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1 Introduction

Influence of magnetic convection on separation
efficiency in magnetophoretic microfluidic
processes: a combined simulation and
experimental studyf

Leonie Wittmann, & £2 Emily Krucker-Velasquez, 2 ° Julia Schaupp,?

Laura Westphal,? James W. Swan, () §° Alfredo Alexander-Katz, €5 ¢

Martin Z. Bazant, (2 ° Sebastian P. Schwaminger (2 *>9© and Sonja Berensmeier (2 2f
This work explores the complex hydrodynamics in magnetophoretic microfluidic processes, focusing on
the interplay of forces and particle concentrations. The study employs a combined simulation and experi-
mental approach to investigate the impact of magnetophoresis on magneto-responsive nanoparticles
(MNPs) and their environment, including non-magneto-responsive nanoparticles (non-MNPs) in a
microfluidic system. Our findings reveal that the motion of MNPs induces a hydrodynamic convective
motion of non-MNPs, significantly affecting the separation efficiency and purity of the particles. The sep-
aration efficiency of MNPs increases with the Péclet number, reflecting the increase in the magneto-
phoretic force, but decreases with lower concentrations. Conversely, non-MNPs exhibit high and constant
separation efficiency with increasing Péclet number, independent of the magnetophoretic force. In a
mixture, the separation efficiency of non-MNPs decreases, suggesting that non-MNPs drag along MNPs.
The Mason number, representing the ratio between shear and magnetophoretic force, also plays a crucial
role in the separation process. The results underscore the need for careful control and optimization of the
Péclet and Mason numbers, as well as particle concentrations, for efficient magnetophoretic microfluidic
processes. This study provides valuable information on the underlying principles of magnetophoresis in
microfluidic applications, with implications for biochemistry, biomedicine, and biotechnology.

personalized medicine. These miniaturized analytical devices
offer a range of advantages over traditional laboratory tech-

In recent years, the development of lab-on-a-chip platforms
has garnered significant attention in the field of biomedical
research, including disease diagnosis, drug development, and
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niques, including reduced sample volumes, faster analysis
times, and improved sensitivity and selectivity.'?

The basic principle of a lab-on-a-chip platform involves the
integration of multiple laboratory functions onto a single
microchip, allowing the parallel processing of multiple
samples having a high degree of controllability and optimiz-
ation. This integration is achieved through the use of micro-
fluidics, which enables manipulation at the microscale level*?
and precise control of fluid flow with low Reynolds numbers®
ranging from 10°° to 10. Using microfluidic technology, lab-on-a-
chip platforms are capable of performing a range of functions,
including magnetophoresis-based cell sorting and detection,’
DNA sequencing,® and protein analysis.” The potential impact of
lab-on-a-chip platforms in biomedical research is huge. For
example, using them for point-of-care diagnostics could greatly
improve access to medical care in low-resource settings, where
traditional laboratory techniques are often prohibitively expensive
or logistically challenging.®® Similarly, performing high-through-
put drug screening on a microfluidic platform could greatly accel-

This journal is © The Royal Society of Chemistry 2025
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erate the drug development process, leading to more efficient
and cost-effective drug discovery.!

In transport processes, the Péclet number describes the
ratio of convective to diffusive forces. Controlling the Péclet
number is crucial in microfluidic devices to optimize either a
sorting process or to achieve efficient mixing in reaction
processes.”'® In magnetophoresis-based processes, one key
challenge is the need for a comprehensive theory for predict-
ing and understanding the dynamic behavior of magneto-
responsive nanoparticles (MNPs).""* These magneto-respon-
sive nanoparticles can be engineered with different surface
coatings and functionalizations to serve as carriers for a par-
ticular substance or to specifically target cells."*” Moreover,
the presence of magnetic fields can lead to complex emergent
behavior; such as spontaneous pattern formation and self-
assembly.’® When this magnetic field varies in space, MNPs
will experience a force that causes them to migrate. This
phenomenon is commonly referred to as magnetophoresis,
which, similar to its analogous “electrophoresis” for charged
nanoparticles,'® has frequently been modeled via mean-field
approximations.® Nonetheless, thermal fluctuations and dis-
crete particle interactions are essential at the mesoscale,
making classic mean-field theories poorly equipped to accu-
rately simulate and predict the transport and equilibrium pro-
perties of magnetic colloidal suspensions. Particle-based simu-
lations, such as molecular or Brownian dynamics simulations,
can provide a picture of the underlying physical phenomena
present in colloidal suspensions. However, due to the long-
ranged and many-bodied nature of the hydrodynamic and
magnetic forces present in magnetophoretic processes, pre-
vious computational work has only considered magnetic
species and mainly focused on the aggregation kinetics of
magnetic agglomerates.'®*!

