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The utilization of microfluidic technology for miniaturized and efficient particle sorting holds significant
importance in fields such as biology, chemistry, and healthcare. Passive separation methods, achieved by
modifying the geometric shapes of microchannels, enable gentle and straightforward enrichment and
separation of particles. Building upon previous discussions regarding the effects of column arrays on
fluid flow and particle separation within microchips, we introduced a column array structure into an H-
shaped microfluidic chip. It was observed that this structure enhanced mass transfer between two fluids
while simultaneously intercepting particles within one fluid, satisfying the requirements for particle
interception. This enhancement was primarily achieved by transforming the originally single-mode
diffusion-based mass transfer into dual-mode diffusion-convection mass transfer. By further optimizing
the column array, it was possible to meet the basic requirements of mass transfer and particle
interception with fewer microcolumns, thereby reducing device pressure drop and facilitating the
realization of parallel and high-throughput microfluidic devices. These findings have enhanced the
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Introduction

In fields such as biology, medicine, and chemical engineering,
the separation and purification of target particles or cells from
complex mixtures are essential.” Traditional particle separa-
tion, focusing, and sorting methods, such as centrifugation,
magnets, filters, etc., offer real-time control and high reliability
but are time-consuming and operationally complex.** Micro-
fluidic technology possesses advantages such as miniaturiza-
tion, high efficiency, and low energy consumption.®® It enables
the handling of liquid samples ranging from nanoliters to
milliliters.

Microfluidic sorting technology can be classified into active
systems and passive systems. Active systems rely on external
force fields and are primarily categorized into electrical®™** (high
reliability), acoustic*>*® (rapid and precise spatial control),
optical'®™*® (precise manipulation, low power consumption),
and magnetic'?' (strong specificity, fast response). However,
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potential application of microfluidic systems in clinical and chemical engineering domains.

these active systems suffer from drawbacks such as low
throughput, large footprint of external instruments, complex
operation, and high costs.*> Moreover, their efficacy depends on
the magnitude of the applied force,” which can potentially
impact the functionality and structure of cells.

Passive systems, on the other hand, eliminate the need for
bulky external devices and rely on the geometric shapes of
microchannels and the characteristics of microfluidics. Exam-
ples include inertial focusing,**?® hydrodynamic focusing,>
deterministic  lateral displacement (DLD),***° micro-
filtration,*"** and others. These passive systems offer simplicity
of operation and low energy consumption.**¢ By utilizing the
designed microchannel structures, cells are not affected by
chemical components or subjected to physical damage, thereby
preserving their viability. Furthermore, the miniaturized oper-
ating platform facilitates chip parallelization,*** leading to
increased throughput and improved efficiency.

Some literature has discussed the columnar structures
within microchips, highlighting their high throughput, effi-
ciency, and ease of fabrication. For instance, H. M. Ji et al.*®
compared the capabilities of weir-type, column-type, cross-
flow, and membrane-based microfilters for separating white
blood cells and red blood cells in whole blood. They found
that the columnar structure exhibited higher throughput,
while the adoption of cross-flow reduced the issue of cell
clogging. Zheng et al.* studied the wake shape of fluid flowing
through different shaped microcolumns and found that a cell-
free layer formed near the microcolumn structure, which
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helped to intercept the flow of cells on one side of the flow
path.

Fluid flow in microchannels typically occurs in a laminar
manner, and mass transfer primarily relies on diffusion.** By
introducing complex structures within the channels, it is
possible to overcome the limitations imposed by diffusion on
mass transfer.*>** H. Amini et al.** analyzed the complex flow
patterns made by stream deformation about a series of single
cylinders in a microfluidic channel. Compared to other
shapes, cylindrical bodies facilitate the recombination of
fluid after splitting, thereby promoting transverse mass
transfer.

In this study, we incorporated a column array into an H-
shaped microfluidic chip and observed that compared to the
column-free configuration, the column array enhanced
convective mass transfer between two fluids while simulta-
neously capturing particles within one fluid, thereby enabling
particle collection and purification. By further optimizing the
positions and quantities of the columns, it was possible to
reduce the number of microcolumns while still satisfying the
requirements of mass transfer and particle interception,
thereby lowering device pressure drop and promoting stable
operation. Finally, experimental validation was conducted to
assess the optimized column array's mass transfer capability
and particle interception performance. Building upon the
concept of incorporating column arrays, the construction of
a multichannel parallel microfluidic network has the potential
to further enhance device throughput, thus expanding the
application prospects of microfluidic systems in clinical and
chemical engineering domains.

