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Abstract

Haematococcus pluvialis (H. pluvialis) is a critical natural source of astaxanthin, recognized for its potent antioxidant
capacity, anti-inflammatory properties, and ability to suppress the proliferation of breast and skin cancer cells. The size
difference between microalgae such as Chlorella vulgaris (C. vulgaris) and Haematococcus pluvialis (H. pluvialis), coupled
with their high research value, makes size-based separation of microalgae essential for efficient extraction of valuable
species and advancing directed algal evolution. In this study, we introduce an innovative method utilizing microfluidic
devices that integrate spiral channels with contraction-expansion channels. We systematically examine how variables
such as flow rate, cell concentration, cell size, and three distinct coupling configurations impact cell sorting. Our results
highlight that each coupling configuration of the spiral and contraction-expansion channels exerts unique control
over sorting performance, offering promising new approaches for optimizing microchannel design.

Introduction

In freshwater ecosystems, Chlorella vulgaris (C. vul-
garis)' > and Haematococcus pluvialis (H. pluvialis)*® are
two algae species of great research value®”. C. vulgaris is
one of the earliest algae to be utilized for protein pro-
duction and remains one of the most widely cultivated
species in the global microalgae industry. In contrast, H.
pluvialis is renowned as the premier natural source of
astaxanthin. Astaxanthin is a highly potent natural anti-
oxidant with notable biological functions, including free
radical scavenging, anti-aging, anti-tumor properties, and
immune modulation. The separation of C. vulgaris, which
is rich in algal protein, from H. pluvialis, abundant in
astaxanthin, is a key area of interest in both microalgal
biology and food chemistry research (Fig. 1).

Traditional microalgal cell sorting techniques®
mainly include micropipette sorting, spread plate method,
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differential centrifugation, and flow cytometry. In fresh-
water systems, C. vulgaris and H. pluvialis engage in
nutrient competition, and both microalgal cells are prone
to forming similar green colonies, making colony differ-
entiation challenging. To better study individual algae, it
is necessary to separate these two species. However, tra-
ditional microalgal cell sorting methods have some
drawbacks, such as susceptibility to environmental con-
ditions and growth states, small differences between clo-
sely related species, slow sorting speeds, and the
requirement for specialized operational skills and expen-
sive laboratory equipment.

Various high-throughput, high-precision, and cost-
effective microfluidic methods have been developed for
cell separation. Some of these methods employ external
physical fields, such as dielectrophoresis’'~*°, magneto-
phoresis®®~*3, and acoustophoresis®* ™%, While effective,
these techniques can expose cells to additional external
stimuli and often involve complex fabrication and large
experimental setups. In contrast, alternative methods
leverage intrinsic microchannel structures for separation,
such as inertial focusing®~> and elastic inertial focus-

mg%’sg. Inertial microfluidics, unlike elastic focusing,
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does not rely on complex viscoelastic sample preparations
or external force fields, instead utilizing microchannel
design alone to achieve efficient cell sorting. In inertial
focusing and sorting, particle size is a key parameter, with
the critical separation threshold determined by the aspect
ratio, which is the ratio between particle size and the
microchannel’s hydraulic diameter®. Inertial micro-
fluidics**~** has garnered significant attention in the field
of biological particle separation due to its notable
advantages of simple structure, low cost, label-free
operation, and high-throughput processing. Its core
mechanism lies in the secondary flow induced by the
channel geometry. Specifically, within the microscale flow
field, the complex interplay (i.e., the hydrodynamic effect)
between the inertial lift force and the Dean drag force
drives particles to undergo lateral migration, ultimately
focusing them at specific equilibrium positions. Within
this technological framework, spiral channels are one
representative structure for achieving high-throughput
separation. Notably, although studies have reported that
spiral channels with trapezoidal cross-sections can offer
higher separation efficiency, their complex fabrication
processes have limited their widespread application®*°.
Contraction-expansion arrays (CEAs)*>®"  constitute
another important class of inertial microfluidic structures.
Symmetric CEA channels can achieve efficient particle
separation by utilizing secondary flows induced by

periodic channel variations. However, the throughput of a
single symmetric CEA channel is typically lower than that
of spiral channels. Therefore, achieving high-throughput
separation often requires operating multiple channels in
parallel. On the other hand, asymmetric CEA channels
generally fail to achieve ideal separation performance
without the assistance of focusing sheath flow.

