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Abstract

Liquid-liquid interfaces play a pivotal role in various microfluidic processes involving mi-
croparticles, including coating, dissolution, controlled release of polyelectrolytes or drugs,
and self-assembly processes. In all of these cases, non-invasive techniques to manipulate
the microparticle transport are essential. Magnetic manipulation offers an accessible and
straightforward means of controlling the motion of magnetic particles within microfluidic
devices. Magnetic microparticles are commonly used for conformal polyelectrolyte coat-
ing and drug encapsulation by passing them through a liquid-liquid interface, due to their
high saturation magnetization, stability, and low toxicity. In this work, we draw inspira-
tion from the lack of studies on the behaviour of magnetic particles near a liquid-liquid
interface under conditions of low Reynolds numbers and high capillary action, despite its
engineering relevance in microfluidic systems. We consider a canonical flow configuration
in which particle motion is driven by the stagnation-point flow that is generated when
two different liquids flow towards one another. We show how the operating conditions
dictate whether the particle will pierce the interface and become coated or not and illus-
trate this via parameter-space plots. We use the results of this analysis to understand
how the operating conditions influence the fraction of particles that pass through the
liquid-liquid interface and are conformally coated, which may be used to guide a variety
of industrial processes.
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1. Introduction

Liquid-liquid interfaces in microfluidic devices have attracted considerable attention
as a result of their importance in encapsulation and coating. Inertial effects and hy-
drodynamic drag drive particles through a liquid-liquid interface, allowing them to be
conformally coated in one of the two liquid phases. Magnetic material may be added to
the particles to provide a non-invasive method to control and direct particle movement,
providing precise manipulation capabilities at the micro and nano scales.

Specific examples at the laboratory scale include the self-assembly and conformal
coating of magnetic microparticles using a two-phase co-flow oil-water interface and a
magnetic field [I]; drug encapsulation of a ferrofluid droplet using a magnetic field [2, 3];
multi-layer magnetic polyelectrolyte encapsulation using droplet microfluidics [4]; and
targeted cell sorting and separation technology using magnetic nanoparticle labels [5].

Such processes may be applied in a broad range of practical scenarios. Targeted drug
delivery across biological barriers, such as the blood-brain barrier or cellular membranes
can enhance efficacy and reduce the side effects of therapeutic treatments [0} [7, 8, [9]. In
magnetic hyperthermia techniques used in cancer treatment, magnetic nanoparticles are
used to heat and destroy cancer cells, all involving precise and controlled transport across
liquid interfaces [10]. Furthermore, understanding the transport of magnetic particles
through liquid-liquid interfaces in the renal system can ensure precise targeting in the
treatment of kidney stones, potentially allowing for non-invasive or minimally invasive
treatments [11].

A considerable body of literature exists on studies of the motion of magnetic particles
in liquids under an external magnetic field and their behaviour near interfaces in the
limiting cases where either (a) the inertial forces are much greater than the capillary
forces, and the particles pass through the interface unperturbed, or (b) the inertial forces
are much weaker than the capillary forces, and the interface is unperturbed by the particle,
which sees the interface as effectively rigid. However, the response when these forces are
in balance, as is often the case in the aforementioned physical examples, has been much
less explored. As a result, the method of optimizing such set-ups for a given outcome is

not well known.



There have been several literature studies on the dynamics of a particle near a liquid—
liquid interface [12] or how a particle deforms the interface in the process of transportation
[13]. However, these studies do not address the impact of the magnetic field on the motion
of the particle. The transport of microspheres under the action of magnetic field was first
reported by Driscoll et al. [14], which was extended by Grief et al. [I5] taking into account
the interactions with moving red blood cells in the fluid and analysing the behaviour in
a branched fluid flow network. The work by Grief et al. [I5] was focused on designing an
appropriate magnetic field to manipulate the magnetic particles in the desired direction.
In another review by Friedman and Yellen [16], the effect of the magnetic field relative
to the gravitational and electrical forces on magnetic particle separation and sorting was
discussed. However, the role of the liquid interface in the trajectories of the magnetic
particles was not considered. Thus, in order to understand the behaviour of particles in
the aforementioned physical processes, it is imperative to couple the knowledge of the
fluid flow and magnetism with the behaviour at liquid—liquid interfaces.