Theory and model

In a common H-type microfluidic chip, two fluids with high and
low concentrations flow in from the two inlets of the chip. The
flow state of the fluid is determined by the Reynolds number,*
which is a dimensionless parameter and is calculated by the
ratio of inertia force to viscous force.
Re = uk (1)
v
where u [m s™'] is the fluid flow velocity, L [m] is the charac-
teristic length of the flow field, v [m® s™'] is the kinematic
viscosity coefficient of the fluid. When Re is less than 2300, it is
laminar flow. In this study, the mass transfer section of the
microchannel has a length of 13 mm, width of 0.3 mm, and
depth of 0.1 mm, with a Reynolds number in the order of 0.1
when the flow rate is 10 pl min~". At low Reynolds numbers in
small channels, the flow exhibits Stokes flow characteristics
without obvious flow deformation.***® In a microfluidic
channel, two fluids flow in a laminar mannar, and solutes are
exchanged solely through diffusion at the flow interface,*>*’
with diffusive mass transfer occurring perpendicular to the flow
direction.
Diffusive mass transfer follows Fick's law and for the trans-
port of component 1 in a binary mixture of solutions 1 and 2
there are:
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Ji=-Dn o (2)
where j; [mol (m” s)™'] is the diffusive molar flux of component
1, which is the number of moles of component 1 passing
through the unit area perpendicular to the diffusion direction
in unit time. dC4/0x is the concentration gradient of the molar
concentration of component 1 (C; [mol m?]) in the diffusion
direction x [m]. Dy, [m® s7'] is the diffusion coefficient of
component 1 in the mixture. The diffusion of spherical mole-
cules in a dilute solution follows the Stokes-Einstein formula:

D]z = k—T (3)
67T, 1
where k is the Boltzmann constant, 1.3806 x 10 J K *. T[K] is
the temperature of solvent 2. u, [Pa s] is the dynamic viscosity of
solvent 2. r; [m] is the radius of solute.

The concentration difference between the two fluid inter-
faces drives the diffusive mass transfer, with a larger concen-
tration difference favoring more efficient mass transfer.
However, as flow and mass transfer proceed, the concentration
difference between the two fluids gradually decreases, resulting
in a decline in the level of mass transfer. The addition of
a column array at the interface of the two fluids causes the flow
of the two fluids to produce a lateral component, and the mass
transfer mode changes from a single diffusion mode to a binary
mode involving diffusion and convection. The basic equation
for convection mass transfer is:

n, = kclACl (4)

where n; [mol (m”> s)”'] is the relative mass molar flux of
component 1. k., [m s~ '] is the mass transfer coefficient, which
is related to the geometry of the interface, the physical proper-
ties of the fluid, the flow state and the concentration difference.
AC; [mol m™] is the difference between the concentration of
component 1 at the interface and the average concentration of
the fluid.

To examine the impact of a column on the mass transfer of
two fluids, two models were employed: one with a column
present in the mass transfer section and one without. The
dimensions of the mass transfer section and the positioning of
the column in the model are illustrated in Fig. S1(a).T Comsol
Multiphysics was utilized to simulate the flow and mass transfer
of the two fluids in the models with/without a column, respec-
tively. For consistency, a concentration of 10 mol m > and 0 mol
m solution were used as the inputs for the sample solution
and pure water, respectively, at a flow rate of 10 ul min~". The
diffusion coefficient of solute was set to 1.2 x 10™° m* s~ *
(standard condition). Uniform velocity and concentration
boundary conditions were applied to the inlets, while static
pressure conditions were used for the two outlets. By coupling
the laminar flow physical field with the dilute matter transfer
physical field, the concentration distributions in the transfer
section of the two models were obtained using a very fine
triangular mesh division, as depicted in Fig. 1(b).

The intersection point of the two fluids in the mass transfer
section was set as the zero point, with the length and width of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Facilitation of mass transfer using one column. (a) Schematic diagram of the chip. (b) Simulation results of the concentration distribution in
the mass transfer section without/with a column. (c) The variation of the sample-side solute concentration with the mass transfer length for

different models.

the mass transfer section serving as the horizontal and vertical
coordinates, respectively. The positive x-axis direction repre-
sented the flow direction of the fluid, while the positive y-axis
direction indicated the direction from the sample side to the
water side. Multiple transverse intercepts were taken at the
sample side of the mass transfer section, and the average
concentration of the intercept was calculated to obtain the
variation of the sample-side solute concentration with the
length of the mass transfer section, as shown in Fig. 1(c).