This study aims to explore the transport mechanisms in col-
loidal dispersions of MNPs and non-MNPs in the presence of a
spatially varying magnetic field, particle concentration, and
particle solution flow and their effect on the separation
efficiency (schematically shown in Fig. 1). Notably, the influ-
ence of magnetic convection in a hydrodynamic system com-
prising magnetic and non-magneto-responsive entities in a
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microfluidic or millifluidic chip has yet to be previously
investigated.>**** We compliment and support our findings
with large-scale Brownian dynamics simulations coupled to
the magnetic equivalent of Poisson’s equation to solve for the
magnetostatic field of a mixture of magneto-responsive and
non-magneto-responsive nanoparticles in the presence of a
magnetic field gradient. The hydrodynamic forces between col-
loidal particles are computed using a positively split Ewald
method** and the magnetostatic potential is computed using
a spectral Ewald method.>>*® We present a combined simu-
lation and experimental approach to demonstrate that convec-
tion motion is an underappreciated effect in magnetohydrody-
namic systems.

2 Theory and numerical methods
2.1 Brownian dynamics simulation

We model the mixture of MNP and non-MNP as a suspension
of charged, hard, spherical particles of radius a. We assume
that these particles are suspended in a continuum Newtonian
fluid such that the colloids interact with the solvent only via
stochastic Brownian forces from fluctuations in the thermal
energy or fluctuating hydrodynamics due to the momentum
relaxation of the solvent molecules.”” Under these assump-
tions we can start with Langevin’s equation to derive our
equations of motion:

du,
~::ﬁ+ﬂ+W+$, (1)

where u, is the velocity of the a™ colloid, F¥ is the hydrodyn-
amic force acting on the a™ colloid, F. accounts for forces
arising from a generic conservative potential, FM is the magne-
tophoretic force due to the magnetic field gradient®® and F? is
the stochastic Brownian force. The last force satisfies the fluc-
tuation-dissipation theorem'® with ensemble average:

) a0 (2)

where F®(¢) = [F,®(t),F,%(¢),...], (-) indicates the expectation
value, § is the Dirac delta function, and M" is the hydrodyn-

(FP(t) =05 (FP()F"(¢ + 7)) = 2kpT(M"

Induced convection
Magnetic field
- H ®
= — | —
9 Q
VVYVYVYVY © 0 QOJ
Magnet JQ QO CYY

Fig. 1 Scheme of the microfluidic chip sorting a mixture of MNPs (grey) and non-MNPs (yellow) within a spatially varying magnetic field. The MNPs
generate a hydrodynamic force influencing the non-MNPs, resulting in their co-migration alongside the MNPs. This magnetically induced convective
motion is analyzed through both experimentally and large-scale Brownian dynamic simulation. Created with Biorender.com.
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amic mobility tensor. This formulation ensures that any
energy a colloid gains from a thermal fluctuation is dissipated
as drag to the solvent.

A more mathematically rigorous formulation states that the
Brownian force, consistent with the distribution in the second
term of eqn (2), is sampled from a collection of independent
Wiener processes, W(t), expressed as

F® = \/2ksT (M“)’l/z.%v. (3)

Here, the square root of the inverse of the mobility matrix,
(M™)™2 satisfies the relation (M™)™2 . (M™)™2" = (M™) ™,
where 1 denotes the adjoint (or conjugate transpose).

At the colloidal scale, inertial relaxation occurs on time
scales orders of magnitude smaller than those governing col-
loidal motion. Consequently, any perturbation to the particle’s
momentum dissipates almost instantaneously. Rigorous inte-
gration of eqn (1) results in a set of stochastic differential-alge-
braic equations (SDAE) that faithfully capture the overdamped
Langevin dynamics:

T dW
_ H 1 M
ua(t) _Maﬂ . (Fﬂ + Fﬂ ) + ZkBTM(I;Iﬂ . E (4)

+ ksTV - My,

The final term in eqn (4), often referred to as the Brownian
or thermal drift, emerges from integrating out the inertial
degrees of freedom in eqn (1). Physically, this drift introduces
an additional flux that actively displaces particles from regions
of low mobility,>® preventing their accumulation and ensuring
a uniform exploration of the system’s phase space.

Good agreement between experimental measurements and
simulation results for a suspension of colloidal particles
(including concentrated ones) can be achieved with a relatively
coarse approximation for the interparticle hydrodynamic inter-
actions. The fields generated by beads in a Newtonian fluid
can be approximated as the superposition of the field gener-
ated by a point particle and a point quadrupole.”® When all
colloidal particles are of the same size, the hydrodynamic
fields are given by the Rotne-Prager-Yamakawa mobility
tensor:"°

3a+a3 - 3a 2a° "
u 1 4r = 2r3 ar 2r3)

"I e ()
32a 32a) "’

Naive evaluation of the mobility tensor involves compu-
tational operations scaling as O(N,), while its inversion,
necessary for calculating the Brownian displacements in eqn
(2), incurs a complexity of O(N;). This computational burden
often limits the feasibility of simulating large-scale systems.
However, a substantial reduction in numerical complexity can
be achieved by recognizing that the mobility tensor is positive-
definite.*

This positive-definiteness allows for fast algorithms, such
as those yielding O(Nlog N) scaling for evaluating particle vel-

r>2a

(5)

r<a
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ocities from applied forces.>* Furthermore, the Positively Split
Ewald (PSE) method, introduced by Fiore, Swan, and col-
leagues, enables linear scaling in the sampling of Brownian
displacements.*!