In this paper, we study the transport of a particle under the combined influence of
the viscous and magnetic field in a microfluidic environment. Specifically, we consider
the behaviour of magnetic particles under the influence of an external field, when placed
in a canonical stagnation-point flow formed by opposing liquid streams.

We begin in Section by studying the flow field and the shape of the liquid-liquid
interface as the inflow rate is varied. We then introduce a magnetic field in Section [2.2]
and describe the resulting equations of motion for the particles in Section [2.3] In Sec-
tion we analyse the influence of inlet location on the capture, interface penetration,
or escape of magnetic particles within a microfluidic system. We find that the behaviour
is described by three key parameters: the Mason number, which characterizes the ratio of
viscous to magnetic forces, the capillary number, which describes the interfacial tension
relative to the viscous forces, and the viscosity contrast between the two liquids.

We distil the results into convenient parameter-space plots that allow for easy under-
standing of the operating regimes that will lead to conformal coating of the particles via
interfacial penetration. Finally, in Section [ we draw conclusions on the application of

the work to practical scenarios.
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Figure 1: (a) The 3D representation of the set-up illustrating the axisymmetric properties of the device.
The blue shaded surface is the 3D rendering of the deformed liquid interface in the presence of a flow. (b)
Schematic of the geometrical set-up of the reduced model, in cylindrical polar coordinates, (r/Ro, z/Ro)
scaled with the inlet radius, Ry. The liquid-liquid interface is located at z = 0 in the absence of a flow
(as illustrated in b) but will deform when an inflow is applied (as illustrated in a).
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2. Model

We model the set-up as a two-liquid system where the magnetic particles are intro-
duced in one liquid and their trajectories are influenced by both the liquid flow and an
external magnetic field. We suppose that the liquids are non-conducting so that they do
not respond themselves to the magnetic field. The geometry we consider is depicted in
Fig. (a), which captures the salient features of a typical microfluidic system geometry
we wish to consider. Specifically, we adopt an axisymmetric coordinate system, (r,z),
motivated by the symmetry of the system exposed in Fig. [I{b). We focus our attention
on the device behaviour when operating in its steady-state flow configuration. We define
the liquid-liquid interface as z = h(r) and set the z axis to lie on the line that separates
the two liquids in the absence of any inflow and outflow (so that A(r) = 0 in the absence

of any flow).

2.1. Liquid flow and interfacial profile

We denote the liquid velocities u; = ur + wz, for ¢« = 1,2 with 7 and Z representing
unit vectors in the r and z direction respectively, and the liquid pressures, densities and

viscosities by p;, p; and p;, respectively, for ¢ = 1,2. We consider a dimensionless system,



generated via the following scalings:
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Here Ry is the inlet radius of the system and uq is the inlet velocity, which we assume to

be plug flow (defined in Table . The system is described by the dimensionless steady

axisymmetric incompressible Navier—Stokes equations,

A\ Ul = 0, (20,)

Re;(U;-VU;) = —=VP; + o;V?U;, (20)

where Re; = pyugRo/ 112, and «; = p;/ pie, denote respectively the Reynolds number in each

liquid and the viscosity contrast (see Table [1| for the values taken for these simulations).

Table 1: Parameter definitions and values

Parameter, symbol [units] Typical values
Magnetization constant, M [A/mm] 1.05 x 10
Magnetic permittivity of vacuum, pq [J/A%*m] 1.26 x 1077
Magnetic susceptibility, x. 0.01
Liquid viscosity, us [Pas] 0.01
Liquid density, p; (i = 1,2) [kgm™3] 1000
Inlet radius, Ry [mm] 0.125
Inlet velocity, ug [m/s] 0.004
Radius of the magnet, R, [mm] 0.5
Interfacial tension, 7 [mN/m] 0.04
Distance of the magnet centre from origin, ¢ [mm|] 10
Parameter, symbol Definition | Typical values
Reynolds number, Re; %ORO 0.06
2
pitio Ro
Mason number, Mn; — 3 0.0033
HoXe@ M
Viscosity contrast, «; il 1-10
2
Inverse capillary number, I' 7 1
Halo
: . . l
Dimensionless magnet distance, L R_o 80