For the model without a column in Fig. 1(c), the removal rate
of small molecules initially increases and then decreases with
the length of the flow channel, and the position of the turning
point is 0.6 mm. This phenomenon is attributed to the greater
concentration difference between the two fluids in the inlet
section, which results in a stronger driving force for diffusion,*®
leading to a higher removal rate of small solute molecules.
However, as diffusive mass transfer progresses, the concentra-
tion difference between the two fluids near the flow interface
gradually diminishes, thereby weakening the mass transfer
driving force and causing a decline in the removal rate of small
solute molecules.

As demonstrated in Fig. 1(c), the removal of small molecules
from the outlet sample is 24.53% in the model without
a column. However, after adding a column in the middle of the
flow channel, the removal of small molecules increases to
27.65%, representing a 3.12% improvement. The presence of
the column creates a perturbation at the fluid interface, which
drives the lateral migration of small molecules from the sample
to the water.*

The column divides the two fluids and the two fluids
increase the flow rate due to the constriction of the flow
channel, as shown in Fig. S2(c).t The two fluids increased the
velocity component in the lateral direction after passing
through the column, resulting in the lateral migration of small
solute molecules towards the water side. Compared with the
model without column, the convection flux (y-component) of

© 2024 The Author(s). Published by the Royal Society of Chemistry

solute moving from sample side to water side before and after
the column is significantly increased, as shown in Fig. S2(d).t
Fig. S3(b)f shows the concentration distribution in the y
direction at the outlet of the mass transfer section of the two
models. It can be seen that the slope of the curve becomes
smaller and the mass transfer effect becomes better after the
addition of the column.

Further, the diffusion coefficient was increased by a factor of
ten or decreased by a factor of one-tenth to obtain the removal
rates of small molecules in the effluent samples from the model
without column and with one column, as shown in Table 1.

The results indicate that a higher diffusion coefficient leads
to improved mass transfer efficiency. The impact of diffusion
coefficient variation is more significant in the columnless
model, primarily due to the longer diffusion length in this
model. A smaller diffusion coefficient highlights the more
pronounced promoting effect of the column array on mass
transfer, indicating a higher contribution of convective mass
transfer.

Effect of column spacing on mass transfer

Enhancing convective mass transfer is a fundamental approach
to improve mass transfer efficiency. The addition of a column
array with equal spacing in the mass transfer section can peri-
odically perturb the flow interface and significantly enhance

Table 1 The impact of diffusion coefficient on the removal rate of
small molecules in different model samples

Clearance rate

Diffusion coefficient W/0 column W/1 column

D=12x10"% 45.50% 45.61%
D=12x10"° 24.24% 27.36%
D=12x10"" 19.67% 23.67%
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mass transfer between the two fluids. Fig. 2(a) illustrates the
mass transfer section with different numbers of columns, with
detailed dimensions provided in Fig. Si(b).t The solute
concentration distribution near the outlet of each model was
obtained via numerical simulation, as depicted in Fig. 2(b).

Fig. 2(c) displays the variation of sample-side solute concen-
tration along the mass transfer section with different column
spacings. For column spacings of 1537.5 um, 718.75 um, and 555
um, the number of columns in the array was 7, 15, and 19,
respectively. Compared with the model without a column, the
small molecule clearance of sample at the outlet increased by
12.15%, 13.21%, and 11.74%, respectively. In Fig. S3(c),T it is
also obvious that the longitudinal distribution of concentration
at the model outlet becomes smoother after the column array is
added. The incorporation of a column array reduces the effective
length of solute diffusion and sacrifices a portion of the diffusive
mass transfer. However, it increases convective mass transfer
and ultimately enhances mass transfer efficiency.

However, reducing the column spacing does not always
result in an increase in mass transfer efficiency. When the
column spacing is reduced from 1537.5 pm to 718.75 um, the
number of columns increases from 7 to 15, and the removal of
small molecules from the outlet sample only increased by
1.06%. This is mainly due to the fact that all columns are
located after the start of diffusive mass transfer deterioration,
resulting in a limited reduction in the length of diffusion, and
the gain from convective mass transfer is greater than the loss
from diffusive mass transfer, leading to an overall increase in
mass transfer. Further reducing the column spacing from
718.75 pm to 555 pum and increasing the number of columns
from 15 to 19, the small molecule removal from the outlet
sample decreased by 1.47% instead. This is because the first

(a) Uniformly-spaced

T (
INs (C=Cy) OUTs 22 o © \°
O I
\ S R = / N o /L
- I »¢L1 | © o o olo o
pr T Observation - . b
Ny (C=0) channel  ouT,, 21| oco0o0o0o0o0\o0o0o0
O

View Article Online

Paper

column in the equal column spacing model with d = 555 um (n
= 19) is located at 605 pm, which interferes with the two fluids
upstream in the efficient section of diffusive mass transfer.
Compared to the model with n = 15, the additional four
columns could not provide sufficient incremental convective
mass transfer to compensate for the diffusive mass transfer loss
caused by the first column.