In periodic systems, the mobility tensor in eqn (5) exhibits
translational invariance, making it divergence-free and result-
ing in a zero Brownian drift term in eqn (4). In this case, the
trajectories over time can be numerically solved via a forward
Euler-Maruyama integration scheme:

Xo(t + Af) = x,4(t) + u,(¢)At (6)

where At is the time step over which ion trajectories are
advanced. Nonetheless, the situation becomes more intricate
when simulating bounded geometries or employing more
sophisticated hydrodynamic models. For example, in confined
environments®*>* or higher-order approximations,*~¢ the
mobility tensor may lose its divergence-free character. In such
cases, additional corrections are required. For example, when
employing constrained Rotne-Prager-Yamakawa (RPY) hydro-
dynamics, it becomes essential to account for the Brownian
drift to ensure the accurate resolution of particle dynamics
and the generation of physically consistent trajectories.>**%3”
Forces arising from conservative interactions among col-
loidal particles are represented as the gradient of a potential
energy U(X), which is a function of the coordinates of all ions
X = [xl,xz,...,xN]T

FM(X) = -V, UVE(X), 7)

where the gradient is taken with respect to the position of the
a™ particle. While the electrostatic interactions between the
charged species can be taken into account as described by the
Gouy-Champman model, the electromagnetic interactions
and the influence of the magnetic field gradient are obtained
by solving Maxwell’s equations in the form

V-B=0, B=uH (8)

Paramagnetic particles of magnetic permeability u, in a
solvent of permeability us. By defining a magnetic scalar
potential y, the problem reduces to Laplace’s equation:

Vi =0 (9)
subject to

(Bf —By) -1 = 0. (10)

where B, and By are the magnetic fluxes inside and outside of
the particle. These equations are valid in the limit that the
magnetic relaxation time inside of the particle and fluid is sig-
nificantly smaller than the time scale of the study. As we are
interested in timescales of particle motion O(1s), the system is
said to be pseudosteady. Thus, time dependence arises solely
due to the time-varying boundary conditions in 10 as particles
move around or the external field varies. A multipole expan-
sion of the integral representation of Laplace’s equation can
be used to derive a linear system of equations that couples the
magnetic flux moments on the particle to the magnetic poten-

This journal is © The Royal Society of Chemistry 2025
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tial and potential gradients on the fluid.*® Considering the
dipole contribution and ignoring quadrupoles and higher-
order moments, we obtain:

N
Hy =) M- m,
ap

(11)

where M,;, the magnetic flux moments of particle g with par-
ticle @ in a periodic box
31,5
4na’ (ﬂp - ﬂf)
eik-(x,,—x/,) A

9 ,
ik
* azﬂfvl;) g ik

M, =

(12)

where j,(x) = sin(x)/x* — cos(x)/x is the first order spherical
Bessel function of the first kind, and k = [27k,/Ly, 27ky/Ly, 27K,/
L,] for integers ;. The dipole-dipole interactions contribution
to the potential energy can be obtained via the sum of the pair-
wise interactions given by

1& 1o
UM — _EleO ‘m, = _EZﬁMGﬂ : m,myg. (13)
a= a,

Similarly, the resulting magnetic force acting on the o, par-
ticle is

13N oM,
Y =_v,uM = ——Z b m,my
2 7 O0Xg

(14)

We simulate a mixture of MNPs and non-MNPs of the equal
radius, @ &% 47 nm, in water a room temperature. We assume
that the solvent behaves as a Newtonian fluid, with a viscosity
of 4 = 1 cp, constant magnetic permeability, y¢ ~ 1.25 x 10° H
nm™', and constant permittivity e; = 80. Furthermore, the col-
loidal particles are electrostatically stabilized in a binary elec-
trolyte, such as NaCl, which is simulated implicitly. The con-
centration of the implicit ions is estimated using Graham’s
equation®® based on the experimental zeta potential of {ynp =
—24.26 mV and {ponmnp = —43.48 mV.

2.2 Characterization of the magneto-responsive suspension
using Péclet and Mason number

The displacement of the magneto-responsive particles results
in a perturbation of the microstructure of the suspension
which can be characterized by the Péclet number.** This non-
dimensional number expresses the importance of the external
force deforming the system, F', with respect to the restoration
of entropic spring forces from Brownian motion,***%*!

Fext

Pe=——
2kgT/a

(15)
where F** is any externally applied force to the suspension of
interest, kg7, is the thermal energy, and a is the hydrodynamic
radius of the particles. In our analysis, the external force is the
magnetophoretic force, defined as the dot product of the

This journal is © The Royal Society of Chemistry 2025
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induced dipole on the a™ colloid, m,, and the magnetic field
gradient: VH = G - H,, where H, = Ho/H, is the unit vector of
the externally applied magnetic field of magnitude H, = |Hy|.
In our simulations, the field is applied on the Z direction.

