed
	Smallest D[3,2](µm)
	Span
	Specific Energy Required

	Ultra-Turrax T25
	Oil-in-Water
	0.168
	3.65
	2.2 kJ/kg

	CDDM
	Water-in-Oil
	0.677
	1.94
	14.5 kJ/kg

	Q700 Sonicator
	Oil-in-Water
	0.620
	2.04
	120 kJ/ kg

	Q700 Sonicator at 50% Amplitude
	Oil-in-Water
	0.720
	2.06
	60 kJ/ kg



To calculate the specific energy for the CDDM to create the lecithin capsules, both the rotational power and the power resulting from the pressure driven component of it must be calculated. The rotational power is calculated using the expression for turbulent power draw developed by Kowalski et al., (2011):
					(1)
where Poz = 0.1, ρ is the density, N denotes the rotations per second, D is the diameter in metres, k1 = 10,  and ṁ is the mass flow rate (kg s–1).
The power resulting from the pressure driven component is then calculated (Harvey et al., 2019):
							(2)
The specific energy is subsequently obtained through dividing the sum of the power calculated using equation 1 and equation 2, then dividing them by the mass flow rate (Harvey et al., 2019):
					(3)
The power used by the Ultra-Turrax T25 has been calculated using the first half of equation 1 (as there is no flow rate) and using the same Poz value as the CDDM.
					(4)
The power used by for the QSonica Q700 sonicator is displayed during processing and was recorded.
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Figure 6. Particle size distribution of capsules produced by the three mixers using the respective specific energy values listed.
The data in Fig. 6 shows that a bimodal distribution is obtained for both the high-shear mixers when analysed using a particle sizer. Large capsules are formed as soon as the reagents begin mixing and are broken down and reformed into smaller capsules, however a point is reached when the capsules size becomes so small that it requires more power than is being inputted to break them down further. In the case of the CDDM it can be argued that there is simply not enough time within the mixing chamber for all the larger capsules to be further broken down, as the time spent within the mixer is a fraction of a second when operating at high flow rates.
Ultrasonic mixing follows the same pattern as high-shear mixing with regards to the particle size distribution initially being bimodal, however after enough energy has been transferred into the system, monomodal distribution appears to be obtained. It is of great interest, and worth highlighting, that when operating at 50% amplitude, and thus using 50% less energy, the ultrasonic mixer is still capable of creating capsules with a monomodal distribution (Fig. 6).
Based on the evidence in Fig. 6 we can conclude that the greater the energy input into the system, the smaller the size of capsules generated. This statement is contrary to the values presented in Table 2 when looking solely at the D[3,2] value, however when taking into account the span, a significantly different view of the capsules created is observed. The Ultra-Turrax T25 capsules, although having a D[3,2] value of 168nm, have a span of 3.65, a value 77% higher than that of the Q700 capsules, and 88% greater that that of those produced by the CDDM. Combining the span results with the particle size distribution curves in Fig. 6 confirms that although the Ultra-Turrax is able to make the smallest capsules, the majority of the capsules are significantly larger that the D[3,2] value and both the CDDM and the Q700 sonicator are capable of making a significantly larger quantity of smaller capsules.
3. Conclusion
This work has shown that it is possible to make stable water-in-oil lecithin microcapsules at flow rates of 80 kg/h using a high-shear in-line mixer. The microcapsules created using the CDDM are parity in size to the oil-in-water capsules formulated using an ultrasonic mixer (~680 nm in size) and require less specific energy to formulate. The capsule size is controllable due to it being a result of energy input into the system, and as such the water-in-oil capsules can be made to a predetermined size, depending on the requirement. It is proposed that these microcapsules can replace oil in food formulations, significantly reducing the fat content of the final formulation. Replacement of pure oil would aid in the reduction of the fat content of food products and positively reduce obesity that is detrimental to the health of millions globally. Theoretically the water-in-oil capsules should behave as oil droplets as the entire shell is surrounded with oil, however it is recommended further work be performed to confirm this. Further work should also look to ascertain the impact of higher flow rates than those observed. Based on the findings of this work, capsules of the same size should be able to be produced at higher flow rates but with lower shear, as the energy input is the determining factor with regards to capsule size.
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