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ARTICLE INFO ABSTRACT

Keywords: The outstanding capabilities of S/L functionalized particulate systems synergized with microfluidics offer great
CFD opportunities to address current and significant challenges, as the selective capture of biomolecules from a liquid
Engineered proteins phase, a process highly reliant on the intimate contact between both phases. In this work, we report the nu-
Eulerian/Lagrangian model . s . . . . .
LPS capture merllcal predlcflon of the selective sequ.estratlon of a target .blomolecu'le presen.t in an aque.ous solution onto
Microfluidics engineered solid capture agents. For this purpose, a customized Eulerian/Eulerian/Lagrangian model able to
Solid/liquid track all the phases involved in the system and account for the S/L interfacial mass transfer has been developed.
The challenging capture of endotoxins (LPS), sepsis causing agents, by solid beads decorated with engineered
binding proteins has been selected as motivating case study. The computational tool has been successfully
validated using batch data previously reported by our research group with capture deviations inferior to 5 %.
Furthermore, we advance the design of microdevices to continuously withdraw LPS from biofluids and promote
those variables with influence on the rate of the interfacial mass transfer. The design procedure has rendered a
coil inspired T-type microreactor that displays an exceptional performance. This device can treat 1.4 L per hour
of a sample containing 1 mg-mL~! LPS, attain the fluids complete mixing in less than 5 s, a uniform particle
distribution and reach the LPS capture equilibrium in less than 15 s. Thus, to the best of our knowledge, we
report herein for the first time the design of advanced microdevices for toxin removal assisted by a Euler/Euler/
Lagrange model.

predict precisely the behavior of real systems is an excellent asset to

1. Introduction

Heterogeneous systems comprising a particulate solid phase are in
vogue. Their performance and versatility are reinforcing and pushing
forward their implementation in already proven applications and pro-
pelling them into the exploration of new uses, making these systems a
great value in a vast array of scenarios. Among all the areas in which
solid/liquid particulate systems are finding a niche, biomedical appli-
cations are currently garnering increased attention through biosensing
[1,2], drug delivery [3,4] or pathogens removal [5,6]. These applica-
tions are commonly framed in a synergy with microfluidics, given the
remarkable features that this field offers. Enhancements in mass and
heat transport, reduced and precisely controlled residence times, lower
sample or reagents consumption and more accurate control over the
trajectories of the particles represent the primary benefits that micro-
fluidics offers [7-10].

The development of accurate and robust numerical models that
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tackle the design, evaluation and testing of S/L systems prior to the
experimental implementation, which requires an investment in re-
sources as manufacturing materials, reagents and time [11]. When
designing systems bound to enclose solid/liquid microfluidic reactive
separations, having a model that provides a faithful depiction of the
position in time and space of each component can become of primary
importance. To generate reliable outcomes and be a solid basis on which
a new design can be built, the mathematical tool must not only repro-
duce the direct contact between phases, but also the interfacial mass
transfer rate that rules the separation process. Several options arise to
model S/L particulate flows [12] and the phenomena derived from that
contact, being the Euler/Lagrange approach the one that guarantees the
continuous location of all the components implied in the system [13].
The Euler/Lagrange framework describes the fluid phase as a con-
tinuum medium whose motion is ruled by the conservation equations.
Meanwhile, the particulate phase is portrayed under the Lagrangian
reference frame as a discrete ensemble formed by a set of individual
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Nomenclature

Roman symbols

A Surface (m?)

c Molar concentration (kmol-m~3)

Cp Drag coefficient (—)

Cym Virtual mass factor (—)

d Diameter (m)

d; Deformation rate tensor (s~ 1)

D m Mass diffusion coefficient of species i in the medium m
(m*s ™)

Dr, ; Thermal diffusion coefficient for species i (kg-m‘l‘s‘l)

F Force (kg~m~s’2)

g Gravity vector (m-s—2)

I Unit tensor (—)

7i Diffusion flux of species i (kg-m 2-s71)

k Equilibrium ratio (ms-kg'l)

ks Mass transfer coefficient (m-s')

Keq Equilibrium constant (m>-mol'))

Ks Coefficient of Saffman’s lift force (-)

LPS Lipopolysaccharide

LPS — P LPS-LALF protein complex

m Mass (kg)

