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Abstract: The encapsulation of biomolecules and microorganisms into liposomes is useful for sev-
eral biological and biomedical applications. For instance, it is possible to encapsulate pharmacolog-
ical compounds to increase properties such as therapeutic effectiveness, circulation times, and bio-
compatibility. Here, we are interested in encapsulating yeast cells expressing translocating peptide 
molecules on their surfaces. This is with the final intention of separating yeasts with translocating 
activity from those with other types of membrane activities. To accomplish this, we designed a mi-
crofluidic system for the synthesis of giant liposomes (100–150 µm in diameter) based on the droplet 
generation of double emulsions (water-in-oil-in-water) as templates. Giant liposomes were selected 
here due to their size, lipid structure (unilamellar), and the ability to control the internal content, 
which closely mimics, albeit in a more simplified manner, the structural organization of living cells. 
The microfluidic device comprises a W/O/W junction equipped with three sets of inlets, the main 
channel, and an output channel at an angle of 30°. The system’s performance was evaluated in silico 
by implementing a Two-Phase Flow, Level Set model where the flow rate ratios of the continuous 
and dispersed phases were altered until the droplet was formed. Next, interaction with yeasts was 
achieved by a Y-junction geometry with two 0.5-mm-length inlets at 45°. The interaction was simu-
lated with the aid of a Mixture Model. Maximum velocity was obtained at the center of the channel 
and complete mixing at the outlet, indicating high interaction levels. Finally, we implemented an 
inertial geometry using a Particle Tracing Flow Focusing Model to study the molecules’ separation. 

Keywords: microfluidics; translocating peptides; giant liposomes; double emulsion templates;  
multiphysics simulation 
 

1. Introduction 
Microencapsulation has attracted considerable attention from the cosmetics, food, 

and pharma industries, mainly due to the possibility to protect functional and valuable 
compounds from harsh environments [1,2]. Additionally, they offer a route to ensure that 
the encapsulated compounds can be released in a controlled manner [3,4]. There are many 
materials to produce encapsulates, including phospholipids (e.g., liposomes), natural 
(e.g., inulin, gum arabic, alginate, starch) and synthetic (e.g., poly-methyl methacrylate, 
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Acrolein, polyamide) polymers, and biopolymers (e.g., cellulose, gelatin, collagen) [5–11]. 
Moreover, several methods are readily available to form such encapsulates, including sol-
vent evaporation, ionic gelation, coacervation, and emulsification [3,12–15]. Despite this 
ample range of strategies, the most mature manufacture methods offer poor control of 
morphology, size distribution, and porosity [16]. These have limited their full implemen-
tation at a large scale [17]. Alternatively, microfluidic devices offer the possibility to ma-
nipulate objects at the microscale while using minimal volumes of fluids, and by imple-
menting processes that include pumping, metering, mixing, separation, and droplet gen-
eration [18]. In this regard, monodispersed microcapsules of different materials can be 
effectively prepared via droplet-based microfluidics. In this approach, the microcapsules 
are generated by placing into contact two immiscible phases. The size and dispersion of 
the obtained materials is controlled by finely tuning the microchannel geometries and 
flow rates [19,20] Some successful examples of the implementation of this technology in-
clude the synthesis of microcapsules from numerous polymers including gelatin, cellu-
lose, alginate, and chitosan [21,22]. Additionally, these devices proved useful for the syn-
thesis of liposomes, with sphere-shaped vesicles consisting of one (unilamellar) or more 
phospholipid bilayers (multilamellar), ranging from tens of nanometers to tens of mi-
crometers in diameter. Recently, shear-focusing-based droplet microfluidic systems have 
enabled the production of giant liposomes or giant unilamellar vesicles (GUVs) [23]. The 
obtained GUVs exhibited diameters in the range of 1–200 µm. 

GUVs are primarily used because they exhibit a set of physical features—size, lipid 
structure (unilamellar), and the ability to control the internal content—that closely mimic, 
albeit in a more simplified manner, the structural organization of living cells. These 
unique characteristics can be further exploited to study the interaction of the cell mem-
brane with different molecules ranging from pharmacological principles to membrane 
proteins [24]. Over the past two years, we have been working on the development of a 
novel, non-rational library of peptides, and in order to search for the ones with translocat-
ing activity, we proposed to conduct a screening with the aid of GUVs. In this regard, the 
peptides will be expressed superficially via yeast surface display and subsequently placed 
in contact with GUVs. If the expressed peptides show translocating activity, they will be 
able to move across the membrane of the GUV to become encapsulated. An important 
challenge is therefore to find strategies to separate the loaded GUVs from the empty ones. 