In conclusion, adding a column array behind the efficient
diffusive mass transfer section (1-0.6 mm) can significantly
enhance convective mass transfer between the two fluids and
reduce the loss of diffusive mass transfer. However, varying the
column spacing in the column array with equal column spacing
has a limited impact on the mass transfer results. Furthermore,
regardless of the column spacing, both diffusive and convective
mass transfer between the two fluids gradually decrease over
time, implying that the promoting effect of subsequently added
columns on mass transfer is gradually weakened. Thus, it is
essential to redefine the position and number of columns in
order to fully leverage their potential and maximize their impact
on mass transfer efficiency.

Optimization of column position

At the initial contact between the two fluids, the concentration
difference near the interface is significant, resulting in a high
mass transfer rate where small molecules can easily diffuse
from the sample side to the water side. As the concentration
difference near the interface decreases, the mass transfer rate
through diffusion of small molecules decreases as well. At this
point, adding a column at the interface can create a lateral
velocity component after fluid flows through the column,
thereby enhancing mass transfer efficiency.
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Fig.2 Effect of column spacing on mass transfer. (a) Schematic diagram of the chip. (b) Simulation results of the concentration distribution near
the model outlet for different column spacing. (c) Variation of the sample-side solute concentration with mass transfer length for different

column spacing.
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As shown in Fig. 1(c), the diffusive mass transfer effect
begins to deteriorate significantly at a mass transfer section
length of 0.6 mm in the model without a column. Since the
presence of columns interferes with the diffusive mass transfer
of the two upstream fluids (e.g., the first column of Case 3 in
Fig. 2(c)), the center position of the first column circle was set as
(0.8, 0) (unit: mm).

Using a similar approach, the positions of columns in the
mass transfer section were determined one by one. Eventually,
the transverse coordinates of the five circle centers were ob-
tained as 0.8, 1.9, 5.2, 6, and 6.8 mm, respectively, resulting in
an optimized model with different column spacing (Fig. 3(a)).
The detailed dimensions of the optimized model are presented
in Fig. S1(c).t Simulation was conducted to obtain the concen-
tration distributions near the inlet of the mass transfer section
and each column of the optimized model, as depicted in
Fig. 3(b).

Fig. 3(c) presents the changes in sample-side solute
concentration along the length of channel after sequentially
adding five columns. The removal of small molecules from
sample at the outlet of the optimized model is 33.69%, which
represents a 9.16% increase compared to the model without
column (24.53%). Compared with the model with medium
column spacing in Fig. 2, the optimized model with different
column spacing only reduces the removal rate of molecules in
the sample by 2-4%. The results show that the pressure drops of
the 15- and 19-column equal column spacing models are 126 Pa
and 136 Pa, respectively, and the pressure drop of the optimized
model with different column spacing is 99 Pa, which is 21.43%
and 27.21% lower than the previous two models, respectively.
Therefore, by redesigning the column positions, the number of
columns contained in the column array can be reduced, and the
pressure drop within the model can be reduced while meeting

(a) Optimized spacing
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©
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the mass transfer requirements to ensure the safe operation of
the device.

Fig. 3(d) illustrates the changes in total mass transfer flux
between the two fluids with the length of the channel after
adding five columns sequentially. The mass transfer flux
increases rapidly after each column is added, which belongs to
the increment of convective mass transfer flux. The total diffu-
sion flux from sample to water in the mass transfer section
without columns is 61.98 mol (m” s)". The addition of the 1st
to 5th columns in the optimized column array results in
increments of total mass transfer flux of 2.61, 3.11, 2.09, 2.79,
and 1.8 mol (m” s) %, respectively. As shown in Fig. 3(c), the
optimized column array exhibits incremental removal of small
molecules of 1.92%, 3.87%, 1.29%, 1.8%, and 0.28% caused by
the 1st to 5th columns, respectively. The corresponding longi-
tudinal concentration distribution at the outlet is shown in
Fig. S3(d).T