Eqgs. are solved subject to the following boundary conditions (refer to Fig. for




schematic illustrating boundaries):

Wi=1, U; =0 at liquid inlet 1, (3a)

Uy =-0.25 Wy,=0 at liquid inlet 2, (3b)

zero total stress, T'; = —P,I +a;VU,; =0,  at the outlets, (3¢)
ow

Axisymmetry, U =0, —— =0 at R =0, (3d)
OR

No slip and no penetration, U; = 0, on remaining geometry walls, (3e)

where I denotes the identity matrix. At the liquid—liquid interface, the velocity field and

the stresses are continuous

U1 -t = UgtE Uinty (3f)

n-[T)—Ts]=T(V-n)n, (39)

where n is the unit outward-pointing normal to Liquid 1, ¢ is the unit tangent to the
interface and Uy, is the interfacial (tangential) liquid velocity. Here I' = v/uqug is the
inverse capillary number, which provides a measure of the interfacial tension, with + the
surface tension between the two liquids.

The set of partial differential equations are solved numerically subject to the
boundary conditions , using the finite-element package COMSOL® v5.3 to obtain the
flow and pressure fields (U;, W;) and P, for i = 1,2, and the equilibrium interface. We
show the interfacial profile for different viscosity ratios () and interfacial tensions (I")

in Fig. [J(a) and the flow streamlines for an example case in Fig. 2(b).

2.2. Magnetic force field

We now introduce a magnetic field, generated by a spherical permanent magnet of
radius R,,. In dimensional form, this is expressed in cylindrical polar coordinates as [17]:

MR,

He—p +7‘2}5/2{(£ ~ ré —i—%[(z Y 7«2]2}, (@)

where M is the magnetization of the magnet and ¢ is the distance (in the z direction)
from the axes origin to the magnet centre (see Fig.|l). The dimensional magnetic dipole
moment (m) experienced by a particle of radius a due to the magnetic field H is [18]

4
m = gxeﬁa?”H, (5)



(a) 2 | | b 7z
= 16 .
: Increasing ay
@)
£ 1.2 7z
.
¢ 0.8
£
g
t 0.4 A
L HO_.________‘-
0 : : L»R
0 2 4 6
R

Figure 2: (a) Interface profile as a function of the radial distance, for Re = 0.06. The arrow indicates
the interface profile for increasing a; = 1, 5 and 10. The solid and dotted black curves represent I' = 0
and 10, respectively. The dot-dashed (blue) curve H = Hy is for I' > 1 and ay = 1, which is shifted
from Z = 0 as a result of the liquid flow. (b) The flow streamlines in the case of a fully developed
(equilibrium) liquid interface with oy = 10 and T' = 0.

where Yy, is the effective magnetic susceptibility of the medium. The dimensional force

acting on the particle due to the magnetic field is then [19]

2
f= % [m . ’H} = gﬂuoxea?’V'Hz, (6)

where 1 is the permeability of free space. Eq. @ can be expanded and non-dimensionalized

via
N . Ampoxed®M? o Ampoxea®M
=fr+f.z=—-—(Fr+F,2)= F, 7
f=rr+f 57Re ( ) 7R, (7)
where
P [2(L — Z)* —3R* —26R*(L — Z)!] R g
. (1 (- 20 / ©
P [3(L — Z)* —2R4+26R2(L Z)? (L - Z) (9)
’ (R?+ (L - 2)?)° 7
and L = E/RO

2.3. Particle trajectories

The trajectories of the magnetic particles are obtained by balancing the hydrodynamic
drag and the magnetic force experienced by the particle, assuming that inertial effects

are negligible:

6mpia(u; —u,) + f =0, (10)



for i = 1,2, where u, = dr,/dt is the particle migration velocity and r, = (r,, z,) denotes
the particle location. Upon non-dimensionalization, Eq. becomes

Byt

~- U, F
dT ‘ 81an

) (11)
for i = 1,2, where

r Uot
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and Mn; = (p;uoRo)/(poxe.a®>M?) is the Mason number, describing the ratio of the viscous
to the magnetic force in each of the two liquids. Equation (11) may be separated into

components and rearranged to give the migration velocities,

dR, 2F. iz, 2F,
ar Ut s and a it s

(13)

fori =1,2. Eq. can be solved to determine the particle trajectories given the flow
field, (U;, W;), for i = 1,2 obtained from Section [2.1]

2.4. Particle behaviour

The particle will move in Liquid 1 due to the magnetic force until it reaches the
interface. At this point, the particle will locally deform the interface, which will generate
a restoring force that resists the transmission of the particle across the interface. Whilst
we do not model the local interfacial deformation explicitly here, we assume that when the
driving force due to the flow and magnetization exceeds the maximum normal restoring
force that can be provided, that is, f; = 27ya, the particle will pass through the interface.