My Mass flow rate of species i in cell k (kg~s*1)

MI Mixing Index (—)

N Number of sampling points

P Pressure (kg‘m*1~s*2)

14 LALF protein

Pe Peclet number (—)

Qi1 Mass fraction of species i on the solid (—)

Re Reynolds number (-)

S; Species source term (kg~m’3~s’1)
Sm Mass source term (kg~m’345’1)
Smom Momentum source term (kg-m >-s 1)
Sh Sherwood number (—)

S/L Solid/liquid

t Time (s)

T Temperature (K)

v Velocity vector (m-s—1)

\4 Volume (m®)

x Position vector (m)

Y; Mass fraction of species i (—)
Greek symbols

o Volume fraction (—)

y Mass concentration (kg~m’3)

7} Dynamic viscosity (kg-m 1-s71)
v Kinematic viscosity (m?-s~1)

p Density (kg:m™>)

T Stress tensor (kg~m*1-s*2)

T Residence time (s)

T, Particle relaxation time (s)

¢ Mass ratio protein per LPS (kgp~kgL}}s)
7 Angular velocity (rad-s™)
Subscripts

eq Relative to the equilibrium

i i-th species

k k-th cell

m m-th medium

part Relative to particle

q q-th phase

particles whose path along the computational domain is found by
solving the Newtonian equations of motion [12,14]. This approach is
proven as a very useful tool to investigate the hydrodynamic behavior of
particulate flows and allows for the handling of complex phenomena as
particle size or composition [15]. Models based on this approach have
been reported to study the dispersion and deposition of aerosols [16,17],
erosion [18], separation of phases [19,20], combustion [21], absorption
[22] or UV deactivation of bacteria [23]. Evidence of the use of Euler-
ian/Lagrangian models to depict the operation of microfluidic bio-
systems can be found in the literature. However, current research works
are mainly focused on describing the path of the discrete phase (such as
cells) or their physical separation [24-26]. Meanwhile, the development
of S/L models that incorporate phenomena beyond flow and physical
forces for the sequestration of molecules has not yet been fully explored.
Hence, it becomes necessary to fill this gap and make available
rigorous models able to predict all the phenomena implied in the S/L
interaction in microfluidic reactive biosystems. Thus, the development
of efficient and selective analytical microprocesses, the design of
microdevices to carry out these processes with outstanding performance
and the selection of operational variables that improve the outcomes
would be supported and countersigned by a solid and powerful tool.
With the purpose of advancing on the availability of versatile models
that depict the fast analysis, detection and capture of pathogens in
biofluids, this work presents a Euler/Lagrange based model that ac-
counts for the selective binding and microfluidic sequestration of en-
dotoxins onto engineered proteins supported on beads. For that purpose,
a previous work from the research group [27,28] is taken as starting
point. Basauri et al. developed an integrated methodology merging
protein and chemical engineering fundamentals to propose an effective
and economically viable molecule to sequestrate LPS, a potential trigger

in the pathogenesis of sepsis. With that end, the authors engineered an
anti-lipopolysacharide factor (LALF) protein, anchored this newly syn-
thesized molecule onto agarose beads and performed batch LPS capture
experiments. Starting from this data, the work herein presented de-
velops a Eulerian/Eulerian/Lagrangian model to prove its proficiency in
the prediction of the performance of S/L reactive systems and builds up
to show the versatility of the computational tool by assisting the design
of microdevices to be applied in the microfluidic fast and continuous
capture of target molecules.

2. Development of the mathematical model
2.1. Continuous phase modeling

In this work, the Eulerian/Lagrangian approach is applied to predict
the LPS capture by functionalized beads in two scenarios; (i) in batch
mode inside a sealed Eppendorf® tube that contains two continuous
phases (air and the LPS solution) and the discrete one (functionalized
beads) (Fig. 1a.), and (ii) in continuous mode inside a conveniently
designed microdevice which contains only a single continuous liquid
phase (the LPS solution) and the particulate one (Fig. 1b.). To track the
interface between the two continuous phases in the Eulerian framework,
the Volume of Fluid (VOF) model is employed. This Euler/Euler model
allows to locate the interphase in those computational cells in which the
volume fraction g (—) of one fluid phase q in a cell presents a value
between 0 and 1. Scenario (i) demands the definition of this parameter
to allocate the gas and liquid phases in the computational domain,
resulting in a Eulerian/Eulerian/Lagrangian model. Meanwhile, sce-
nario (ii) presents a single continuous phase and o presents a value of 1
for the liquid phase in the whole domain, leading to a Eulerian/
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KEY

LPS solution LALF protein decorated beads suspension LPS — LALF protein complex suspension

Fig. 1. Conceptualization of the modeled LPS sequestration scenarios: a. Batch capture in a stirred Eppendorf® tube and b. Continuous removal in a microdevice.