Recent advances®”*>~** in microfluidic separation have
prioritized hybrid integration strategies combining inertial
effects with complementary passive or active mechanisms
to enhance performance metrics and application scope.
The synergy between inertial prefocusing and determi-
nistic lateral displacement (DLD) has demonstrated high-
purity rare-cell isolation by merging their respective
throughput and precision advantages. For instance, Nan
Xiang et al.°> developed a two-stage i-DLD chip incor-
porating a spiral inertial channel with DLD pillars,
achieving continuous size-based separation. This design
leveraged the first-stage spiral unit to remove background
blood cells at high flow rates, while the second-stage tri-
angular DLD array eliminated residual cells, yielding high-
purity tumor cell recovery. Similarly, Naotomo Tottori
et al.®® implemented sheathless DLD separation by pre-
focusing particles along straight rectangular channels via
inertial forces, eliminating dependency on sheath flows
and minimizing lateral focusing length. Integration with
active physical fields further enhances performance.
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Concurrently, cascaded inertial architectures—such as
serial spiral channels or contraction-expansion arrays
(CEAs)—enable multi-step fractionation. Tatsuya Tanaka
et al.%” attained 85% recovery and 120-fold enrichment of
cancer cells from RBC suspensions using a multi-stage
straight-channel device, while Aynur Abdulla et al
achieved >73% accuracy for dual tumor cell types (A549/
MCE-7) via cascaded spiral and zigzag channels. Hui-
Sung Moon et al.’® further demonstrated 88.8—98.9%
breast cancer cell separation efficiency using a triple-stage
CEA system. In contrast to modular assemblies, Al-
Halhouli et al.*” introduced embedded microcavities at
spiral channel exits for enhanced spatial resolution.
However, current approaches predominantly adopt
modular assembly of functionally distinct units, lacking
deep coupling of co-optimized channel geometries that
exploit synergistic fluidic effects. Fundamental investiga-
tions into structural hybridization of co-dominant inertial
mechanisms—such as integrated spiral-CEA units where
Dean drag and lift forces interact constructively—remain
scarce. Shahraki et al.”’ numerically demonstrated that
trapezoidal spiral channels with embedded smooth or
steep CEA structures can significantly enhance separation
performance under idealized conditions. However, their
work lacked experimental validation in biological systems,
which we address through real-world testing on flexible
microalgae of varying sizes. This gap impedes device
miniaturization and limits performance ceilings achiev-
able through fluid-dynamic synergy.

Herrmann et al.”" provided a comprehensive review on
spiral inertial devices for bioprocess intensification,
highlighting their scalability and passive sorting advan-
tages. Yet, few designs explored hybrid geometries or
tunable structural integrations relevant to multi-species
microalgal separation, particularly under dynamic growth
conditions. Our prior research®® demonstrated that
effective separation between larger and smaller particles
in spiral microchannels occurs only when the blockage
ratio exceeds a critical threshold. For microalgae cell
separation—where cellular dimensions are predetermined
—the design of coupled-channel architectures must still
account for this fundamental geometric constraint.
However, in most existing microfluidic devices, spiral
channels and contraction-expansion units have been
predominantly assembled independently or implemented
as repetitive modules without structural integration.
Consequently, design considerations for these two distinct
channel typologies are typically addressed in isolation,
with minimal attention devoted to co-optimizing their
parameters to achieve efficient microalgal sorting.

Magalhdes et al.’”? attempted early enrichment of
harmful marine microalgae using single spiral channels.
While relevant for environmental sensing, their design
lacked size-selectivity for heterogeneous populations and
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was not validated on freshwater algae such as C. vulgaris
or H. pluvialis. Our novel microfluidic architecture
employs global coupling of spiral and contraction-
expansion units rather than conventional serial config-
urations, achieving enhanced Dean vorticity through
abrupt cross-sectional transitions that amplify lateral
migration distances of microalgae >15 um. This contrasts
with existing composite channels primarily optimized for
fixed particle sizes, which lack adaptability to biological
dimensional variations. Crucially, dynamic flow regulation
enables real-time balance between Dean vortices and
inertial lift forces, permitting continuous size-adaptive
sorting throughout the microalgal growth cycle
(10-25 pm). The synergistic interplay of these mechan-
isms establishes a tunable separation threshold unattain-
able in modularly assembled systems. This study
introduces three novel coupling strategies that integrate
spiral and contraction-expansion microfluidic channels to
separate particles of varying diameters. We systematically
examine how flow velocity, cell concentration, cell size,
and the three coupling configurations impact cell sorting.
Our findings indicate that the different coupling methods
of spiral and contraction-expansion channels exhibit dis-
tinct effects on cell sorting efficiency. Building on this, the
paper aims to innovate beyond existing splicing-based
sorting techniques, focusing on miniaturization and
achieving high-precision, sheathless, label-free microalgal
cell separation using these three coupling configurations.
To the best of our knowledge, this is the first report
employing inertial microfluidic technology with three
distinct channel coupling methods for microalgal cell
sorting.