This corresponds to a maximum dimensionless restoring force

2
F, = ;Mnlf. (14)

If the particle does not pass through the interface it will move along this surface. By
taking the scalar product of with ¢ we see that the particle will move towards the

centre if F-t > F, and away from the centre if F'-t > F,, where

81
Fv = 7Mn1Uim. (15)

The particle motion can thus be categorized into one of four possible scenarios:



Case (i)

Case (ii)

Case (iii)

Case (iv)

No capture or penetration:
If F-n < F, and F-t<F,, (16)

then the particle will arrive at but not penetrate the interface. Alternatively, the
hydrodynamic drag might be so large that the particle never makes it to the inter-

face. In both of these cases, the particle passes through the device outlet in Liquid
1 (Fig. [3a).

Penetration but not capture:
If F-n > F, and F-t<F, (17)

then the particle will penetrate the interface but leave through the device outlet in
Liquid 2 (Fig. [3p).

Relocation towards the centre, subsequent penetration and capture:
If Fn<F, and Ft>F, (18)

then the particle migrates along the interface towards R = 0. The particle pene-
trates if F, > F, at z = 0 (since the hydrodynamic drag is zero here) or remains
trapped on the interface at R = 0 otherwise. Upon penetration, since the magnetic
force is larger than the hydrodynamic drag in Liquid 1, it will be even larger in

Liquid 2, and will thus subsequently be captured by the magnet (Fig. )

Penetration and capture:
If F-n>F, and F-t>F, (19)

then the particle will penetrate the interface and be captured (Fig. )

Each of these penetration cases has its unique application merit. Case (i) has an

unique application owing to the entrapment of the particles at the interface, where it is

exposed to both the liquids. This is useful for synthesizing magnetic Janus particles [20]

coating with two different materials, and controlled dynamic wetting behaviour which

influence the interfacial rheology and microscopic inter-particle interactions at the inter-

face [2I]. Case (ii) corresponds to the conformal coating of the particles, which is relevant

to applications such as drug encapsulation. Case (iv) corresponds to the facilitation of

mass transfer across the interphase [22], which is relevant in targeted micro- (or nano-)

9



particle delivery in renal intervention, kidney stone removal, and drug delivery in tissues.
Case (iii), in which the particle takes a convoluted trajectory to reach the magnet, is ap-

plicable for directed self-assembly, promoting ordered structures, and controlled cluster

Case (ii) @
X
N

formation [23].
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Figure 3: Schematic representation of the four different scenarios in particle migration.

3. Results and Discussion

Particles are introduced into the system in Liquid 1 through the inlet, located at
Z = —b and different radial locations, R = Ry, € [—1,1]. The trajectories of the magnetic
particles for different inlet radial positions R;, and Mason numbers Mny are shown in
Fig. i The limiting particle position (R*) is defined as the introductory radial particle
position R;, such that all particles with introductory positions Ry, < R* are trapped in

the device and all particles introduced at Ry, > R* escape the device (Fig. 4p).
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Figure 4: Magnetic particle trajectories (solid red curves) in the liquid for (a) varying inlet location
Ry = 0.04, 0.52, 0.57 and 0.61 with fixed Mason number Mny = 1.75 x 10~%, and (b) varying Mason
numbers Mny = (1,3.2,5.3,6.9,10) x 10~* with fixed inlet location R;, = 0.08. In both cases, I' = 0,
a1 = 10, and the particles are introduced at Z = —5. The blue arrows in the figure represent the liquid
streamlines and the black dotted line denotes the liquid-liquid interface. The red dashed line represents
the limiting pathline, which separates particles captured by the magnet from those that escape through
the outlet. The values of the other parameters are listed in Table