Lagrangian based model.

The proposed model solves the laminar and incompressible
continuous flow using the Navier-Stokes equations, which govern mass
and momentum conservation:

9 -
5 (@apg) + V- (aqpq v q) = Sng eY)

0 =
i (aqPqVq) +V- (aql)qquq) =—aVp+ Vi + aq/’q? + Smomg

(2)

where p (kg-m’s) is the density, V' (m-s ) is the velocity vector, p
(kg-m~1-s72) is the static pressure and g (m-s~2) is the gravity force. Sy
(kg-m~3-s71) and Spom (kg-m~2-s~2) represent the mass and momentum
source terms resulting from the interfacial contact between fluid and
solid phases, respectively. Meanwhile, 7 is the stress tensor (kg~m_1~s_2),
given by:

T=y, {aq (v-vq + v-7qT) - %aqv-ﬂl} ®)]
where p (kg~m’1-s’1) is the dynamic viscosity and I (—), the unit tensor.

An additional conservation equation is considered to address the
mixing and transport of chemical species within the system. This
equation accounts for the effects of convection, diffusion and interfacial
mass transfer.

J -
% (agpyYiq) + V- (aqpq7in,q> +VeagJig = aSiq 4
Being 71' (kg~m*2~s*1) the diffusion flux of species i, Y; 4 (—) the mass
fraction of species i on phase q and S; (kg-m >.s71) the source term
corresponding to species i due to mass transfer between continuous and
discrete phases. The diffusion flux, described through the Fick’s law, is
expressed as:
— V.-T
IJllq = _qui. mV'Yi.q - DT‘ iT )
where D; , (m®s1) denotes the mass diffusion coefficient for speciesiin
the fluid, T (K) is the temperature and Dr, ; (kg~m_l-s_1) is the Soret
diffusion coefficient. The energy contributions are disregarded, as the
system is assumed to be run under isothermal conditions.

The coupling between the continuous and discrete phases, involving
mass, species and momentum, is facilitated by defining the so-called
source terms. These variables aggregate all the volume-averaged con-
tributions of all particles within each control volume.

T

Sn=-— )
" o Veelt
S =— mG‘i )
k Vel k
UL ik
Smom = — - : ®
o  Vee, k ;Vcell. k

Where my (kg~s’1) the mass flow rate in cell k, (kg~s’1) the mass flow

rate of speciesiin cell k, ?i,k (kg-m’1~s’2) forceiin cell k and V., & (m3)
is the volume of cell k.

2.2. Discrete phase modeling

The model herein reported is intended for applications with particle
dilute flow, which implies managing particle volume fractions inferior
to 12 % [29]. Hence, to approach the behavior of the particulate re-
ceptor phase the Discrete Phase Model (DPM) is selected. This model is
based on the Lagrangian approach, which locates the particles in time
and space by considering all the forces applied on them. Therefore, the
path followed by each particle is predicted by solving the coupled tra-
jectory and motion equations:

—
dxpan —

dr = VY part )

T = == ~ -
my dim = Fdrag + Fbuoyam:y + F yirtual mass + Fpressure grad. T Fg lift (10)

where ?pm (m) is the position of the particle, 7pm (m-s~1) denotes the
velocity of the particle and my,; (kg) corresponds to the mass of the
particle. Eq. (10) provides the force balance for each particle. The left
part of the equation accounts for the particle inertia, while the right side
for the external forces, which are given by:
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- V-V
Fdrag = mpanipan (11)
Tr
- ? (ppmt - /})
F buoyancy = Mpart——— (12)
ppart
v
— v
F virtual mass — CvmmpartL 7panV7 - dpaJt (13)
part t
—
Fpressure grad. = Mpart L (vvv) 14)
part
5 2K,°5pd;
FS. lift = mpansipl]o% <7 - 7>part) (15)
ppandpart(dlkdkl)