For paramagnetic particles, the magnetic dipole is induced
by the field and assumed to be perfectly aligned with the field.
Moreover, in our simulations, the magnetic field only varies in
the direction of the applied field, z. Then, the only non-zero
components of the field gradient 2-tensor VH are those in the
Z direction. To facilitate our analysis, we define a gradient
vector containing the gradient direction and field magnitude,

L . 4 ,
G = VH?% = G4. By definition, m, = gnaSuf;(Ho, where y; is the

fluid permittivity, and y = 3(up/pe — 1)/(up/pe + 2) is the suscepti-
bility, with y,, being the particle’s permittivity. Then, this mag-
netic Péclet number is given by Pe = (4na’uyV|H|*)/3ksT ~
(a*uyGH,)/ksT, where G is the field gradient magnitude.
This equation tells us that in the limit of very small Péclet
numbers, the deformation of the particle arrangement within
the suspension, and consequently the local polarization
density, due to the externally imposed magnetic gradient is
easily restored by the Brownian bath. On the other hand, high
Péclet numbers indicate that the arrangement of particles and
thus the macroscopic properties of the suspension are defined
by the magnetophoretic process.

In our experimental set-up, the presence of no-slip bound-
ary conditions in a Newtonian fluid results in an additional
tangential force due to momentum transfer (a shear force),
which further deforms the suspension. Assuming that the
shear force is orthogonal to the magnetic gradient, as in our
experimental set-up, this deformation will be opposed in the
simplest of cases by the dipole-dipole interactions of the mag-
netic particles. The competition of both forces is given by a
Mason number,*>** defined as

a= GLazy, (16)

Faip

where y is the shear rate and Fy;p, is obtained by taking the gra-
dient of the potential energy with respect to the distance
between a pair of magnetic interacting dipoles.** In the
context of microfluidic devices employed for separation pro-
cesses, performance evaluation revolves around two key
metrics: Purity and separation efficiency. The purity, P, of the
outlet streams is quantified, where the ratio of concentration
to velocity serves as the defining factor for mass flux 7 of com-
ponents A and B: Py = fiouta/ (Houta + foue ). The separation
efficiency S is defined as Sy = fouta/Hina-

3 Experimental methods
3.1 Microfluidic platform

The microfluidic chip was designed in SolidWorks 2021 and
printed by a FormLabs 3B + printer using clear resin
(Formlabs, RS-F2-GPCL-04). The chip was placed horizontally
and twisted in every direction to facilitate the later washing

Nanoscale, 2025,17,1574-1584 | 1577
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process. When the print was finished, the uncured resin was
flushed out with 100% 2-propanol via a syringe. Then, the
chip was washed for 15 min in a 2-propanol bath and cured by
UV light at 60 °C for 20 min. Finally, the supporting structures
were removed, and the printed M5 threads were drilled into
the in- and outlets, enabling the connection of the silicon
tubes (1.3 mm, VWR) via Luer lock tubing adapters (male,
1.6 mm, Reichelt Chemie Technik GmbH & Co.).

The experiments were performed at a viscosity n of
2.2274 mPa s, increasing the colloidal stability of the nano-
particles.”> Therefore, the nanoparticles are dissolved in
24 wt% p(+)-sucrose (Carl Roth) at pH 7. The concentration
stayed the same for the mixture experiments as for the single
experiments per particle species. This means the overall par-
ticle mass flux for a mixture experiment was twice the one of
the single experiment (#isinglesrp = Himixsrp). The density for
the particles is 2650 for the non-magneto-responsive and
4870 kg m™ for the MNPs, respectively. For the experimental
set-up, the chip and the neodymium iron boron magnet (4 x
0.5 x 1.5 cm, N40, supermagnete) were placed in the holder,
and the tubes were connected. The sample was pumped at
52 puL min~' (¥ = 0.00107 m s~ ') by a syringe pump
(kdScientific), the buffer via a peristaltic pump (ISMATEC)
with 37% (z = 0.00425 m s '), and the outlet samples were
removed with 229 pL min™" by a self-made multi-syringe
adapter for a syringe pump (Kriiss, Havard Apparatus) as pre-
sented in Fig. 2 and in the ESI section.} The flow of the
viscous solution should be higher than the sample flow to
minimize the transverse diffusional migration of the nano-

ISMATEC. o ...
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particles. For running the experiments, the chip was first
slowly filled with the viscous solution, then the sample was
connected, avoiding bubble formation. After 30 s of equili-
bration time, the outlet tubes were connected, and each experi-
ment was run for 4 min in triplicates (n = 3, error bars present-
ing the standard deviation). The outlets A/B and C/D are com-
bined to calculate the process purity and selectivity.

The nanoparticle concentration was analyzed in triplicates
via UV absorbance at 400 nm and fluorescent measurement
(excitation wavelength 488 nm, emission wavelength 520 nm)
in a plate reader (Tecan Infinite M200 Microplate Reader).
They were compared to standard calibration curves; if necess-
ary, the samples were centrifugally concentrated and resus-
pended in an ultrasonication bath (132 kHz, Sonorex) for
15 min.