Here, a microfluidic system was designed and simulated in COMSOL Multiphysics 
aided by a Two-Phase flow, Level set model where the flow rate ratio (FRR) and the total 
flow rate (TFR) of the continuous and dispersed phases were varied until the droplet was 
formed to synthesize double emulsion W/O/W templates. This was intended to ultimately 
produce GUVs of 100–150 µm by dewetting and evaporation of the solvent. For the en-
capsulation of yeasts expressing the translocating peptides, a Mixture Model simulation 
was carried out to estimate the role of key parameters in the interaction between GUVs 
and yeasts. Finally, an inertial focusing geometry was designed and tested in silico via the 
particle tracing module of COMSOL Multiphysics for the precise separation of loaded 
GUVs. 

2. Materials and Methods 
2.1. Microfluidic System Design 

The design of the three systems studied here (i.e., GUV generator, droplet-based en-
capsulating device, and loaded GUV separator) is shown in Figure 1. The micromixer ge-
ometry for droplet encapsulation consists of a Y junction with a serpentine channel, as 
proposed previously by Kitson et al. [25], while the inertial design for separation was pro-
posed by Garcia and Pennathur [26]. 
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Figure 1. Design dimensions (mm) of the microsystems. (a) The WOW junction, (b) the Y junction 
with a serpentine structure, and (c) the inertial snail design. 

2.2. Simulation 
The computational simulations were carried out employing the software COMSOL 

Multiphysics. For the simulation of the double emulsion templates, the Two-Phase Flow, 
Level Set module was used as this multiphysics coupling feature defines the density and 
dynamic viscosity of the fluid used in the Laminar Flow interface. Moreover, it describes 
the surface tension at the interface by incorporating a volume force into the momentum 
equation. It also enables the Level Set interface to use the velocity field calculated from the 
Laminar Flow module for the movement of the interface. By default, the Level Set interface 
use the incompressible formulation of the Navier–Stokes momentum Equation (1) and a 
continuity Equation (2), 𝜌 𝜕𝒖𝜕𝑡 +  𝜌ሺ𝒖 ∙ ∇ሻ𝒖 =  ∇ ∙ ሾ−𝑝𝑰 + 𝜇ሺ∇𝒖 + ∇𝒖்ሻሿ + 𝑭𝒈 + 𝑭𝒔𝒕 + 𝑭𝒆𝒙𝒕 (1)∇ ∙ 𝒖 = 0 (2)

where 𝜌 is the density, u is the velocity vector, p is the pressure, I is the intensity vector, µ 
is the dynamic viscosity, Fg is the gravity force vector, Fst is the surface tension force vec-
tor, Fext is the user-defined volume force vector, and F is the volume force vector. To track 
the movement of the interface, it adds the following Equation (3), 𝜕𝜙𝜕𝑡 + 𝒖 ∙ ∇𝜙 = 𝛾∇ ∙ ൬𝜀∇𝜙 − 𝜙ሺ1 − 𝜙ሻ ∇𝜙|∇𝜙|൰ (3)

where ϕ can represent any scalar quantity of the flow, 𝛾 is the reinitialization parameter 
(set to 1 by default), and ε is the interface thickness controlling parameter. Continuous 
and disperse phases enter the channel by inlets 1 and 3 (left and right) for the former and 
inlet 2 (center) for the latter, with an initial velocity of 0.02 m/s for water and oil, and  
0.06 m/s for the second inlet of water. The model considers no slip and no flow boundary 
conditions at the walls of the device for Laminar Flow and Level Set simulations, respec-
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tively. The simulation was carried out as a time-dependent study for a computational do-
main discretized with a fine mesh that consisted of 2444 domain elements and 432 bound-
ary elements. This discretization level proved to lead to convergence (data not shown). 

The mixture of the dispersed and continuous phases was simulated via a Mixture 
Model. In the Mixture Model interfaces, the particle–fluid combination is regarded as a 
single flowing continuum with macroscopic properties such as density and viscosity. The 
Mixture Model interface solves one set of Navier–Stokes equations for the mixture’s mo-
mentum defined in Equation (4). 𝜌𝒋௧ + 𝜌ሺ𝒋 ∙ ∇ሻ𝒋 + 𝜌௖𝜀൫𝒋𝒔𝒍𝒊𝒑 ∙ ∇൯𝒋= −∇𝑝 − ∇ ∙ 𝜏ீ௠ + 𝜌𝒈 + 𝑭 − ∇ ∙ ൣ𝜌௖ሺ1 − 𝜙௖𝜀ሻ𝒖௦௟௜௣𝒋௦௟௜௣்൧− 𝜌௖𝜀 ൤ሺ𝒋 ∙ ∇ሻ𝒋௦௟௜௣ + ൫∇ ∙ ሺ𝐷௠ௗ∇𝜙ௗሻ൯ − 𝑚ௗ௖𝜌ௗ ൨ 