7, (s) denotes the particle relaxation time, calculated using Eq. (16), ppart
(kg-m’g) is the density of the particles, Cy;, (—) is the virtual mass factor
(which receives a value of 0.5), Ks (—) is the constant coefficient of
Saffman’s lift force (with a value of 2.594), v (m2~s’l) is the kinematic
viscosity and d;; (s~ is a deformation rate tensor [30]. In the selected
simulation case, as the density ratio between the fluid (liquid) and the
particles is greater than 0.1, the virtual mass and the pressure gradient
forces are considered. The Saffmann lift force given by Eq. (15) is
considered as the particles present small Reynolds numbers [19].

o ppandpan 24

"T7184 CyRe a6

where, Cp (—) is the drag coefficient and Re denotes the relative Rey-
nolds number. They can be found resorting to Eqs. (17) and (18),
respectively. The beads are considered spherical, rigid and non-rotating.

a. a.
CD:alJerZ‘FRf; (17)
pdpan 7>part - 7
Re = f (18)

Here a; (), az (—) and a3 (—) are constants dependent on the Rey-
nolds number [31].

The mass transfer rates between the liquid solution initially con-
taining the target biomolecule and the discrete beads decorated with
capturing agents can be figured out employing Eq. (19), considering that
a single species i is selectively exchanged. These interphase mass
transfer rates are considered in the mass and species source terms pro-
vided by Egs. (6) and (7).

dmpant _ dmpart.i
a ~ d

Here, Apgrt (m?) corresponds to the superficial area of the beads, k¢
(m~s’1) denotes the mass transfer coefficient, while Y; (-) and Y; 1 (-)
represent the mass fraction of species i on the bulk of the fluid and at
equilibrium with the solid, respectively.

To define the chemical equilibrium, a partition coefficient, shown in
Eq. (20), is employed.

Qi1 = Yurkp 20)

Where Q;; (—) is the mass fraction of species i on the surface of the
beads and k (m3-kg_1), the equilibrium ratio.
The calculation of the mass transfer coefficient is entrusted to a

= partkf/)(Yi - Yi,l) (19)
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correlation reported specifically for small particle Reynold’s numbers
[32]:

sh =K _ g ggapiapes 21
i, m

Where, b (—) is a parameter dependant on the void fraction and Sh
(—) and Pe (—) represent the Sherwood and Peclet dimensionless
numbers, respectively.

The model herein reported has been implemented in the software
ANSYS FLUENT 2019 R3 (ANSYS, Inc., Canonsburg, PA, USA). Egs. (19),
(20) and (21) have been incorporated separately in the software via a
submodule coded in C language. This subroutine is crucial to track the
beads along the computational domain and account for the mass transfer
when the particles and the solution containing LPS are contacted. For
this purpose, it is also imperative to solve the model under a two-way
coupling approach [13]. Hence, the interactions between the solid and
liquid, in both directions, are considered.

The flow field is solved resorting to the pressure-based segregated
algorithm SIMPLE. The convective and diffusion terms are discretized
using the second-order upwind scheme. Meanwhile, the gradient terms
are assessed through the least squares cell-based scheme. The simula-
tions herein presented have been performed in the Altamira Super-
computer at the Institute of Physics of Cantabria (IFCA-CSIC) and in a
workstation with two processors Intel® Xeon® Gold 6148 and 256 GB
RAM.

2.3. Studied scenarios

The main target of the model is to depict the selective sequestration
of LPS from an aqueous solution onto functionalized particles. Following
the mechanism proposed by [33], its removal is governed by (R1).

LPS+ P« LPS —P (RD

Where P refers to the binding protein (functional group anchored to
the solid particles), LALF protein in this work, that can be found bonded
to the beads and LPS — P represents the resulting LPS-LALF protein
complex, also linked to the particles. The preceding research work [27]
proposed the equilibrium constant presented in Eq. (22), which serves as
starting point to obtain the value of the equilibrium ratio k.

[LPS — P|

Ka = epslp]

(22)

Being [LPS] (M), [P] (M) and [LPS — P] (M) the molar concentrations
of LPS, LALF protein and LPS-LALF protein complex, respectively and
Keq M) the equilibrium constant.