The details of nanoparticle synthesis are provided in the
ESI section.t

4 Results

4.1 Exploring the dependence of magnetophoresis on
magnetic field and nanoparticle concentration

The separation efficiencies and purities for separating non-
MNPs from MNPs are investigated using a magnetophoretic
microfluidic platform as presented in Fig. 1 and in the ESI
section,f characterized by a laminar flow with a Reynold’s
number of 0.53. A detailed characterization of the nano-
particles used is given in the ESI section.{

Peristaltic pump

mmm o orama,
—

Bufffer solution
yringe pump

1109 8 7 ¢
N O e—

Multi-syringe pump

Fig. 2

(a) Experimental set-up consisting of the chip placed in the holder together with the magnet, the syringe pumps for the sample inlet, and

the multi-syringe pump for the outlet. The viscous solution is pumped via a peristaltic pump. (b) The 3D-printed chip is connected to the tubes via

printed threads and Luer lock adapters. (c) The flow profile of the chip
yellow).
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is shown by food coloring (sample inlet = green, viscous solution inlet =
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Fig. 3 The separation efficiency of soley MNPs determined with
microfluidic experiments is presented as a function of the Péclet
number for two different concentrations, namely ¢ = 0.02 and ¢ = 0.01.

Fig. 3 depicts the separation efficiency of the MNPs over
varying Péclet numbers. For the lower concentration of ¢ =
0.01, the separation efficiency is S = 0.11 + 0.10 for Pe = 2.85 x
107>, By increasing the Péclet number from Pe = 3.35 x 107> to
Pe = 3.6 x 107>, the separation efficiency increases from S =
0.38 + 0.15 to S = 0.94 + 0.04. However, the results show that
for a higher concentration, only a lower Péclet number is
required to achieve higher separation efficiencies. Here, for ¢ =
0.02, a separation efficiency of S = 0.94 + 0.10 is already
reached at a Péclet number of Pe = 2.85 x 107>, Elevated par-
ticle concentrations promote dipole-dipole particle inter-
actions, leading to aggregation and, therefore, an increased
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magnetic moment. Consequently, these clusters experience an
augmented magnetic force, which drives them towards regions
of higher magnetic field intensity.

Fig. 4 compares the separation efficiencies (a and e) and
purities (b and f) for varying Péclet numbers achieved by using
only one particle species versus a mixture of both in the micro-
fluidic chip. Fig. 4(a) refers to the separation efficiency for the
non-MNPs, and Fig. 4(e) shows the separation efficiency for
the magneto-responsive ones. The separation efficiency for the
non-magneto-responsive particles varies little for the applied
Péclet numbers but increases from S = 0.75 + 0.13 to S = 0.86 *
0.05 by halving the concentration from ¢ = 0.02 to ¢ = 0.01
(shaded). However, being within a mixture of both particle
species, the separation efficiency decreases from S = 0.57 +
0.13 to S = 0.24 + 0.01 as the Péclet number increases. In con-
trast to the MNPs, it evolves for the non-MNPs that a lower
concentration favors a higher separation efficiency at a con-
stant Péclet number. For ¢ = 0.01 (shaded), the separation
efficiency reaches S = 0.59 + 0.1, compared to S = 0.24 + 0.01
for ¢ = 0.02, both at Pe = 3.39 x 107> As the separation
efficiency decreases with increasing Péclet numbers for ¢ =
0.02, the purity of the non-MNPs rises from P = 0.51 + 0.13 to
0.88 + 0.1. For the lower concentration of ¢ = 0.01, it decreases
to a purity of P=0.52 + 0.1.

From the perspective of the MNPs (Fig. 4e), independent of
being present in a particle mixture or not, their separation
efficiencies show a similar trend. As the Péclet number rises,
signifying an increase in the magnetophoretic force, a notable
enhancement in the separation efficiency is observed from S =
0.44 + 0.07 for Pe = 2.31 x 10 to § = 0.97 + 0.02 for Pe = 3.39 X
107 for the particles in the mixture. But again, by decreasing
the concentration at a Péclet number of Pe = 3.39 x 1072, the
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Fig. 4 Figures (a, and b) illustrate the purity and separation efficiency of the non-MNPs obtained with microfluidic separation experiments, whereas
figures (e, and f) refer to the MNPs over the Péclet number. The concentration of ¢ = 0.02 is shown in white, ¢ = 0.01 in shaded. The mixture always
has the same particle concentration as the single experiment for each component. The separation efficiency of solely non-MNPs at ¢ = 0.04 was S =
0.66 + 0.01. Figures (c, and d) illustrate the purity and the separation efficiency of the non-MNPs, whereas figures (g, and h) refer to the MNPs over
the Mason number for the concentration of ¢ = 0.02. The mixture always has the same particle concentration as the single experiment for each

component.
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separation efficiency decreases from S = 0.97 + 0.02 (¢ = 0.02)
to S = 0.46 £ 0.1 (¢ = 0.01). For separating a mixture with both
particle species, the purity (Fig. 4f) is approximately 0.5 for all
applied Péclet numbers. This finding aligns with the outcomes
observed for non-MNPs, as their separation efficiency
diminishes with increasing Péclet numbers. Conversely,
higher Péclet numbers exhibit enhanced separation capabili-
ties for the MNPs. This implies that these non-MNPs tend to
migrate alongside their magneto-responsive counterparts, con-
sequently compromising the purity of the MNPs. As the mag-
netic field gradient induces the movement of the MNPs, a
hydrodynamic instability appears, generating a convective
flow. This flow also instigates a hydrodynamic force on non-
MNPs in the direction of the moving MNPs.

