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Abstract: Magnetite nanoparticles (MNPs) have been considered for several applications in drug
delivery. However, the main challenge is to assure high cell-penetration levels, especially when
dealing with cargoes that show limited membrane passing. A strategy is to encapsulate the MNPs
into liposomes to form magnetoliposomes (MLs) capable of fusing with membranes to achieve high
delivery rates. MLs have therefore been used as carriers in the biomedical field due to their ability
to release active molecules that can be used in treatments of diverse diseases. There are several tech-
niques to produce such encapsulates, however, the main challenge is that the process often leads to
an important fraction of non-encapsulated MNPs. Purification of such a fraction is challenging be-
cause of the small size difference between the particles and the MLs and the reduced magnetic re-
sponsiveness. Seeking to obtain pure MLs with potential use in the medical field, the following
study presents finite element simulations using COMSOL Multiphysics of two purification meth-
ods. Accordingly, we implemented the magnetic and asymmetric pinched flow fractionation
(AsPFF) separation systems to evaluate their purification efficiencies considering operation param-
eters such as the Flow Rate Ratio (FRR) and Total Velocity Ratio (TVR). Additionally, a mixture
interaction approach was used to model the MNPs as a dispersed ferrofluid phase. This was com-
pared with a particle tracing approach where MNPs are considered individual entities subjected to
hydrodynamic forces. The results show efficiencies between 60% and 90% for both separation meth-
ods, which confirms their feasibility to improve and optimize the purification of MLs in a high
throughput manner.

Keywords: magnetoliposomes; microfluidic; comsol; magnetite

1. Introduction

Liposomes with embedded magnetite nanoparticles (MNPs), called magnetolipo-
somes (MLs), have been extensively used as carriers for potential applications in the phar-
maceutical industry [1]. These encapsulating platforms have been studied for their ability
to release various active therapeutic molecules at a given action site without the need for
molecular targeting agents. As a result, MLs have enabled various potential therapeutic
strategies for conditions ranging from Parkinson’s disease to cancer [2,3]. This ample
range of applications could be attributed to the suitability of the contained MNPs as con-
trast agents, drug delivery vehicles and enablers of localized hyperthermia upon mag-
netic stimulation [1,4,5]. Over the past few years, several techniques have been proposed
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for the preparation of MLs, in which MNPs can be encapsulated in the aqueous lumen,
embedded in the lipid bilayer or conjugated on the surface of the liposomes [5-8]. Despite
the progress, these methods pose some challenges, including the relatively large particle
size distribution, heterogeneous morphology and, most importantly, the difficulty in sep-
arating the non-encapsulated/unbound MNPs [9]. Recent reports have demonstrated that
these issues can be addressed through more precise control of assembly conditions at the
microscale via microfluidic devices [10,11].

In this regard, microfluidic systems have enabled the massive production of MLs
with more homogeneous physicochemical, uniform size distribution, high loading effi-
ciencies and reduced costs [4,10,11]. Despite the significant advances in the synthesis and
liposomal encapsulation technologies (LET) provided by microfluidics, proper separation
methods are still a major challenge. This can be explained by the small size differences
between the MLs and the non-encapsulated nanoparticles [12]. The absence of robust pro-
tocols to obtain high-purity MLs has significantly limited their possible application at the
clinical scale [13]. A possible avenue to tackle this hurdle is through the precise and dy-
namic adjustment of magnetic gradients to retain excess MNPs without compromising
the integrity of the MLs. Magnetic separation technologies have seen a significant advance
over the past decade, mainly due to their applicability, versatility and ease of implemen-
tation in many areas of medical biosciences, including cell sorting, disease diagnostics and
therapeutics [14-16]. These applications have been enabled by advanced instrumentation
that combines superconducting magnets and filters consisting of ferromagnetic particles,
which have the primary goal of enhancing the intensity and gradient of imposed magnetic
fields [17,18]. This is critical to ensure that magnetoforetic forces dominate over hydrody-
namic forces, especially for nanoscale objects (10-20 nm), where fine spatial control over
magnetic forces considerably decline [17]. Despite the progress, the proposed instruments
and devices have not been fully characterized and entail certain impediments regarding
scalability [17,18]. A separate strategy to facilitate continuous size separation of particles
is the pinched flow fractionation devices and, in particular, the asymmetric ones (AsPFF).
This approach is based on the unique behavior of fluids within pinched segments of mi-
crofluidic systems where particle positions can be manipulated effectively. This is ampli-
fied at the end of the pinched segment, causing the particles’ separation and their recovery
in different branches or outlets of the system [12].