Materials and methods
Chip design and fabrication

The three coupled microchannel designs consist of a
two-loop spiral microchannel integrated with three dis-
tinct types of contraction-expansion channels. The device
features a single sample inlet and two outlets, with an
initial spiral radius of 5 mm to ensure structural integrity.
The spiral microchannel, with a rectangular cross-section,
is connected to the contraction-expansion channels in
three unique configurations. The width of the channels
was carefully selected based on the design requirements of
the contraction-expansion regions. The contraction and
expansion chambers are designed with a 5° taper, and the
ratio of the arc lengths of adjacent contraction and
expansion chambers is approximately 1:1. As the number
of loops in the Archimedean spiral increases, the arc
length of the contraction-expansion chambers also grows,
maintaining a consistent angular increment. The con-
traction chambers are designed with a width of 50 pm,
while the expansion chambers are 200 um wide. To
ensure precision in fabrication, the height of the channels
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is fixed at 50 um. Thus, the contraction chamber cross-
section measures 50 um x 50 um, and the expansion
chamber cross-section measures 200 um x 50 um. Further
details on the design process can be found in the Sup-
porting Information, S1.

Preparation of fluorescent polystyrene microsphere
samples

Fluorescent polystyrene microspheres with diameters of
5 um and 15 pm were chosen to simulate C. vulgaris and
H. pluvialis, respectively. The microspheres were sus-
pended in ultrapure water with 1wt% Tween-20 (Sar-
torius arium pro & advance) and sonicated to ensure a
monodisperse suspension. The detailed design and pre-
paration  process are outlined in  Supporting
Information, S1.

Cell culture and sample preparation

C. vulgaris and H. pluvialis (in their active growth
phase) were procured from Shanghai Guangyu Biological
Technology Co., Ltd. and cultured under standardized
conditions. H. pluvialis presents as motile, ellipsoidal
cells, exhibiting an average maximal linear dimension of
approximately 15 um, whereas C. vulgaris is characterized
by its more regular, spherical morphology, with a mean
diameter of around 5 um. Following initial preparation,
both algal species were individually suspended in pre-
formulated PBS solutions. Subsequently, the two sus-
pensions were combined in a single test tube, thoroughly
homogenized, and supplemented with sorbitol solution to
facilitate subsequent experimental procedures.

Experimental procedure

The collection and preparation of both algal species
were carried out first. Next, the microfluidic device was
secured on a custom-made holder, and particle or cell
suspensions were introduced using a syringe pump,
maintaining a steady flow rate between 1 and 400 pL/min.
The entire setup was placed on the stage of an inverted
microscope equipped with a high-speed camera, allowing
real-time monitoring and recording of the sample flow
through the microchannels. Image analysis was performed
using the open-access software Image] to overlay images,
visualizing the position and trajectory of the samples.
Finally, cell counting of the outlet solutions was con-
ducted using a hemocytometer and an inverted micro-
scope (Olympus IX73, Japan) (Fig. 1).

Analysis of focusing and separation performance

The separation efficiency is comprehensively evaluated
through two principal metrics, purity (EP) and recovery
rate (ER). Purity (EP) is defined as the ratio of target cells
collected at outlet i to the total cellular population
extracted from that specific outlet, expressed as EP =
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N, (outleti)/Nyou(outleti). Recovery rate (ER) quantifies
the proportion of target cells successfully retrieved from
outlet i relative to the total target cells initially introduced
at the inlet, calculated as ER = N, (outleti)/N (inlet). Given
that the separation techniques based on three distinct
coupled microchannel configurations are specifically
designed for algal cell isolation, cell viability serves as a
critical metric for analysis. To assess the viability of
microalgal cells before and after separation, trypan blue
staining was employed to evaluate cell health. Simulta-
neously, the separated microalgae were cultured for fur-
ther analysis. Each test tube containing isolated algal cells
was supplemented with an appropriate volume of culture
medium to ensure sufficient nutrients for C. vulgaris and
H. pluvialis. The microalgal suspensions collected from
different outlets were incubated under initial conditions at
23°C for 7 days, with periodic shaking every hour to
prevent cell sedimentation and promote uniform growth.

Results and discussion

Separation of fluorescent polystyrene microspheres in
single-sided coupled spiral contraction-expansion
channels

In the study of particle migration within spiral
contraction-expansion single-sided coupled channels, we
meticulously examined the dynamics by considering
pivotal factors such as particle size and flow velocity. This
analysis was instrumental in preparing the system for the
separation of actual microalgal samples. We conducted an
exhaustive characterization of the inertial migration
within microchannels, employing fluorescent polystyrene
particles that closely matched the dimensions of the
target algal cells. This approach enabled a systematic
evaluation of particle trajectories, which in turn allowed
us to optimize the microfluidic parameters critical for
subsequent biological applications. Our findings enhance
the understanding of particle behavior in complex
microfluidic environments. Additionally, they pave the
way for more efficient microalgae separation techniques,
holding significant implications for the biotechnological
applications in algal research and processing.