We examine the parameter dependence of R* in Fig. 5] We observe a non-monotonic
relationship of R* with Mny. This arises due to two competing effects. First, for large
Mason numbers, increasing the Mason number gives rise to a reduction in R*. We may
identify this with the intuitive result that a reduction in the magnetic field strength
leads to a reduction in capture efficiency. However, we also observe that for small Mason
numbers, a decrease in Mason number also reduces the value of R*. This second result
emerges because reducing the liquid viscosity leads to less interface deformation, which
in turn means that the particles that collect at the interface are further away from the
magnetic field, and thus the force experienced is less [24]. Overall, this gives rise to an
optimum Mason number that maximizes the number of particles that are trapped.

This physical justification is supported by examining the behaviour for different values
of the viscosity contrast (comparing Figs. and b ). Similarly, for low values of the
Mason number, the higher viscosity contrast gives rise to higher values of R*, due to the
reduction in interface deformation, while for higher values of the Mason number, it is the
lower viscosity contrast that yields higher values of R*.

The dependence of the behaviour of R* on inverse capillary number, I'; is similarly

11



explained. Specifically, for large Mason numbers, increasing I' reduces the value of R*,
since the force required to penetrate the interface rises with increasing I'; and so the ability
to be captured by the magnet reduces. However, for small Mason numbers, increasing I"
increases the value of R*, as a result of the reduction in interface deformation that means

particles at the interface are further from the magnet.
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Figure 5: The limiting position R* below which injected particles are captured, as a function of the
Mason number for (a) @3 = 1 and (b) ay = 10.

In Fig. [6] we build upon the observations made in Fig. [f] by illustrating the role of
the parameter choice on selecting the system behaviour, as outlined in the four cases in
Fig. |3, via a phase-space diagram. The curve that separates Case (i) corresponds to the
separating curves, R*(Mns), in Fig. [

When the value of T' is large, the interface is nearly flat, irrespective of the fluid
viscosity contrast ;. This results in the disappearance of Case (iii), since this is possible
only in the presence of a deformed interface (Fig. ,d). For nearly flat interfaces, the
balance between the viscous drag and magnetic force parallel to the interface becomes
very sensitive, which gives rise to non-intuitive behaviour. In the case of a flat interface
and high viscosity contrast we observe a wide range of the parameter space for which
the particles penetrate the interface but escape the system without capture (Fig. )
This arises because as the particle moves into Fluid 2, in which the viscosity is lower,
the interface velocity is higher, which enhances the particle’s motion towards the exit.
Overall, Fig. 3| demonstrates how one can control particle behaviour by manipulating the

particle inlet location and the magnetic field [25].

Finally, we make the observation that non-capture by the magnetic does not neces-

12



Case (1) Case (i)
0.8¢ Case (u) 0.8} Case (ii)
Case (iii) Case (iii)
. 0.6} Case (iv) 0.6¢ Case (iv)
5 3
0.4} 0.4t
0.2} 0.2L
0.0 — - ' 0.0 - - -
10 Ml()"‘ 10 10 10° 10
Iy Mn
(c) 1.0 (d) 1.0 -
Case (i)
0.8¢ 0.8F Case (i)
Case (iii)
0.6 0.6 Case (iv)
5 5
0.4} Case (i) 0.4t
Case (ii)
0.2} Case (iii) 0.2}
Case (iv)
0.0 — = . 0.0 : - :
10 107 10 10 107 10
Mn, Mn,

Figure 6: Phase space diagram of the different possible cases as explained in Fig.|3| for various parameter
values. The scenarios in (a) a1 =1 and (b) a3 = 10 are for I' = 0, while (¢) a3 =1 and (d) a3 = 10 are
for the nearly flat interface, I' = 1000. The distinction between the criteria of capture and no-capture
scenarios is delineated between Case (ii) and (iii). In sub-figures (¢) and (d), the phase space zone for
Cases (iii) and (iv) are overlapping.

sarily imply that the particles escape in an O(1) amount of time. Specifically, in each of
these cases, we find that some particles may end up residing very close to the walls of the
device, where the fluid velocity is extremely low and so the particles become effectively
stuck. While we emphasize that the particles have no mechanism of adhesion to the wall,
those that do become close enough can take up to 10° times longer to escape the device.
Such cases are designated as resting at the walls. We thus subcategorize Cases (i) and
(ii) further, into the following scenarios:

Case (1)A. Particle retarded by inlet wall.