The selective removal of LPS has been mathematically reproduced
under batch and continuous operation mode. Both scenarios have been
simulated under room temperature (20 °C) and the density and viscosity
of the liquid phase were set as 998.2 kg:m™® and 1072 kg-m 1571,
respectively. In the case of scenario (i), the gaseous phase was assigned a
density of 1.225 kg-m~> and a viscosity of 1.785-10° kg-m~!-s 1. To the
diffusivity of LPS in water was given a value of 3-107!! m?.s™! and the
equilibrium ratio that governs the LPS capture is, based on the research
data published in [27], 1.1 mg-kg’l. The micrometric particles injected
in the system present a density of 1200 kg-m~> and a protein charge of
42 Zprotein*Zpart L

To replicate the experimental results reported by Basauri et al. [27],
the LPS capture is simulated in an Eppendorf® tube (Fig. 2a.). More
detail about the engineered capture agents can be found in the Sup-
plementary Material. To solve the system under batch mode, the
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5mm

Fig. 2. a. Eppendorf® tube geometry employed in scenario (i) (batch removal). b. Coil inspired microdevice with T-shaped inlet employed in scenario (ii)

(continuous removal).

computational domain is initialized so the simulated system perfectly
matches the experimental conditions presented in the research in which
this work is based on. This implies loading the tube with 1 mL of a so-
lution presenting an LPS concentration of 0.5 mg-mL~! and a certain
charge of 45 pm beads that matches a range of protein:LPS ratios, as
defined by Eq. (23). Table 1 shows the selected ratios. The remaining
tube volume is filled with air up to a total volume of 1.7 mL.

_ Y (23)
Yips Vips

¢ (—) denotes the protein:LPS ratio, yrps (g-L*I) and yp (g-Lil)
correspond to the mass concentration of LPS and protein and Vipg (L)
and Vp (L) define the volume of LPS solution and protein suspension.

Since the phases inside the Eppendorf® tube were experimentally
stirred resorting to a vortex mixer, to reproduce the vigorous mixing the
following description of the tube’s movement is included in the model
[34]:

Vi(t) = 7(721a) sin (wt) @4

V,(t) = gw cos (wt) (25)

Where v,(t) (m-s~1) and V,(t) (m-s~ 1) are the velocities in the x and z
components at time ¢ (s), d (m) is the circling diameter and, ® (rad-s’l) is
the angular velocity. The circling diameter is a parameter dependant on
the vortex mixer model that indicates the diameter of the circular mo-
tion that the equipment creates when mixing. In this case, the tube is
stirred in a vortex mixer with a circling diameter of 4.5 mm and an
angular velocity of 1500 rpm. This geometry has been meshed using the
MultiZone method resulting in a grid with by 2:10* nodes, 4-10° ele-
ments and presents a mesh skewness of 0.287+0.241.

To explore the versatility of the model in the design of micro-
devices, the mixing promotion using a coil inspired device with a
T-shaped inlet is analyzed in scenario (ii) for the continuous removal
of the toxin. The resulting reactor presents a total length of 600 mm

Table 1
Concentration of LPS capturing agents employed in the batch capture
experiments.

) Concentration of particles (g-L 1) Number of particles
35.6 0.42 7.40-10%
53.4 0.64 1.11.10*
89.0 1.06 1.85-10*
392.4 4.67 8.15.10*
456.4 5.43 9.49-10*

and a diameter of 5 mm. The coil based microreactor is presented in
Fig. 2b. This microdevice is meshed including a sphere of influence in
the junction of both streams. It has been checked that a mesh including
10° nodes, 5-10° elements and a skewness value of 0.21840.115 offers
an adequate tradeoff between accuracy and computational solving
time.

In this second scenario a liquid solution containing 1 mg-mL~" of LPS
is pumped at 0.02 m-s ! through one inlet, while through the other inlet
a suspension of 10 pm particles with a charge of proteins corresponding
to a ¢ of 456.4 is introduced at 0.02 m-s~'. In this situation, the system
encloses a total of 1.12-10° beads. The prediction of capture accuracy of
the Euler/Lagrange model has already been tested using another
chemical system in a preceding work [13].