Here, we explored two different methods for the purification of suspensions of MLs
and free MNPs via microfluidic systems. The first method relies on the application of
magnetic fields directly to highly concentrated suspensions of MNPs (modeled as ferro-
magnetic fluids) mostly under laminar conditions given the use of microliter scale vol-
umes enclosed within the microfluidic device’s microchannels [19,20]. The second method
introduces a passive pressure-driven microsystem whose particle separation principle is
based on hydraulic resistance differences for several channels branching out from a
pinched segment [12]. The proposed methods” performance and feasibility were studied
in silico via multiphysics simulations implemented in COMSOL Multiphysics® by cou-
pling the particle tracing and mixture model physics.

2. Materials and Methods
2.1. Microfluidic Systems Design
Microfluidic Systems Design (Figure 1).

2.2. Simulation

The multiphysics simulations were carried out in the software COMSOL Multiphys-
ics® by implementing the particle tracing module and the mixture model, laminar flow for
the two designs presented above (Figure 1).
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Figure 1. Separation microfluidic system designs (dimensions in mm) (a) Magnetic separation microfluidic system; (b)
AsPFF separation microfluidic system.

2.2.1. Particle Tracing Model

The fluid flow was considered under laminar flow regime, whose governing equa-
tions are (1) and (2):

V[-PI +u(Vu+ (Vu))]+F=0 (1)

pV- (W) =0 2

where P is the pressure, U is the fluid’s dynamic viscosity, F the volumetric forces, u is the
velocity and p is the fluid density. Particle transport was modeled with a particle tracing
module, according to which Newton’s second law governs the movement of the particles
3):

-, ©
where mp is the particles mass, v the velocity and F; is the sum of all forces acting on the
particles. For the magnetic separation system, the particles’ forces were the drag force (4)
and the magnetic force, which is dependent on the magnetic flux density distribution im-
posed by the applied magnetic field physic (7). In the case of the AsPFF separation system,
the involved forces were the drag force defined in (4) and the lift force in the pinched
segment (8).

1
Fp=—mp(u—v) 4)
Tp
Pp dzza
= 5
Tp 18” ( )
VuAX
Fp = (B-A)B (6)
Ho

where AX is the magnetic susceptibility difference between the particle and the
fluid, V) is the scalar magnetic potential, B is the magnetic flux density distribution de-
fined in (7) and po is the vacuum permeability.

B = uo,urﬁ + B, )

where H is the Magnetic field distribution, yy and p, the vacuum permeability and rel-
ative permeability and B, the remanent flux density, which in this case, was established
as1T.

F, = Prﬁﬁ(ﬁcﬁ(s) + YGz(S))n (8)
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where p is the particle density, 1 is the particle radius, D is the width between the walls,
s is the normalized distance to the first parallel boundary and n is the unit vector from the
nearest point on the first boundary defined in the pinched segment’s walls.

Boundary Conditions and Simulation Features for Particle Tracing Simulations

For the magnetic separation system, the laminar flow and the magnetic field physics
were carried out in a stationary study with a mesh composed of 26,034 domain elements
and 1384 boundary elements for the computational domain. Additionally, a bi-direction-
ally coupled particle tracing with the multifrontal massively parallel sparse direct Solver
(MUMPS) was used for the particle tracing module with 1500 particles per component
(i.e., NPs or MLs) with 49,476 domain elements and 3075 boundary elements for the mi-
crofluidic channels. The boundary conditions used for this module were the lift force in
the microfluidic channels” walls, the drag force in all the microfluidic system domain and
the upper inlet as the main entrance for the particles into the system (Figure 2a). For the
AsPFF separation system, the laminar flow simulation was carried out in a stationary
study. Simultaneously, a bi-directionally coupled particle tracing with 1500 particles per
component was used with a mesh composed of 27,216 domain elements and 1575 bound-
ary elements. The boundary conditions for this system are shown in Figure 2b.