Building on the simulation results, we carried out
experimental studies to examine the inertial separation
behavior of microspheres with varying diameters using
optimized chip designs. The detailed simulation are out-
lined in Supporting Information, S1. Fluorescently labeled
polystyrene microspheres were employed to facilitate clear
observation of their trajectories. The particles, once focused
into a single trajectory, followed an empirical relationship
expressed as a,// > 0.07, demonstrating that the selected
microspheres were capable of achieving inertial focusing
and reaching a steady-state flow. To determine the optimal
flow rate, we injected two types of fluorescent microspheres
into the microchannels at different flow rates.
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In the initial curved regions near the channel inlet,
particles of varying sizes demonstrated homogeneous
distribution across the cross-section without any sig-
nificant focusing effect. However, as the particles navi-
gated through the subsequent loops, they progressively
converged towards their equilibrium positions. To mimic
the movement of C. vulgaris within the microchannels, we
employed fluorescent polystyrene microspheres with a
diameter of 5 um. As shown in Fig. 2, optimal focusing,
characterized by single-line alignment, was achieved at
flow rates of 50 uL/min, 100 uL/min, and 150 pL/min. At
higher flow rates of 200 puL/min and 300 puL/min, the
focusing pattern diminished, leading to a dual-line
focusing phenomenon. At the flow rate of 400 uL/min,
the particles failed to focus effectively, with the majority
being diverted to the second outlet and a minor fraction
to the first. These observations provide critical insights
into the flow rate-dependent behavior of particles within
the microchannels, which is essential for refining the
separation process.

Utilizing the fluorescence analysis of 5pum fluorescent
polystyrene particles as a reference, we systematically
varied the flow rates from 100 to 400 uL/min in incre-
ments of 100 puL/min to study the behavior of 15pum
fluorescent polystyrene particles within microchannels,
thereby simulating H. pluvialis. As shown in Fig. 3, our
experimental findings indicate that the 15pum particles
achieved precise focusing at flow rates of 100 uL/min,
200 pL/min, 300 pL/min, and 400 puL/min, culminating in
a distinct single-line focus. Notably, at a flow rate of
100 pL/min, all 15 um particles were directed to the first
outlet, whereas at 200 puL/min, 300 uL/min, and 400 uL/
min, the particles were consistently diverted to the second
outlet. This analysis of the focusing behavior across both
particle sizes suggests that the optimal flow rate for the
separation of mixed particles falls within the range of 100
to 200 pL/min. The maintenance of stable equilibrium
positions for the particles across a diverse array of flow
rates substantiates the reliability of our device design.

Microalgae separation in spiral contraction-expansion
single-side coupled channels

The focusing experiments using 5um and 15um
fluorescent polystyrene particles offer valuable insights for
optimizing the focusing of the two microalgae species.
Unlike commercial polystyrene microspheres with con-
sistent sizes, microalgae cells exhibit substantial size
variability due to differences in growth stages and culture
conditions. For instance, H. pluvialis can range in size
from 10 um to 25 pm. To examine the focusing behavior
of the two microalgae species, individual cells were
introduced into the microchannel under identical condi-
tions, with flow rates varying from 100 pL/min to 400 uL/
min.
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Given the rapid growth cycle and high proliferation rate
of H. pluvialis, we explored the impact of concentration
on its focusing behavior. Detailed information regarding
the concentration analysis can be found in the Supporting
Information (C. vulgaris concentration factor section).
Upon examining the focusing effects across different
dilutions, we found that an 8X dilution of H. pluvialis
exhibited a similar focusing pattern to that of 5um
fluorescent polystyrene particles. As illustrated in Fig. 4, at
a flow rate of 100 pL/min, H. pluvialis demonstrated
effective focusing, forming a clear, single-line focus with a
narrow focus width, with all particles exiting through the
first outlet. At 200 uL/min, the focusing behavior shifted,
resulting in bifocal flow through both outlets. A broader
focus band appeared near the outer wall at the first outlet,
labeled as i and ii in Fig. 4(b), while a thinner focus band
formed along the inner wall at the second outlet, labeled
iii. A similar bifocal pattern was observed at 300 pL/min,
though the outer focus band at the first outlet became
thinner (labeled i), and the inner focus band at the second
outlet grew thicker (labeled ii and iii in Fig. 4(c)). At
400 pL/min, unlike the 5um polystyrene particles, H.
pluvialis produced a more concentrated focus line at the
first outlet, attributed to the combined effects of vortex-
induced lift and Dean forces.