The first column in the optimized column array disturbs the
flow interface of the two fluids and enhances the convective
mass transfer flux between them, but does not cause strong
mixing of the two fluids. As the fluids continue to flow through
the 2nd, 3rd, and 4th columns, the perturbations of the column
array superimpose and the mass transfer flux continues to
increase. However, the fifth column did not significantly
promote solute migration, because the concentration interface
between the two fluids becomes increasingly blurred with the
mass transfer process, and the driving force of diffusion mass
transfer decreased. At the same time, after passing through the
column, in addition to the solute of the sample side will move
laterally to the water side, similarly, a part of the solute origi-
nally entered the water side will also enter the sample side. In
other words, the promotion of solute migration from the high
concentration side to the low concentration side by the columns
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Fig. 3 Effect of column position on mass transfer. (a) Schematic diagram of the optimized column model. (b) Simulation results of the sample-
side solute concentration distribution within the optimized column model. (c) Variation of the sample-side solute concentration along the mass
transfer length after adding columns one by one. (d) Variation of the total mass transfer flux along the mass transfer length after adding columns

one by one.
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is only apparent when convection between the two fluids occurs
at the high and low concentration boundary. Continuing to
increase the number of columns would not significantly
promote convective mass transfer and would sacrifice diffusion
area. Therefore, the number of columns in the optimized
column array is determined to be five.

Effect of column array on particle interception

The flow of particles in both the columnless and optimized
models was simulated using COMSOL Multiphysics. In the
simulation, spherical particles with a diameter of 10 um (5
particles released every 0.05 s from 0 to 5 s) were introduced into
one inlet, while pure water was introduced into the other inlet.
The particle distribution in the two models was obtained by
simulation, as shown in Fig. 4(b). In the columnless model,
particles gradually move towards the center of the flow channel
after entering the main flow channel with the fluid and
converging with another fluid. This results in some particles
being easily lost to the fluid on the other side and ultimately
being lost from the outlet. Near the inlet of the optimized
model, when particles flow through the columns, particles near
the center of the flow channel collide with the columns and are
bounced back towards the sidewall. Other particles are gathered
by the constricted flow channel, causing them to move towards
the sidewall as a whole. From 3 to 5 s, five pictures were
superimposed to obtain a composite picture of particle distri-
bution in the optimized model, as shown in Fig. 4(c).

The number of particles was counted at the outlet of the
sample side of two models, respectively, and their percentage of
the total number of particles flowing out of the mass transfer

View Article Online
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section was obtained as a function of time, as shown in
Fig. 4(d). When the flow was stable, the percentage of particles
flowing out from the sample side in the columnless model
ranged from 62.5% to 65.3%. After adding the column array to
the main flow channel, the percentage of particles flowing out
from the sample side increased to approximately 95.5%.

Fig. 4(e) shows the distribution of particles at the outlet of
the main flow channel of two models, with the density profile of
particles along the flow channel width direction (y-axis) shown
in the margins. For the columnless chip, the peak density of
particles is located at 39.93 pm (y-direction), and the distribu-
tion range of particles is —24.13-143.71 um. After adding the
column array, the peak density is located at 111.96 um, which is
shifted 72.03 pm toward the sidewall, and the distribution
range of particles is reduced to 86.3-137.67 um. These results
indicate that the column array effectively intercepted the
particles.

Fig. 4(f) displays the distribution of 10 pm particles near the
inlet and outlet of the optimized model and 500 um after each
column. The peak density of particles distribution near the inlet
is located at 74.8 um, with a distribution range of 1.61 to 133.87
um. After passing through the five columns in sequence, the
peak density of particles distribution is shifted towards the
sidewall by 14.67, 12.2, 3.48, 2.67 and 5.69 pum, and is located at
89.47, 101.67, 105.15, 107.82, and 113.51 um, respectively. The
main distribution ranges of particles are 20.97-133.87, 58.11-
131.1, 70.41-131.63, 85.71-137.76, 89.58-143.75 um, respec-
tively. The peak density of particle distribution near the final
outlet is located at 117.3 pum, which is shifted towards the
sidewall by 42.5 um compared to the inlet. The distribution
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range of particles is narrowed to 93.33-131.67 um. After the
interception and convergence of the five columns, the particles
gradually move to the outer wall and finally flow out from the
same side.

Materials and methods
Fabrication of the microfluidic chips

The microfluidic chips were fabricated using soft-lithography
techniques.*® The design process mainly includes lithography
and pouring (ESI Fig. S471), and the lithography part was done at
the Micro- and Nano- Processing Centre of the University of
Science and Technology of China (Hefei, Anhui, China). First,
the columnless model and the improved columnar model with
different column spacing (hereinafter referred to as optimized
model) required by the experiment were drawn on the drawing
software (CleWin 5.2 Layout Editor). Then, a desktop mask-less
laser direct writing lithography machine (MicroWriter ML®3,
Durham Magneto Optics, UK) was used to lithograph micro-
fluidic channels on a silicon wafer uniformly covered with
a layer of photoresist (Micro Chem, SU-8 2050). The height of
the channels used in this experiment was 0.1 mm. The photo-
patterned silicon wafer was subsequently rinsed in a devel-
oper (Micro Chem, SU-8) to obtain the male mold required for
pouring.