Outlets Particles inlet

e

“Water inlet

’ , Outlets

Water inlet

(a) (b)

Figure 2. Boundary conditions for the particle tracing simulations: (a) magnetic separation microfluidic system where the
drag force condition was imposed in all the channels of the computational domain and the lift force on the walls of the
microfluidic channels. (b) AsPFF separation microfluidic system where the drag force condition was imposed in all the
channels of the computational domain and a lift force condition on the pinched segment.

du

p+pru:

2.2.2. Mixture Model

The ferrofluid (MNps and MLs) was simulated by implementing a mixture model,
laminar flow physic, for both microfluidic separation approaches. The interface solves a
set of the Navier stokes equations for the momentum of the mixture. The pressure distri-
bution is calculated from a mixture averaged continuity equation, and the velocity of the
dispersed phase is described by a slip model [21]. The momentum conservation equation
and the continuity equation are presented below in (12) and (13), respectively:

Vu =7 [=pl+u(Vu+ @7 = 27-0))] = V- [Ca(1 €Uy U] + F (12)
(pc — Pa) {V [pa1 - Cd)uslip] + %} +p(V-u)=0 (13)
Pa

where P is the pressure, p is the dynamic viscosity of the fluid, p., p; the continuous and
dispersed phase densities, ¢, is the volume fraction of the dispersed phase, m,. the tur-
bulent dispersed phase diffusion and F the body forces, which for the case of magnetic
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Dispersed Phase inlet @ ;Np,ML=0.2

=

separation is described by the kelvin body force due to a spatially non-uniform magnetic
field, as described by (14) [22]

F=(M-V)B (14)

Boundary Conditions and Simulation Features for Mixture Model Simulations

Figure 3 presents the boundary conditions used for the mixture model simulations
for both separation approaches. In both cases, the time-dependent simulations were car-
ried out with a value of 0.2 for the dispersed phase volume fraction of each particle com-
ponent and the MUMPS solver.

Dispersed Phase

inlet ¢ ,Np,ML=0.2

~ Continuos Phase inlet ¢,Np,ML=0 Continuos Phase

inlet 9 ;Np,ML=0

(a) (b)

Figure 3. Boundary conditions for the mixture model simulations: (a) mixture model in the magnetic separation microflu-
idic system with a volumetric force defined in all the channels of the computational domain according to (10); (b) mixture
model in the AsPFF separation microfluidic system with the inlets for the dispersed phase located in the upper inlet of the

system.

3. Results and Discussion

Figure 4 shows the magnetic separation system results with the two simulation ap-
proaches (Particle tracing and mixture model). In the particle tracing results (Figure 4a,b),
the separation efficiencies are greater than 90% with an FRR of 1:1 and a TVR of 0.001
(m/s). Despite the high separation efficiency, the simulations show that this could be at-
tributed to particles stuck at the channel wall near the magnetic field’s highest intensity.
This impacts not only NPs but also the MLs, which results in only collecting a small vol-
ume of purified samples. The mixture model simulation also shows that sections of the
channel with higher magnetic flux densities exhibit the highest changes in the mixture
velocities (Figure 4c,d). This indicates a high separation performance.

Finally, the AsPFF separation results are presented in Figure 5. According to the par-
ticle tracing simulations, the separation performance of the system is shown in Figure
5a,b. In this case, the separation efficiency approached 86% with the highest number of
purified MLs in the drainage outlet (D), which exhibits the least hydraulic resistance. In
contrast, the mixture model predicts a separation efficiency of about 65% under a TVR of
0.0025 m/s and an FRR of 1:50 (Dispersed:Continuous). Figure 5d shows that the highest
purification level for MLs is achieved at the A1l outlet, which is in front of D, the outlet
with the best performance according to the particle tracing model. These results agree well
with those put forward by Tagaki et al. [12] for a system with ours” dimensions. This
strongly suggests that the mixture model might produce more accurate results for the
system and particle sizes of interest for us.

Despite the contrasting results of the two implemented models, they provide com-
plementary qualitative and quantitative information of the hydrodynamics and particle
transport within the system, which is valuable to move to prototyping and testing. For
future work, we are planning to run more comprehensive parametric studies to identify
the conditions for optimal separation such that we maximize the amount of pure MLs
collected. In addition, we expect to manufacture and test the devices by low-cost manu-
facturing via laser cutting of polymethyl methacrylate (PMMA) sheets [23].
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Figure 4. Surface results for the magnetic separation: (a) magnetic flux density (T) changes along with the microfluidic
system (b) results of separation by the particle tracing module; NPs (yellow) and MLs (red) Magnetic flux density norm
(T) in the microfluidic system (d) mixture velocity profile.
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Figure 5. Results of the AsPFF separation microfluidic system. (a) Pressure distribution along with the system; (b) particle
tracing results for NPs (red) and MLs (blue); (c) velocity profile obtained with the mixture model; (d) volume fraction of
nanoparticles collected at each outlet.
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