4.2 The impact of hydrodynamic forces on magnetic particle
interactions

The influence of varying Mason numbers on separation
efficiency and purities is depicted in Fig. 4, where it serves as a
metric for the ratio of shear to magnetic forces. It evolves that
for the non-MNPs in Fig. 4(c), the separation efficiency is
around 0.7 for all applied Mason numbers. However, when
being present in a mixture with MNPs, it is S = 0.24 + 0.01 at
Ma = 3.62 x 10_2, but increases to S = 0.58 + 0.04 at Ma = 1.06
x 107", At the same time, the purity of the non-MNPs fraction
decreases from P = 0.88 + 0.08 to P = 0.51 + 0.05.

Since the shear force prevails the magnetophoretic force,
the separation efficiency for the magneto-responsive nano-
particles decreases from S = 0.97 + 0.02 at Ma = 3.62 x 107> to
S =0.45 + 0.07 at Ma = 1.06 x 107", depicted in Fig. 4(g) and
(h). This decline is observed irrespective of whether the par-
ticles are in a mixture with non-magneto-responsive entities or
not, the same as for the variation of the Péclet number. Even if
the separation efficiency for Ma = 3.62 x 1072 is high, the
purity is P = 0.56 + 0.01. The observed reduction in separation
efficiency for non-MNPs, presented in Fig. 4(c), implies their
tendency to be concurrently entrained with MNPs, which is
indicative of the resultant low purity in the separation process.
Under increased shear conditions, represented by the highest
Mason number (Ma = 1.06 x 107"), it is noteworthy that
although the MNPs in the mixture exhibit a lower separation
efficiency (S = 0.45 + 0.07), the non-MNPs align their move-
ment with the MNPs again. Consequently, this leads to a
purity level of only P = 0.52 + 0.07, which is comparable to the
purity achieved at the lowest Mason number (Fig. 4(d)).

To further investigate the hydrodynamically induced trans-
port of non-MNPs alongside MNPs, as suggested by the experi-
mental observations, we employ large-scale Brownian dynamic
simulations. They are designed to analyze the interplay
between the nanoparticles depending on the magnetophoretic
forces that contribute to the co-transport phenomenon.

4.3 Hydrodynamically induced transport of undesired
species: large-scale Brownian dynamic simulations

Fig. 5(e) shows a snapshot of the simulation box in the
absence of shear for a mixture of MNPs (in blue, magneto-
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responsive nanoparticles) and non-MNPs (in gray, non-
magneto-responsive nanoparticles). Such a simple simulation,
is similar to the flow present at the geometric symmetric
axis along the developing convective flow (). The applied mag-
netic field in the 2z direction (outward page) is
Hy = 0.4+/ksT/a®usz, and the gradient G = 0.02. The gradient
in units of \/m.

The motion of MNPs in the presence of a nonuniform mag-
netic field is known as magnetophoresis. While this topic is a
meticulously studied field of study, see ref. 20 and 46 here we
are interested on the importance of hydrodynamically induced
transport of potentially undesired species (non-magnetic par-
ticles) in microfluidic devices. If the components of the
applied field gradient VH, are small compared to Hy/a, the
steady-state structure of the dispersion is only weakly per-
turbed by the magnetophoretic forces. Under these assump-
tions, the magnetophoretic force felt by the a, colloid is equal
to F,” = (VH,) - m, = G(H, - m,), where G = VH, and H, = Hy/
H,. Similar to our magnetic Péclet number estimation, we do
not need to consider the field gradient tensor, which has both
the field and the gradient directions, but rather the field gradi-
ent vector, G. This would not be the case if there is there was
any permanent magnetization, for which we would need the
complete tensorial expression for the force.

The velocities of the magneto-responsive particles depend
on the magnetophoretic forces on the colloids,
FP =[F1,F,,...,Fy|"= G(Z - Ay), where T is a list containing
the induced dipole moments, and magnetophoretic mobility,
U= M". FP. The average magnetophoretic velocity will then

Ny
be given by () = > u,/Nm, where u, is the velocity of the ay,

colloid.

The first two Fig. 5(a) and (b), show the average colloid vel-
ocity of the non-MNPs and MNPs in the direction of the field
as a function of the Péclet number. Concentrations vary from
Pmag = 0.01 (Pnon-mag = 0.022) t0 Pmag = 0.08 (Pnon-mag = 0.178)
and field gradient magnitude from |VH|/H, = 0.01 to |VH|/
H, = 0.20. The field strength increases with the Péclet
number and is varied from 0(107°) to 0(107%). As expected,
the velocity of the magneto-responsive particles in the direc-
tion of the field (Fig. 5d) increases with the magnetophoretic
force (proportional to the Péclet number). Non-MNPs do not
show any clear displacement for values of Péclet numbers
less than O(107%), that is, at low-field and/or low-field gradi-
ents. The increase in the velocity of the non-MNPs, subpanel
(a), with values of Péclet numbers greater than O(107%)
suggests the existence of motion induced by the hydrodyn-
amic interactions between particles in the direction of the
field. In consistency with what has been found in magneto-
phoretic separations,*® Fig. 5(a) suggests low field gradients
are more efficient at reducing the transport of unwanted
species (represented by the non-magnetic nanoparticles). In
contrast, the orthogonal component of the velocity, as
shown in Fig. 5(c) and (d) for the non-MNPs and MNPs,
respectively, display no dependence on the applied field or