A mixture of polydimethylsiloxane (PDMS, Sylgard®184
Silicone Elastomer) and curing agent (Sylgard®184 Silicone
Elastomer Curing Agent) with a mass ratio of 10: 1 was poured
onto the mold. The mixture was de-aerated using a vacuum and
then cured in an oven (DB-2A, China) at 80 °C for at least one
hour. The cured PDMS film was peeled from the mold, the inlet
and outlet were punched using a 0.5 mm punch. The surface of
the PDMS film with the patterns and the flat PDMS film were
activated using a plasma cleaner (PDC-MG, China), and then
bonded together to form the final microfluidic chip.

Experimental solution preparation

For the small molecule mass transfer experiment, 70 kDa FITC-
Dextran (X10927, XYbio, Hangzhou, China) was used, which
exhibits yellow-green fluorescence with an excitation wave-
length of 493 nm. FITC-labeled dextran is a widely used fluo-
rescent tracer in small molecule mass transfer experiments due
to its advantageous properties such as good permeability,
stability, and easy accessibility. A fluorescence solution with
a concentration of 0.15 mg ml~" was prepared by dissolving
FD70 powder in pure water. The FD70 solution and pure water
were introduced into two inlets, and the diffusion of small
molecules in the microchannel could be observed by a fluores-
cence microscope in dark field.

In the particle interception experiment, the polymethyl
methacrylate (PMMA) microspheres (FANU003O, Rigor, Wuxi,
China) with diameters of 3 and 10 pm were used, and the
concentration of solid dispersion is both 1 wt%. Their SEM
images are shown in Fig. S5.1 The particle sizes of both 3 pm
and 10 pm microspheres in the dispersions are highly uniform.
For 10 um microspheres, the dispersion was mixed with pure

© 2024 The Author(s). Published by the Royal Society of Chemistry
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water at a ratio of 4 : 6 to prepare the particle suspension. Due to
the small diameter of the 3 pm microspheres and their high
concentration in the dispersion solution, they were mixed with
pure water at a ratio of 1:10. In the experiment, the particle
suspension and pure water were respectively introduced into
two separate inlets. To distinguish the two fluids, red food dye
was added to the particle suspension and blue food dye was
added to the pure water. The flow of particles was observed
under bright-field microscopy.

Experimental process

For the mass transfer experiment, the FD70 solution and pure
water were introduced into the microfluidic chip using an
injected syringe (LSP02-2B Dual Channels Syringe Pump) at
a flow rate of 10 ul min~"'. In the dark field, the movement of
small molecules in the mass transfer section from high
concentration side to low concentration side was observed with
a camera (OLYMPUS DP72, Japan) under an inverted fluores-
cence microscope (OLYMPUS IX81, Japan). Image were
acquired using the built-in software (CellSens Dimension soft-
ware with an accuracy of 0.01 pm) after the flow had stabilized.
Image analysis and post-processing were performed with
Image] software.

For the microsphere interception experiment, the 10 pum
microsphere suspension and pure water were introduced into
the microfluidic chip at a flow rate of 10 ul min~', while the 3
um microsphere suspension and pure water were introduced at
a flow rate of 3 ul min™" to facilitate clear observation of the
microsphere flow trajectory. The flow of microspheres was
observed under a microscope (PH100-3A41L-EP, China) with
a camera (JT-105, China) in bright-field. Images were captured
after the flow had stabilized, and image analysis and post-
processing were performed using GetData Graph Digitizer
software.

Results and discussion

Verification of the facilitation effect of optimized columns on
mass transfer

To evaluate the effectiveness of fluid-to-fluid mass transfer
facilitated by the column array, experiments were conducted
using a columnless chip and an optimized chip, as shown in
Fig. 5(a). One inlet was supplied with a high concentration fluid
(0.15 mg ml™' of FD70 solution), while the other inlet was
supplied with a low concentration fluid (pure water). The two
solutions were introduced into the microfluidic chip at a flow
rate of 10 ul min~" and converged at the inlet of the mass
transfer section, flowing along the length of the section. Fluo-
rescent small molecules diffused from the high concentration
side to the low concentration side, and the waste fluid was
collected in a container. After the flow reached stability, fluo-
rescence images of the inlet and outlet of both the columnless
chip and the optimized chip were captured, as shown in
Fig. 5(c). Fig. 5(d) shows the fluorescent substances near the five
columns in the optimized chip. It was observed that when the
two fluids flowed through the column, a greater amount of
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sample side of the two chips with the mass transfer length.

fluorescent substances entered the low concentration side from
the high concentration side.