Based on the observed focusing behaviors of the two
fluorescent polystyrene microspheres and the two
microalgal species across various flow rates, mixed
microalgae samples were successfully sorted. By analyzing
the focusing effects of the two cell types at different flow
rates, 200 pL/min was identified as the optimal flow rate
for higher separation efficiency. Figure 5 illustrates
Microalgae  separation  dynamics  within  spiral
contraction-expansion  single-side coupled  micro-
channels. In Fig. 5(a) depicts structural overview and
schematic of the spiral contraction-expansion single-side
coupled microchannel, designed for efficient microalgae
separation. In Fig. 5(b), the particle trajectories at the
outlet of the spiral and contraction-expansion coupled
microchannel are displayed, showing the clear separation
of C. vulgaris and H. pluvialis into the first and second
outlets, respectively. Figure 5(c) presents a grayscale
image of the particle trajectories at the outlet, allowing for
a quantitative analysis of the grayscale values along the
M-M line from Fig. 5(b). The lateral migration of C.
vulgaris resulted in its equilibrium position being pre-
cisely localized 96 pum from the upper boundary of the
microchannel, while H. pluvialis achieved stable focusing
at a significantly greater distance, positioned 239 pm from
the same reference boundary.

In addition to visual confirmation using high-speed
cameras, the performance of the spiral contraction-
expansion single-side coupled sorting microchannel can
also be assessed in terms of cell purity and the cells’ ability
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to be re-cultivated, providing practical validation of its  systematically harvested from both outlets for subsequent
efficacy. Under the optimized operational parameters, quantitative analysis. The cellular concentrations of C.
specifically at a flow rate of 200 uL/min, aliquots were  vulgaris and H. pluvialis were meticulously quantified
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within the collected effluents, enabling precise determi-
nation of total cell counts and facilitating the assessment
of microalgal purity at each respective outlet. As shown in
Fig. 5(d, e), C. vulgaris cells collected from outlet 1
achieved a purity of 100%, while H. pluvialis cells from
outlet 2 showed a purity of 76.5%. The lower purity at
outlet 2 can be attributed to two main factors: first, some
C. vulgaris cells adhered to the focusing pattern at outlet 2
under the 200 pL/min flow rate; second, the rapid division
rate of C. vulgaris increased its cell concentration, which
led to more particle collisions and irregular particle
motion.

The single-sided coupling of the spiral and contraction-
expansion channels can subject microalgal cells to

considerable pressure and shear stress at high flow rates,
potentially leading to cell damage. As a result, the cells’
ability to regrow after separation becomes a critical per-
formance indicator. To assess regrowth capability, sepa-
rated algal cells were reseeded into fresh culture media.
After 7 days of incubation, the regrowth of both C. vul-
garis and H. pluvialis was observed, as depicted in Fig. 5(f)
and (g). Both species showed healthy growth, with H.
pluvialis maintaining sustained viability. The movement
trails of H. pluvialis were clearly visible in the images,
providing evidence that the cells remained undamaged
during the separation process.

Following the preparation of C. vulgaris and H. pluvialis
cell samples, 10 pL of each suspension was analyzed using
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growth potential of the separated microalgae species post-separation
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Fig. 6 Separation efficiency of microalgae in spiral contraction-expansion double-sided coupled channels. a Depicts the structural framework
and a schematic diagram of the spiral contraction-expansion double-sided coupled microchannel, showcasing its innovative design for microalgae
separation. b Presents the separation of mixed microalgae species through the channel at flow rates of 150 pL/min and 200 uL/min, demonstrating
the channel’s capability to discriminate between different microalgae species based on their size and inertial properties. ¢ Displays the separation
outcomes at the channel outlets for mixed microalgae, measured at the specified flow rates, with a focus on the efficiency and purity of the

separation process. d, e Quantify the purity levels of C. vulgaris and H. pluvialis, respectively, in the collected solutions from each outlet at a flow rate
of 200 ul/min, indicating the channel’s effectiveness in achieving high purity separations. f, g lllustrate the 7-day cultivation results of the separated
microalgae at Outlet 1 and Outlet 2 of the spiral contraction-expansion double-sided coupled microchannel, respectively, confirming the vitality and

a hemocytometer, as shown in Figures S10(a, c). The cells
were then separately stained, and after a three-minute
incubation period, the samples were recounted using the
hemocytometer. The post-staining results, illustrated in
Figures S10(b, d), indicated a calculated cell viability of
100%. The prepared cell suspensions were subsequently
introduced into the spiral contraction-expansion single-
sided coupled microfluidic chip for sorting, with a flow
rate set at 200 pL/min. Solutions collected from Outlets 1
and 2 were analyzed by counting 10 uL from each outlet,
as sh own in Figures S11(a) and (c). Following the same
staining protocol, the cells from both outlets were stained,
incubated for three minutes, and then recounted. As
presented in Figures S11(b, d), the results confirmed that
cell purity at both outlets was within the experimental
margin of error, with a calculated cell viability of 100%.