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) and (b) Simulated average particle velocity in the direction of the applied field, u,, and (c) and (d) orthogonal, uy, to the field as a function

of the Péclet number. (a) and (c) Correspond to the average velocities of the non-magnetic particles and (b) and (d) to the magnetic particles,
respectively. The concentrations of ¢mag = 0.01 (fnon-mag = 0.022), Ppmag = 0.02 (Pnon-mag = 0.044), Pmag = 0.05 (Pnon-mag = 0.111), and ¢mag = 0.08
(¢non-mag = 0.178) are colored as dark gray, light gray, blue, and red respectively. The circled, squared, triangled and starred markers correspond to
field gradients of [VH|/Ho = 0.01, |VH|/Ho, [VH|/Ho, and |VH|/H,, respectively. (e) Snapshot of a slice of the xy plane simulated mixture of MNP and
non-MNPs in the absence of shear. Non- and magneto-responsive nanoparticles are shown in gray and blue, respectively. Snapshot corresponds to
simulation of filling fraction ¢mag = 0.05 (pnon-mag = 0.111), field Hy = 0.4kgT/azus in the z direction, with constant gradient in z given by |VH|/Hq =
0.02. (f) zz component of the mobility matrix, M, for the magnetoresponsive particles, computed using eqn (17) (g) zz component of the mobility
matrix, M, for the non-magnetoresponsive particles, computed using eqn (17) of the MNPs as a function of the Péclet number. Concentrations of
Pmag = 0.01 (Pron-mag = 0.022), Pmag = 0.02 (Pnon-mag = 0.044), pmag = 0.05 (Pnon-mag = 0.111), and ¢mag = 0.08 (Pnon-mag = 0.178) are shown in blue,
orange, green, and red, respectively. Circled, squared, triangle, and starred markers correspond to field gradients of |VH|/Hp=0.01, |[VH|/Ho = 0.02,
|VH|/Hq = 0.10, and |VH|/Hy = 0.20 respectively.

the field gradients and the average velocities of both species
are negligible.

From the average velocity, we can compute the approximate
magnetophoretic mobility by introducing a summation tensor,
2% we find
M=x M!.7T.H,

u=M" G, (17)

where magnetophoretic mobility M” is a 2-tensor whose
elements M,.” couple the gradient in direction ¢ to the velocity
in direction y. Considering the field and the field gradient is
only nonzero in the z direction, the dominant term is the “self-
term” of the magnetophoretic mobility tensor M,,". The results
for the zz component of the magnetophoretic mobility tensor
for non-MNPs and MNPs are shown in Fig. 5(f) and (g),
respectively. The self-term of the mobility tensor for the non-

This journal is © The Royal Society of Chemistry 2025

MNPs, M,,”"°"™NP exhibits little dependence on the Péclet
number and field gradient. When Pe > 10, this component
appears to slightly increase in value with the concentration of
magnetic species, underscoring the cooperative nature of the
transport process. In contrast, the self-term of the magneto-
phoretic mobility tensor of the magneto-responsive, M,,”"F,

nanoparticles slightly decreases with concentration.

5 Discussion

The hydrodynamics in magnetophoretic microfluidic separ-
ation processes are characterized by a complex interplay of
forces that influence the overall process efficiency. Our experi-
mental results show high and constant separation efficiencies
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for solely non-magneto-responsive nanoparticles with increasing
Péclet number, indicating that their separation is independent of
the magnetic force when no magneto-responsive entities are
present. But, keeping a constant Péclet number, a higher separ-
ation selectivity is achieved for lower concentrations due to the
reduction of diffusive effects.'®*® Conversely, at low concen-
trations of magneto-responsive nanoparticles, the separation
efficiency is reduced. When a magnetic field is applied at low
Péclet numbers, the separation efficiency of MNPs initially
remains limited due to the predominance of thermal fluctuations
over magnetic forces. However, as the Péclet number increases,
enhanced dipole-dipole interactions lead to aggregation, amplify-
ing the magnetic moment and enabling more efficient separation
by the magnetic field gradient. Also, raising their concentration
amplifies their total magnetic moment. These aggregates, larger
in size and showing reduced Brownian motion, are more effec-
tively moved by the magnetic field gradient towards areas of
higher magnetic field intensity, resulting in improved
separation.>>*°