Multiple intercept lines parallel to the y-axis were taken at
the high concentration side in the mass transfer section. The
grayscale average of each intercept line was obtained by Image]
processing and scaled into the concentration average to deter-
mine the variation of sample concentration along the channel
in both the columnless and optimized chips.

The experimental results in Fig. 5(e) demonstrate a similar
trend to the simulation results, where the mass transfer effi-
ciency between the two fluids is high and the sample concen-
tration decreases rapidly near the inlet of both the columnless
and optimized chips (approximately 0-0.6 mm, before the
position of the first column). However, with the inclusion of
columns, the mass transfer efficiency of the two chips differs.

Due to the diffusive mass transfer of the two fluids at the flow
interface, the concentration difference between the two sides of
the interface gradually decreases, resulting in a weak mass
transfer driving force and slow sample concentration drop. In
the optimized chip, when the mass transfer efficiency between
the two fluids begins to decrease, the added column diverts the
two fluids, and the shrinking flow channel increases the flow
velocity of the two fluids. They meet again at a certain angle
after passing through the column. Some small molecules in the
sample migrate to the pure water side following the lateral flow
velocity generated by the fluid, resulting in a significant

1736 | RSC Adv, 2024, 14, 1729-1740

decrease in the sample concentration after passing through
each column. In the optimized chip, the removal amount of
small molecules at the outlet of the sample side increased by
9.16% (SIM) and 15.06% (EXP) compared to the columnless
chip. These results indicate that the presence of the column
array effectively enhanced the mass transfer between the two
fluids.

Verification of particle interception effect by optimized
columns

To verify the interception effect of the optimized column, 10 pm
PMMA microspheres were passed into the sample side of the
chip, as shown in Fig. 6(a). After a period of time, the micro-
sphere distributions at the inlet and outlet of two chips were
obtained, as shown in Fig. 6(c). The distribution of micro-
spheres near each column in the optimized chip is shown in
Fig. 6(d). The position information of the microspheres in the
images was obtained using GetData.

Fig. 6(f) shows the distribution of microspheres at the outlet
of the main flow channel of two chips, with the density profile of
microspheres along the flow channel width direction (y-axis)
shown in the margins. For the columnless chip, the peak
density of microspheres is located at 20.15 um (y-direction), and
the distribution range of microspheres is —64.16-134.05 um.
After adding the column array, the peak density is located at

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6

Interception of 10 um particles by column arrays. (a) Schematic diagram of the particle experiment. (b) Simulation results of particle flow

near the inlet and outlet of the columnless chip and the optimized chip at 3 s. (c) Distribution of 10 um microspheres near the inlet and outlet of
the two chips in the experiment. The scale bars denote 200 um. (d) The distribution of 10 pm microspheres around each column of the optimized
chip in the experiment. The scale bars denote 200 pm. (e) Particle number percentage vs. time of different models (simulation results). (f)
Distribution pattern of 10 pm microspheres around the outlet of the two chips (experimental results). (g) Distribution pattern of 10 um micro-
spheres along the main channel of the optimized chip (experimental results).

120.16 pum, which is shifted 100.01 pm toward the sidewall, and
the distribution range of microspheres is reduced to 48.1-
144.76 pm. The column array converged the microspheres near
the outer wall surface, thereby maintaining the flow on the
sample side and avoiding loss from the pure water side.

Fig. 6(g) displays the distribution of 10 pm microspheres
near the inlet and outlet of the optimized chip and 300 um after
each column. The peak density of microsphere distribution
near the inlet is located at 51.13 pm, with a distribution range of
—30.63 to 135.21 pm. After passing through the five columns in
sequence, the peak density of microsphere distribution is
shifted towards the sidewall by 7.01, 20.82, 7.2, 7.46, and 10.92
um, and is located at 58.14, 78.96, 86.16, 93.62, and 104.54 pm,
respectively. The main distribution ranges of microspheres are
—16.9-138.38,21.59-139.18, 22.89-135.34, 58.88-129.01, 62.77-
120.8 um, respectively. The peak density of microsphere
distribution near the final outlet is located at 108.5 um, which is
shifted towards the sidewall by 57.37 um compared to the inlet.
The distribution range of microspheres is narrowed to 51.56-
138.8 pm. Thus, it can be observed that microspheres accu-
mulate towards the sidewall due to the contraction of the flow

© 2024 The Author(s). Published by the Royal Society of Chemistry

channel and the collision with the column during each flow
through the column.

The results obtained by replacing the sample with a solution
of 3 um microspheres are presented in ESI Fig. S6.1 It is worth
noting that the total diffusion coefficient has a linear relation-
ship with particle concentration.** The 3 um microspheres have
a smaller diameter and a higher concentration, making them
more prone to lateral spreading. Although the aggregation and
interception effect of the column array is not as significant as
that of 10 pm microspheres, it can still effectively reduce the
loss of microspheres.