3. Batch capture of target species. Model validation

Firstly, the accuracy and reliability of the presented model are
proven by reproducing scenario (i): the batch experimental outcomes
reported by Basauri et al. [27]. Fig. 3 shows the LPS mass fraction
contours in the liquid phase rendered by the tool and found in the
interior of the microtube at different ¢ values.

The contours displayed in Fig. 3 reveal how a greater ¢ influences
positively the LPS removal extent, which is confirmed both theoretically
and experimentally. The LPS capture in the microtubes is simulated
under vigorously stirring conditions, which leads to the displacement of
the air in the whole domain, being its position found in Fig. 3 in those

0.00 0.125 025 0375 0.50
Im' LPS mass fraction (-10-3)

Fig. 3. LPS mass fraction contours under equilibrium conditions. a. ¢ = 35.6,
b. ¢ =53.4, c. ¢ =89, d. ¢ = 392.4 and e. = 456.4.
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zones with grey colour. This representation is the result of displaying the
LPS concentration field in a range between an infinitesimal value and
the initial LPS concentration so the position of both phases (air and
liquid) can be appreciated at the same time. The purple spheres
correspond to the particles. Fig. 4 depicts quantitatively the predicted

100% :
80%
L 60%
a
3
wv
8 40%
20%
0%
356 534 89 3924 456.4
3
Fig. 4. LPS experimental and simulated capture at different protein:LPS ratios.
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toxin removal for the different operational conditions under analysis.
With these results it is proven that the model is able to reproduce with an
excellent accuracy the capture performance of the system. The precision
of the mathematical tool is endorsed by a deviation between experi-
mental and simulated data inferior to 5 %.

4. Continuous capture of target species. Advanced design of S/L
microfluidic separation

To upgrade the batch mechanically stirred sequestration to a
continuous approach based in passive agitation, it is crucial the selection
of the most adequate geometry of the microcontactor. An efficient and
fast separation depends on a geometry able to (i) promote fluid mixing
and, (ii) facilitate the homogenous distribution of the beads in the
channel. Hence, the rate of the contact between LPS molecules, present
in low concentrations and with low diffusivity, and the capture agents
bound to the beads can be increased. For this reason, a coil inspired
geometry with a T-inlet has been selected, as this proposal merges two
passive mixing strategies: a 3D spiral and a T-junction [35-37]. The
T-inlet includes a constriction to increase the turbulence in the meeting
point of both streams. The performance of this case is simulated under
scenario (ii).

100%

80%

K

60% 7
s
40% -
20% - 7
¢ Experimental
a == Simulated
. 0% | ! ! ! |
0 2.5 5 7.5 10 12.5
ii.
F |
iii.
A A
i. ii. iii. A\ % %
0.00 025 0.50 075 1.00 . \\L AW\ -
b. C. i

LPS mass fraction (-10-3)

Fig. 5. a. Experimental and simulated progress of the MI along the device, b. LPS concentration contours at a residence time of i. 0.43 s, ii. 1.61 s and iii. 5.74 s and

c. Position of the contours in the microdevice.
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The mixing efficiency in the proposed device is assessed by selecting
26 cross-sections of the device, including the outlet. In each section, at
least 500 sampling points are taken to gather information on the LPS
concentration at that position. This data is then used to apply Eq. (26)
and calculate the mixing index MI [38]. The experimental and simulated
mixing extent through the device is presented in Fig. 5a. The experi-
mental procedure followed to determine the mixing efficiency inside the
device can be found in the Supplementary Material. The results point out
that the model is able to predict the passive mixing capacity of the de-
vice with a deviation (in terms of the RRMSE) inferior to 5 %.

1
N (¢—c)? 2

4

MI=1-— (26)

Where N is the number of sampling points in the region of interest, c;
is the concentration in a certain sampling point and c is the complete
mixing concentration. The mixing index given as percentage varies from
0 to 100; representing 0 null mixing, while a value of 100 denotes
complete mixing.