Separation of microalgae in spiral contraction-expansion
double-sided coupled channel

In comparing the separation performance of C. vulgaris
and H. pluvialis in a spiral contraction-expansion double-
sided coupled channel with that of a single-sided coupled
channel, optimal flow rates were identified as 150 pL/min

and 200 pL/min. Figure 6 illustrates microalgae separation
in spiral contraction-expansion double-sided coupled
channels. In the Fig. 6(a), it presents the structural details
and a schematic diagram of the spiral contraction-
expansion double-sided coupled channel, highlighting its
architecture designed for efficient microalgae separation.
As shown in Fig. 6(b), at both flow rates, the mixed
microalgae suspension enters the channel from the inlet
in a disordered manner, subsequently traversing the first,
second, and third spiral loops of the microchannel. Dur-
ing this passage, the two microalgae species progressively
focus and begin to separate. Ultimately, C. vulgaris exits
from the first outlet, while H. pluvialis exits from the
second. When comparing the separation and focusing
behavior at these two flow rates, it was noted that at
150 uL/min, the focusing width of C. vulgaris is broader
than at 200 uL/min, while the focusing width of H. plu-
vialis is narrower at 150 uL/min compared to 200 pL/min.

Through collecting the solutions at the two outlets of
the microchannel and performing cell counting on the
outlet solutions using a blood cell counting plate and an
inverted microscope, the compositions of the outlet
solutions were analyzed. As shown in Fig. 6(c), the
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solution at Outlet 1 mainly consisted of C. vulgaris and a
negligible amount of H. pluvialis, while the solution at
Outlet 2 primarily contained H. pluvialis with some C.
vulgaris. The collected solution at Outlet 2 exhibited a
higher concentration. Due to the bilateral coupling of the
spiral and contraction-expansion channels, C. vulgaris
were significantly affected by the vortex-induced lift force,
resulting in some unstable focusing at Outlet 2. Con-
versely, H. pluvialis, impacted by the incomplete stable
focusing of C. vulgaris, remained at Outlet 1.

Under the optimized operational conditions with a flow
rate of 200 uL/min, samples were systematically collected
from both Outlet 1 and Outlet 2 for subsequent quanti-
tative assessment. By precisely measuring the concentra-
tions of C. vulgaris and H. pluvialis within the collected
effluents, the total cell count for each outlet was calcu-
lated, thereby facilitating the evaluation of algal cell purity.
As illustrated in Fig. 6(d, e), the data reveal that C. vulgaris
achieved a purity of 92.2% at Outlet 1, while H. pluvialis
exhibited a purity of 61.5% at Outlet 2.

Similarly, in the dual-sided coupling of spiral and
contraction-expansion channels, high flow rates can
generate substantial pressure and shear stress in the
contraction chamber, potentially leading to cell damage.
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To evaluate the cells’ regrowth capacity post-separation,
the isolated algal cells were reseeded in fresh culture
medium. After 7 days of growth, the separated C. vulgaris
and H. pluvialis showed healthy proliferation, confirming
their viability. Notably, H. pluvialis displayed active
movement, with clear traces of cell trajectories visible in
Fig. 6(f, g), with no signs of cellular damage. Additionally,
following trypan blue staining and introduction into the
dual-sided microchannel chip, cell viability was confirmed
to be 100%.

Separation of microalgae in spiral contraction-expansion
interleaved coupled channels

Similarly, the separation of C. vulgaris and H. pluvialis in
the spiral contraction-expansion interleaved coupled chan-
nel was evaluated and compared to the single-sided coupled
channel. Optimal flow rates of 150 uL/min and 200 pL/min
were identified for effective separation. Figure 7 illustrates
microalgae separation in spiral contraction-expansion
interleaved coupled channels. In the Fig. 7(a), it presents
the structural composition and a schematic diagram of the
spiral contraction-expansion interleaved coupled channel,
outlining its innovative design for microalgae separation. As
depicted in Fig. 7(b), the mixed microalgae solution entered
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Fig. 7 Microalgae separation in spiral contraction-expansion interleaved coupled channels. a Depicts the structural composition and a
schematic diagram of the spiral contraction-expansion interleaved coupled channel, outlining its innovative design for microalgae separation.
b Demonstrates the separation effects of mixed microalgae species within the channel at flow rates of 150 pL/min and 200 pL/min, highlighting the
channel’s efficiency in distinguishing between different microalgae under varying flow conditions. ¢ Presents the separation outcomes at the channel
outlets for mixed microalgae, measured at 150 uL/min and 200 uL/min flow rates, to assess the channel's performance in fractionating microalgae
species. d and e Quantify the purity of C. vulgaris and H. pluvialis, respectively, in the collected solutions from each outlet at a flow rate of 200 pL/min,
indicating the precision of species separation achieved by the channel. f and g Show the 7-day cultivation results of the separated microalgae at
Outlet 1 and Outlet 2 of the spiral contraction-expansion interleaved channel, respectively, validating the post-separation viability and growth of the
isolated microalgae species
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turbulently from the inlet and, after traversing the first,
second, and third spiral loops, the two microalgae species
gradually focused and separated. Ultimately, C. vulgaris was
collected from the first outlet, while H. pluvialis exited from
the second outlet. A comparison of the focusing and
separation at both flow rates revealed that the focusing
width of C. vulgaris remained similar. However, at 150 pL/
min, the focusing position was closer to the outer wall of the
channel, whereas at 200 pL/min, it shifted slightly inward.
For H. pluvialis, the focusing width was narrower at 150 uL/
min compared to 200 pL/min.