(4)

where j is the velocity vector, ε is the reduced density difference, uslip is the slip velocity 
vector between the two phases, jslip is the slip flux. Moreover, the volume fraction of the 
dispersed phase is tracked by solving the transport Equation (5): 𝜕𝜕𝑡 ሺ𝜙ௗ𝜌ௗሻ + ∇ ∙ ሺ𝜙ௗ𝜌ௗ𝒖ௗሻ = ∇ ∙ ሺ𝜌ௗ𝐷௠ௗ∇𝜙ௗሻ − 𝑚ௗ௖ (5)

The Mixture Model contemplates continuous and dispersed phases modeled as sa-
line solution with an initial velocity of 0.01 m/s for each. The dispersed phase was charac-
terized as liquid droplets/bubbles with a dispersed fraction (ϕ) equal to 0.2 and a no slip 
boundary condition for the wall of the geometry. The simulation was carried out with a 
mesh consisting of 11,967 domain elements, 1615 boundary elements, and a time-depend-
ent study for 10 s. 

For the separation of the particles, a Particle Tracing Flow Focusing Model was used. 
The trajectories were computed in the time domain by solving a set of equations based on 
Newton’s second law, which states that the net force on an object is equal to the time 
derivative of its linear momentum in an inertial reference frame, which is described by 
Equations (6) and (7). 𝑑𝑑𝑡 ൫𝑚௣𝑣൯ = 𝑭஽ + 𝑭௚ + 𝑭௘௫௧ (6)

𝑣 = 𝑑𝑞𝑑𝑡  (7)

where mp is the particle mass, v is the particle velocity, and q is the particle position. Yeasts 
and loaded GUVs were modeled as solid particles of 10 µm and 100 µm, respectively, 
considering no slip, drag, and lift forces acting over all the particles as boundary condi-
tions. The simulation was carried out with a mesh consisting of 2887 domain elements 
and 1775 boundary elements, and a time-dependent study for 60 s.  

3. Results 
The simulation results for the three models are shown in Figure 2. The geometry pro-

posed (see Figure 1a) allowed us to determine the effect of TFR and FRR on the droplet 
size and generation. As presented in Figure 2a, the volume fraction evidenced the gener-
ation of large and stable double emulsion droplets at a reasonable rate in the outlet chan-
nel for the studied simulation parameters. According to the volume fraction of the dis-
persed phase from the Mixture Model (Figure 2b), it appears that the mixing of phases is 
homogeneous, thereby indicating significant possibilities of interaction between GUV and 
yeasts. Finally, Figure 2c shows that the inertial geometry allows high-efficiency separa-
tion of loaded liposomes from the rest of components, as they exit the system through 
different outlets. In the case of loaded liposomes, the particles (100 µm) exited the system 
through outlets 1 and 2, while yeasts, modeled as 10-µm-diameter particles, can be recov-
ered in outlet 3. 
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Figure 2. Multiphysics simulation results of the microfluidic system for (a) volume fraction of double emulsions as tem-
plates for the synthesis of GUVs, (b) volume fraction of the Mixture Model for the interaction between giant liposomes 
and translocating peptide expressing yeasts, and (c) particle trajectories for the separation of loaded liposomes. 

4. Discussion 
First, Two-Phase Flow, Level Set model results showed that the droplet size is re-

duced by increasing the continuous phase’s velocity. Likewise, by increasing the velocity 
of the dispersed phase, the generation rate of the droplets is increased. In addition, the 
cross-sectional reduction at the double emulsion formation intersection and its subse-
quent expansion led to an increase in the size and stability of the produced droplets  
(Figure 2a). The volume fraction of the dispersed phase from the Mixture Model  
(Figure 2b) shows that the dispersed phase mixes effectively with the continuous phase. 
This allowed us to conclude that the GUVs and yeasts will have sufficient interaction 
events along the multiple turns of the device. Finally, the proposed inertial separation 
system showed promising results and significant specificity for separating loaded lipo-
somes from the yeasts in the mixture. The results indicated a separation efficiency of ap-
proximately 70% considering 100% precision and 53% recall for loaded GUVs, which ex-
ited the systems through outlets 1 and 2, completely isolated from the yeasts with ex-
pressed peptides without membrane-translocation activity. The recall decrease can be at-
tributed to liposomes exiting the system unexpectedly through a non-specific channel. 
Therefore, it is also necessary to consider the possibility that non-loaded liposomes could 
be collected in the same outlets, decreasing the system’s performance. For future work, 
we expect to increase the accuracy of the model by including a third particle type to ac-
count for empty liposomes. Moreover, it is important to include the actual densities of 
both empty and loaded liposomes, which requires experimental analysis. 
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