The suggested configuration guarantees that, when reaching a ca-
pacity of 1.4 L per hour, the complete mixing is attained after only 5 s of
residence time, proving that the proposed geometry is highly efficient
when it comes to blending the liquid phases of two incoming streams
and contacting their components. Fig. 5b. shows the LPS concentration
contours at different positions. In Fig. 5b.i. the mixing intensity can be
appreciated; the inlet structure promotes the mixing by letting one
stream envelop the other. This behavior can still be appreciated in
Fig. 5b.ii., where both streams have been mixed up to 80 % after less
than 2 s. Fig. 5b.iii. displays that after 3 turns in the coil, the fluids are
completely mixed.

Another decisive parameter consists of the particle trajectories; the
more spread they are through the channel section, the easier the contact
with LPS molecules will be. Their positions along the device are depicted
in Fig. 6 at different degrees of magnification.

The coil-like main body and the T-inlet constitute a geometry that
assures the distribution of the particles through the whole channel
(Fig. 6a.). By studying a cross-section of the microreactor (Fig. 6b.) it can
be verified that the particles cover the whole diameter of the device and
that they tend to move swirling, flowing from the outer part of the
channel to the inner part, creating a symmetrical circling scheme. This
behavior can be better observed in the magnification provided in
Fig. 6¢c., where the trajectories of the beads lean to create two sym-
metrical counter-rotating circling structures, whose reason can be found
in Fig. 6d. This last image displays the velocity vectors for the fluid in the
very same cross-section, which also tend to form two counterrotating
circling schemes, well-known as Dean vortices.

The exceptional performance of the designed microdevice in the
mixing of the fluids and the wide spreading of the beads sets the best
basis for an outstanding LPS capture. Fig. 7 portrays the capture per-
formance of the coiled reactor when it is numerically tested for the S/L
reactive contact between LPS and the capturing agents.

Under the selected conditions, the system provides a capture supe-
rior to 85 % after a residence time of 15 s. In this case, the removal extent
is limited by the capture equilibrium dependant on the selected opera- C d
tional conditions. Moreover, it can be observed, by comparing Figs. 5a. .
and 7a., that the LPS removal does not take place at a pace as fast as the
mixing between both phases. Although the capture kinetics are fast 0.00 1.75 3.50 5.25 7.00
enough to consider the reaction instantaneous, the capture is limited by
the mass transfer of the LPS molecules to the proteins bonded to the
beads. In any case, the difference between the contours presented in
Figs. 5b. and 7b. is notable; the flux scheme is maintained, while the Fig. 6. Trajectories of the particles in the microdevice.
contours are showing colder colours, pointing out to an inferior LPS
presence.

Velocity (-102 m-s™)
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Fig. 7. a. Progress of LPS capture along the device, b. LPS concentration contours at a residence time of i. 0.43 s, ii. 1.61 s and iii. 5.74 s and c. Position of the

contours in the microdevice.

5. Conclusions

This work advances the design of high performance microdevices for
the selective capture of biomolecules from liquid fluids by creating and
developing, to the best knowledge of the authors, the first Eulerian/
Eulerian/Lagrangian model devoted to predicting the microfluidic
capture of target species onto solid agents. For this purpose, the capture
of LPS endotoxin by binding engineered proteins anchored to solid
particles is taken as motivating case study. The model herein presented
allows to track the solid particles through different fluid phases and
accounts for the multiphasic mass transfer when the capturing agents
and the target species are contacted. The mathematical tool has been
successfully validated by replicating batch experiments, with active
stirring, containing three phases (air, an LPS aqueous solution and a
suspension of beads decorated with engineered binding proteins). Then,
the tool has been proved to highly contribute to the design of high
performance microdevices for the continuous selective removal of bio-
molecules from liquid solutions onto engineered particles. For that
purpose, a coil-inspired microdevice with a T-inlet has been designed
and tested in a biphasic scenario, showing that intensive fluid mixing
and uniform distribution of particles are crucial in a scenario in which
the target compound is found at very low concentrations and presents
reduced mobility. With the proposed geometry and device configuration
the LPS capture equilibrium is reached after only 15 s of operation,
which can be of great utility in biosensing and bioanalysis applications.
Therefore, the mathematical tool herein reported constitutes a new and
invaluable assistance in the design of microdevices and microprocesses
focused on biosensing molecules whose detection and fast analysis is
hindered by their concentration or mobility and for testing S/L removal
systems; being easily adaptable and extensible to a vast array of fields of
current utmost importance, such as the detection of contaminants of

environmental concern or the impurities in chemical processing.
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