Similarly, solutions collected from the two outlets of the
microchannel were analyzed using a hemocytometer and
an inverted microscope for cell counting. As illustrated in
Fig. 7(c), the solution from Outlet 1 primarily consists of
small-sized C. vulgaris with a minor presence of H. plu-
vialis. Conversely, the solution from Outlet 2 pre-
dominantly contains H. pluvialis, along with some C.
vulgaris. The data reveal a higher concentration of cells at
Outlet 2. The interleaved coupling of the spiral and
contraction-expansion channels induces significant lift
forces on C. vulgaris, causing rapid changes in direction
that lead to instability and poor focusing at Outlet 2.
Consequently, some C. vulgaris remains unfocused and
dispersed at Outlet 2, while H. pluvialis is retained at
Outlet 1, influenced by the poorly focused C. vulgaris.

Under optimal conditions with a flow rate of 200 pL/
min, samples were collected from both Outlet 1 and
Outlet 2 for quantitative analysis. The concentrations of
C. vulgaris and a fraction of H. pluvialis in the collected
solutions were measured to calculate the total number of
cells at each outlet, thereby determining the cell purity. As
depicted in Fig. 7(d) and (e), Outlet 1 achieved a purity of
90.1% for C. vulgaris, whereas Outlet 2 exhibited a purity
of 51.2% for H. pluvialis.

In the spiral and contraction-expansion channels, the
alternating coupling under high flow rates subjects cells to
substantial pressure and shear stress as they move
through the contraction neck into the expansion cham-
ber. This could potentially lead to cell damage. To eval-
uate the regrowth capability of the separated algal cells,
they were reseeded into fresh culture media. As shown in
Fig. 7(f) and (g), observations after 7 days of regrowth in

Table 1
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the spiral contraction-expansion interleaved channel chip
revealed strong growth for both cell types, indicating
maintained viability. H. pluvialis demonstrated vigorous
activity, with movement trails visible in the images, and
no signs of cell damage were detected. Moreover, the
separation process enabled the cultivation of pure single-
cell cultures, achieving higher purity for individual C.
vulgaris and H. pluvialis compared to conventional iner-
tial spiral chips. The use of low-concentration algal
samples optimized focusing effects, and employing nat-
ural water samples with lower algal cell densities could
further enhance purity. Diluting the initial sample or
conducting multiple separation rounds could also
improve purity. Additionally, staining the cells with trypan
blue and using the spiral contraction-expansion inter-
leaved coupled microfluidic chip confirmed a cell viability
of 100%.

Comparison of sorting performance and mechanism
analysis of three coupled channels

This study reveals significant performance differences in
microalgae separation using three spiral-contraction-
expansion coupling strategies (single-sided, double-
sided, interleaved), with separation efficiencies at 200 puL/
min flow rate detailed in Table 1. These variations fun-
damentally stem from distinct structural designs that
differentially modulate hydrodynamic behaviors. The
single-sided configuration employs a terminal single
contraction-expansion unit that superimposes controlled
vortical forces onto the stable Dean flow field generated
by the spiral channel. This design achieves 100% purity in
single-stream focusing of small C. vulgaris cells, demon-
strating optimal compatibility with the critical size
threshold (a,/h > 0.07), while attaining 76.5% purity for H.
pluvialis with minimal vortex-induced dispersion. In
contrast, although the double-sided coupling enhances
transverse migration through bilateral vortices, boundary
effects disrupt flow-field symmetry. This instability com-
promises C. vulgaris focusing and inversely interferes with
larger cell trajectories, reducing H. pluvialis purity to
61.5%. The interleaved design incorporates periodically
embedded contraction-expansion units (adjacent cham-
ber arc length ratio ~1:1), where sequential acceleration-

Comparison of sorting performance (at a flow rate of 200 pL/min)

Coupling Configuration Purity of C. vulgaris Purity of H. pluvialis

Key Phenomenon

Single-sided coupling 100% (Outlet 1) 76.5% (Outlet 2)

Double-sided coupling 92.2% (Outlet 1) 61.5% (Outlet 2)

Interleaved coupling 90.1% (Outlet 1) 51.2% (Outlet 2)

Stable single-stream focusing of C. vulgaris; slight dispersion of H. pluvialis
by vortex forces

Bilateral vortices destabilize C. vulgaris focusing and interfere with large-cell
trajectories