Effect of flow rate on mass transfer

The inlet flow rates of the two solutions were varied to 5, 10, and
15 pl min~*, and the flow interface of the two fluids remained
stable. Numerically simulated concentration distribution and
fluorescence experimental images near the outlet of two models
were obtained, as shown in Fig. 7(b) and (c), respectively.

In the columnless chip, the transfer of small molecules
between the two fluids depends solely on diffusion. In contrast,

RSC Adv, 2024, 14, 17291740 | 1737
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two chips at different flow rates.

there are both diffusion and convection between the two fluids
in the optimized chip. Fig. 7(d) shows the numerical results of
the sample-side solute concentration variation with mass
transfer length in two models at different flow rates. With an
increase in the inlet flow rate, the small molecule removal from
the sample at the outlet of the optimized model increases by
6.83%, 9.16%, and 10.09%, respectively, compared to the col-
umnless chip.

Fig. 7(e) presents the experimental results, which indicate
that with an increase in the inlet flow rate, the small molecule
removal within the sample in the optimized chip increases by
10.91%, 15.06%, and 12.33%, respectively, compared to the
columnless chip. The numerical simulations and experimental
results both demonstrate that the presence of the column array
significantly enhances the convective mass transfer from the
sample side to the pure water side. However, the change in flow
rate does not significantly affect the facilitation effect of the
column array on the mass transfer of the two fluids.

To investigate the effect of flow rate on diffusive mass
transfer, the variation of small molecule scavenging in the col-
umnless chip was analyzed at different flow rates (indicated by
dashed lines). With an increase in flow rate, the small molecule
removal on the sample side decreased, with values of 29.30%,
24.53%, and 22.70% in the numerical simulation results shown
in Fig. 7(d), and 29.92%, 25.34%, and 21.82% in the experi-
mental results shown in Fig. 7(e), respectively. This indicates
that flow rate has a significant effect on diffusive mass transfer,

1738 | RSC Adv, 2024, 14, 1729-1740

and low flow rates are more favorable for diffusive mass trans-
fer. This trend is consistent with the results obtained by other
researchers.*

Conclusions

The incorporation of a column array in microfluidic chips plays
a crucial role in enhancing the mass transfer between two fluids
as well as enriching the particles. In this study, we introduced
a column array along the centerline of the channel in an H-type
filter. Through numerical simulations, it was observed that the
addition of the column led to a reduction in the effective
diffusion area of the solute. However, the presence of the
column induced a lateral fluid flow component, resulting in
a shift from a single diffusion mode to a binary mode of
diffusion and convection between the two fluids. This transition
facilitated the migration of solute from the sample to the pure
solution. By adjusting the position of the column to the point
where the mass transfer between the two fluids starts to dete-
riorate, the inhibitory effect of the column on diffusion mass
transfer was minimized, thereby maximizing the mass transfer
efficiency. The optimized column array, with fewer columns,
fulfills the requirements for enhanced mass transfer and
particle interception, resulting in reduced device pressure drop
and facilitating the preparation of parallelized devices.

The fabrication of both a columnless chip and an optimized
chip with five columns was accomplished using soft lithography

© 2024 The Author(s). Published by the Royal Society of Chemistry
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techniques. Experimental investigations were conducted using
FD70 fluorescent small-molecule mass transfer experiments
and PMMA microsphere interception experiments. The results
demonstrated that the incorporation of column arrays in the
chip effectively enhanced the movement of small molecules
from the high-concentration side to the low-concentration side,
with lower flow rates exhibiting a higher propensity for diffusive
mass transfer. Furthermore, the microsphere interception
experiments revealed that smaller microsphere diameters and
higher concentrations increased the likelihood of microspheres
crossing the centerline of the flow channel and being lost to the
opposite fluid side. However, the introduction of column arrays
effectively intercepted the microspheres, redirecting them
towards the sidewalls of the flow channel and preventing their
loss.

Although this paper presents simulation and experimental
results demonstrating the enhanced mass transfer capabilities
of the column array, further investigations are warranted to
explore the impact of column array parameters such as shape,
size, and other factors on device performance. Additionally, the
optimization method for determining column positions offers
a means to achieve high mass transfer efficiency while reducing
device pressure drop, providing valuable insights for con-
structing microfluidic chip networks based on the flow channel
units with column arrays. Through continuous adjustment and
refinement, the device can be used to accelerate chemical
reactions, achieve efficient and portable membraneless dialysis,
and facilitate the removal of protective agents prior to the
infusion of cryopreserved stem cells.
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