In a mixture of both particle species, the presence of non-
magneto-responsive nanoparticles does not influence the sep-
aration efficiency of the magneto-responsive ones with rising
magnetic field strength. However, the reverse is not true. The
separation efficiency of non-MNPs decreases with increasing
magnetic field strength (increasing Péclet number). The
process purities of the MNPs are constant even though the sep-
aration efficiency of MNPs improves with increasing Péclet
number, suggesting that non-MNPs drag along MNPs. That
happens as the magneto-responsive nanoparticles induce a
hydrodynamic force acting on the non-magneto-responsive
entities, influencing the separation process significantly.”*>°
The simulation integrates and extends beyond the experi-
mentally tested parameters of magnetic field strength and con-
centration, showing that this convective motion is an intrinsic
aspect of the system’s dynamics. Focusing on the direct inter-
play of the magneto-responsive entities and the non-magneto-
responsive ones, the simulation confirms that the magnetic
field gradient primarily induces the motion of the MNPs, as
the orthogonal velocity to the field is constant for both particle
species. However, the influence of magneto-responsive par-
ticles on their non-magneto-responsive counterparts is signifi-
cant. Although the motion of non-MNPs is an order of magni-
tude smaller, it is evident that the movement of the magneto-
responsive entities leads to a hydrodynamic convective motion
that entrains the non-magneto-responsive particles. Since
experimental measurements could only be performed offline,
after the magnetophoretic process, direct experimental obser-
vation of this interaction within the magnetic field is challen-
ging. Simulations are thus essential for capturing and analyz-
ing the underlying dynamics comprehensively. The simu-
lations allowed us to directly investigate the dynamic behavior
within the magnetic field, providing valuable insights into
parameter regimes that are costly to explore experimentally.
Across all simulated particle concentrations and magnetic
field gradients the hydrodynamic effect remains consistent.
Exceeding the experimentally tested parameters, the average
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velocity of the non-magneto responsive particle in the direc-
tion of the field can be minimized by decreasing the magnetic
field gradient. However, this will lead to a reduced responsive-
ness (velocity) of the magneto-responsive ones as well, result-
ing in a lower separation efficiency.>* Experimentally, increas-
ing the shear by increasing the volumetric buffer flow leads to
an improved separation efficiency and fewer diffusive effects of
the non-MNPs.'**® But again, in a mixture where both particle
species are present, the purity of MNPs is reduced. Due to the
increased shear counteracting the magnetophoretic force, the
magneto-responsive nanoparticles are less attracted toward
higher magnetic fields.™

Magnetic separation techniques are widely used in bio-
chemistry, biomedicine, and biotechnology. Applications range
from the purification of biomolecules®® to targeted drug deliv-
ery.>® These techniques rely on applying a magnetic field to
manipulate magneto-responsive particles, most commonly super-
paramagnetic particles, in a non-magnetic environment. In this
study, we evaluate the impact of magnetophoresis on magneto-
responsive entities, which are nanoparticles in our case but can
be modified for other purposes, for instance, through drug
functionalization. This happens in a non-magneto-responsive
environment, which is represented by non-magneto-responsive
particles in a microfluidic system. The magnetic-induced convec-
tive motion is a promising technique for nanoparticle manipu-
lation due to its simple and effective separation
mechanism.**”%>® However, the induced hydrodynamic force
acting on the non-magneto-responsive entities has to be con-
sidered when it comes to a lab-on-a-chip separation process or
application in biomedicine.**”* For targeted processes, e.g., drug
delivery, mixing motion should be avoided, allowing effective
delivery and localization in the body.’*>¢

Given the complexity of the hydrodynamics in magneto-
phoretic microfluidic processes, it is crucial to consider strat-
egies that could enhance the separation efficiency and purity
of the particles. In the study of Solsona et al., a 3D-printed
magnetophoretic chip was developed to sort catalyst particles
by their magnetic moment; however, they could not see a
difference in the magnetic susceptibility between the different
fractions. Besides their discussion that the formation of nano-
clusters agglomerates accounts for this observation, the
induced convective motion reduced the purity of their frac-
tions.”” As investigated by Robert et al, the separation
efficiency could be improved by an increased flow and a
decrease in magneto-responsive entities. Their study success-
fully differentiated between non-magnetic monocytes and
magnetic macrophages; however, they noted that during the
separation process, fractions may tend to overlap due to the
convective motion engendering mixing and generation of a
current.’ In another approach, the purity of a microfluidic sep-
aration process of red (non-magnetic) and white (magnetically
labeled) blood cells decreased with a higher flow as the hydro-
dynamic drag force prevails the magnetophoretic force.
Therefore, Lin et al. implemented a two-stage cell separation
strategy in their chip, preventing the undesired motion of the
red blood cells along with the white ones.>®

This journal is © The Royal Society of Chemistry 2025
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6 Conclusion

In conclusion, our experimental and simulative results high-
light that the motion of magneto-responsive nanoparticles
induces a hydrodynamic motion that entrains the non-
magneto-responsive ones. This interaction significantly influ-
ences the separation efficiency and purity of both nanoparticle
species in the microfluidic system. The simulations directly
investigated these dynamic behaviors within the magnetic
field and provided insights that are difficult to obtain experi-
mentally. Besides the careful control of the Péclet and Mason
number, a practical approach to minimize the unavoidable
magnetic-induced convection of non-magneto-responsive enti-
ties may include a multi-step process. Here, a prior static
batch separation reduces the concentration of non-magneto-
responsive nanoparticles in the system, thereby enhancing the
overall separation efficiency and purity.
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