Periodic flow perturbations displace H. pluvialis from equilibrium positions
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deceleration cycles induce secondary flow perturbations.
These perturbations destabilize equilibrium positions,
particularly causing significant trajectory deviations in
size-polydisperse H. pluvialis, further decreasing purity to
51.2%. Notably, all three configurations maintain 100%
cell viability, verifying the shear-protective mechanism of
microchannel designs for flexible microalgae. Regarding
application efficacy, single-sided coupling emerges as the
preferred approach for high-precision separation of small
cells due to its structural simplicity and flow-field con-
trollability. While double-sided and interleaved couplings
enhance large-cell processing capacity through intensified
vortical forces, their separation accuracy is constrained by
flow-field complexity, necessitating geometric optimiza-
tions (e.g., adjusting contraction angles, chamber aspect
ratios) to suppress vortex dissipation. Future work may
explore hybrid coupling topologies (spiral - single-sided -
interleaved sequence), where spiral zones enable pre-
focusing, single-sided units achieve precise small-cell
separation, and interleaved modules enrich large cells—
thereby balancing efficiency and purity to establish a novel
paradigm for separating biological samples with broad
size distributions.

As shown in Fig. 8(a), the purity of C.vulgaris at Outlet 1
remained consistently high (variation <10%) as the flow
rate increased from 180 to 220 pL/min, indicating robust
separation stability in the single-sided coupling channel at
low flow regimes. At 200 uL/min, C.vulgaris purity
reached 100%. In contrast, the purity of H. pluvialis at
Outlet 2 decreased significantly from ~97.1% to 70.2%,
revealing reduced separation efficiency at elevated flow
rates. A similar trend was observed in Fig. 8(b) for the
double-sided coupling channel: C.vulgaris purity fluc-
tuated minimally (<10%) around a high plateau, while H.
pluvialis purity declined from 91.3% to 58.4%. Conversely,
the interleaved coupling channel (Fig. 8c) exhibited dis-
tinct behavior: C.vulgaris purity increased from 87.3% to
92.6%, and H. pluvialis purity rose from 50.0% to 61.3%
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with increasing flow rate, suggesting enhanced separation
efficacy under higher flow conditions.

The influence of increasing flow rate on laminar
separation mechanisms varies significantly across differ-
ent channel coupling configurations. In single-sided and
double-sided coupling channels, at lower flow rates
(<200 uL/min), the fluid exhibits stable laminar flow,
facilitating efficient separation of algal particles via inertial
focusing and Dean flow effects driven by size and density
differences. Under these conditions, C.vulgaris pre-
dominantly migrates to Outlet 1 with high purity (>100%),
while H. pluvialis is directed toward Outlet 2. However,
when the flow rate increases to 220 pL/min, boundary
layer instability induces intensified fluid mixing, degrad-
ing separation efficiency at Outlet 2. Concurrently, the
purity of H. pluvialis declines markedly due to its heigh-
tened susceptibility to shear forces. In contrast, Chlorella
maintains inertial stability owing to its smaller size,
showing negligible purity variation.

Conversely, in interleaved coupling channels, the rapid
geometric variations necessitate higher flow rates to
enhance cellular focusing. Consequently, both C.vulgaris
and H. pluvialis exhibit improved purity with increasing
flow rates. This phenomenon correlates with local flow
field gradients generated by the channel’s coupled geo-
metry, yet its core mechanism stems from flow-dependent
hydrodynamic behavior, where elevated velocities opti-
mize particle trajectory control through inertial and sec-
ondary flow interactions.

Conclusions

This study explores the separation of microalgal cells
using microchannels with three distinct coupling con-
figurations, tailored to the size of the cells. The spiral
microchannel, incorporating three different periodic
expansion structures, generates vortices and leverages
spiral-induced lift forces. This interaction with Dean
drag forces allows small particles to migrate stably
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without being constrained by the channel geometry. In
the spiral contraction-expansion single-sided coupled
channel, operating at an optimal flow rate of 200 uL/
min, C. vulgaris achieved a purity of 100%, while H.
pluvialis reached 76.5%. For the spiral contraction-
expansion double-sided coupled channel, the same flow
rate yielded purities of 92.2% for C. vulgaris and 61.5%
for H. pluvialis. In the spiral contraction-expansion
interleaved coupled channel, C. vulgaris purity was
90.1% and H. pluvialis purity was 51.2% at 200 pL/min.
Compared to conventional spiral microfluidic chips,
these devices demonstrate superior performance in
terms of both purity and throughput. Building on these
strengths, subsequent development could focus on
multi-channel array integration to substantially enhance
throughput while maintaining single-channel perfor-
mance. Further, integrating machine learning algorithms
such as Bayesian optimization or neural networks would
enable predictive modeling of the interrelationships
among flow rates, channel configurations, and separa-
tion efficiency. These advances collectively pave the way
for scaling this technology toward industrial-scale
applications while preserving its intrinsic advantages of
sheath- and label-free operation.
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