Case (1)B. Particle retarded by lower domain wall.

(i

Case (i)C. Particle remains in interface 1 but escapes in finite time.

Case (ii)A. Particle penetrates interface escapes in finite time.
(i

Case (ii)B. Particle retarded by upper domain wall.

13



Each of these subcategories is illustrated in Fig. [7l Each of these subcategories has
its own features, leading to operational constraints and undesirable circumstances. For
instance, the accumulation of particles on the inlet walls in Case (i)A can result in flow
constriction.

In Fig.[7 we illustrate the various possibilities that may arise in the system. For higher
viscosity contrasts, the viscous drag pulling the particles towards the exits is higher, and
so the particles are less likely to find themselves in a resting state. This is seen by the
shrinkage of the region of Case (i)B as we move from Fig. [§[(a) to (b), and from Fig. [§(c)
to (d).

We observe that Case (ii)A does not arise in the case of a nearly flat interface
(Fig. ,d) [26]. As the interfacial tension is high, the particle needs a large magnetic

force to cross over into Liquid 2. Hence, once in Liquid 2, the particle will always be

8 T T T
MAGNET
6

attracted to the magnet.

-/Case (ii) A

Case (i)C

Case (i)B
\Case (A
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Figure 7: Schematic representation of the different subcategories of Cases (i) and (ii).

4. Conclusions

The understanding of how magnetic particles interact with and traverse liquid-liquid

interfaces plays an important role in the development of new methods for the controlled

14
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Figure 8: Phase-space diagram of the different possible sub-classifications of the no-capture scenarios,
as explained in Fig. El, for various parameter range. The sub-figures (a) a3 = 1 and (b) ay = 10 are
for the deformed interface (I' = 0), where as (¢) a3 = 1 and (d) a3 = 10, are for the undeformed case
' = 1000(= o0).

transport of substances across these boundaries. This process arises in applications in-
cluding drug encapsulation, coating processes, and controlled release, where precise par-
ticle transport control at liquid-liquid interfaces is critical.

The results of our work reveal the interplay between the process conditions that deter-
mine when a microparticle can successfully migrate through the liquid-liquid interface.
For a uniform particle distribution across the inlet, our results tells us the fraction of
particles that will be captured. After crossing through the interface, the particle can
take different routes, either migrating parallel to the interface or moving towards the
magnet. These results can determine the operating regimes to achieve multi-layer con-
formal coating or encapsulation in multi-laminar flow process [I]. We also demonstrated
how particles that are not trapped by the magnet can either exit through the outlets
in an order-one timescale, or become ‘trapped’ close to the walls of the chamber, where

the velocities are low, and thus taking orders of magnitude longer before they eventually
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exit from the device. This provided further categorization of the potential behaviour of
particles within our device.

Deflection or directed flow of magnetic microparticles [27] or magnetic droplets [28]
across multi-laminar flow streams is a key component of rapid and automated fabrica-
tion of polymer-multilayer-capsules [3]. The system we study here possesses many of
the features that are important in achieving the desired level of polyelectrolyte coating
thickness (manipulating the path of the particle migration and thus the residence time),
multi-layer coating (by alternating magnetic field directions), targeted cell sorting, and
separation technology (using magnetic nanoparticle labels).

There are various natural open areas that warrant further development. First, in the
case of high concentration of magnetic particles, there will be particle aggregation and
the drag on the particle clusters must be modelled appropriately. Second, generally the
magnetic particles (or ferrofluid droplets) are polydisperse in nature, and so it would be
natural to study a distribution of different particle sizes in our model. Finally, there
is significant interest in the behaviour of active particles at liquid-liquid interfaces [29].
Generalizing our work to allow for such active motion would provide valuable insights
into this area to understand how one can promote or inhibit their motion.

Insights from this research can aid in designing and synthesizing novel materials with
unique properties, such as responsive or self-healing materials, bottom-up assembly of
nanoparticles into structured arrays or functional coatings, and exploiting interfaces as

scaffolds for ordered structures.
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