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The interaction of nanoparticles within the micromixer-assisted microfluidic platforms offers a powerful strategy
for controlled biomarker capture by simultaneously enhancing surface-activated binding and transport-limited
interactions under laminar flow conditions. In this study, poly(acrylic acid)-coated superparamagnetic iron
oxide nanoparticles (SPION) with a number-based hydrodynamic diameter of 13.2 nm and a strong negative zeta
potential (—55.3 mV) were synthesized and successfully functionalized with streptavidin and alpha-fetoprotein
(AFP)-specific antibodies using EDC/NHS chemistry, achieving a conjugation efficiency of 98%. Protein conju-
gation resulted in systematic increases in hydrodynamic size and corresponding reductions in zeta potential,
confirming effective surface modification. Streptavidin-biotin interactions (0-12.22 ng/mL) and AFP binding (1
pg/mL to 100 ng/mL) were investigated using dynamic light scattering (DLS) and nanoparticle tracking analyzer
(NTA) under both conventional incubation conditions and transition flow element (TFU) mediated micromixing
conditions. Microfluidic treatment using a TFU micromixer produced concentration-dependent and reproducible
nanoparticle size shifts while maintaining a dominant nanoscale population and preventing uncontrolled ag-
gregation. In contrast, incubation-based assays exhibited broader size distributions, irregular trends, and higher
inter-experimental variability. Notably, TFU processing enabled linear and measurable size changes at ~1 nM
concentration increments (Re = 20), demonstrating controlled binding kinetics and improved reproducibility.
These findings present micromixer-assisted microfluidic systems as effective TFU for harnessing controllable,
binding-induced nanoparticle size shifts as a reproducible readout for biomolecular interaction, supporting their
potential as preprocessing platforms in early-stage biomarker detection workflows.

1. Introduction

The molecular indicators, well-known as biomarkers, have been used
to determine the presence of diseases. Many pathological conditions,
including cancer, release biomarkers into circulation at defined stages of
progression, enabling their use in diagnostic applications (Zhou et al.,
2024). A broad range of biosensing platforms, including electrochemical,
acoustic, microelectromechanical (MEMS), immunoassay-based, optical,
field-effect transistor, and nanopore sensors, magnetic biosensors, and

even mass spectrometry, can detect biomarkers (Koohkansaadi et al.,
2025; S. P. Mohanty and E. Kougianos, 2006; Turner, 2013). However,
despite these various approaches, the reliable detection of the biomarkers
remains a challenge, as they often exist at low concentrations within
complex biological fluids (Wu and Qu, 2015). In practice, this biological
complexity necessitates advanced equipment and experts, which limit
using biosensor platforms to specialized laboratory settings. Such limi-
tations hinder widespread clinical practice and restrict timely, precise
diagnosis, especially for patients lacking access to well-equipped
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healthcare infrastructure (Bi et al., 2019; Fitzgerald et al., 2022). There-
fore, reducing the cost and complexity associated with the detection of
cancer-related biomolecular indicators is essential to enable earlier
intervention with improved health outcomes.

Advances in micro and nanofabrication technologies have enabled
the miniaturization of medical devices, reshaping healthcare by
enabling diagnostic platforms that are faster, more affordable, and
accessible (Parvin et al., 2025). In this context, point-of-care approaches
allow clinicians to perform diagnostic tests using small volumes of
sample fluid and without the need for specialized facilities. As a result,
this approach shortens the time between sample collection and diag-
nosis, contributing to lower costs and improved clinical decisions
(Adedokun et al., 2024).

Among the most transformative innovations in modern healthcare lie
microsystems with micro- and nanostructures, particularly microfluidic
platforms, which operate with minimal sample volumes and can deliver
the results in a shorter timeframe (Ardila et al., 2024). Beyond minia-
turization, microfluidic technologies have reshaped medical diagnostics
through their reusability (Sanjay et al., 2020), biocompatibility (Gharib
et al., 2022), multitasking potential (Yeo et al., 2011), high sensitivity
(Liuetal., 2010), and seamless integration with other technologies (Nge
et al.,, 2013; Yager et al., 2006). For instance, droplet-based micro-
fluidics has enabled complex diagnostic assays to be performed within
picoliter-scale droplets, supporting rapid and portable testing (Shi et al.,
2024). Similarly, micro-mixing systems serve as highly efficient micro-
reactors, offering applications from nanoparticle synthesis to drug de-
livery (Saeed et al., 2025). However, to fully utilize the potential of
microfluidic  platforms, particularly in the detection of
low-concentration biomarkers, effective mixing is necessary to over-
come the inherent limitations of laminar flow. In this context, micro-
mixers can also function as a preprocessing microfluidic unit (PMU) for
fluid and particle manipulation, facilitating biomolecule handling and
detection. Such preprocessing capabilities have enabled some of the
most profound transformations in cancer-related microfluidic applica-
tions (Boussommier-Calleja et al., 2016; Mehta et al., 2022; Ayuso et al.,
2022; Zhai et al., 2024).

Micromixers are considered as one of the most important compo-
nents of microfluidic systems (Nguyen and Wu, 2004). They include
channels at the small scale, and laminar flow conditions typically exist
so that the streamlines are regular, which limits mixing (Atencia and
Beebe, 2005; Squires and Quake, 2005; Han et al., 2024). The absence of
turbulence confines mixing to molecular diffusion alone (Ammar et al.,
2025). However, micromixers are required to provide rapid and effec-
tive mixing based on heat and mass transfer, especially in biomedical
applications (Nguyen, 2011). The fundamental goal is to increase the
interfacial layer between two different liquids and shorten the mixing
length, which is the traveling distance in the microchannel until two
liquids are completely mixed (Han et al., 2024; Shahidian and Tahou-
neh, 2025). Passive micromixers manipulate the flow paths of liquids
depending on the channel geometry, guiding them in twisted, zigzag, or
spiral patterns with different channel lengths, widths, and heights
(Ahmadi et al., 2021; Hessel et al., 2005; Pennella et al., 2012; Soltani
et al., 2024). Such geometrical modifications enhance the liquid-liquid
interaction and accelerate diffusion for improved mixing performance
(Capretto et al., 2011; Suh and Kang, 2010). Active micromixers, on the
other hand, use external energy sources, such as electric fields, magnetic
forces, acoustic waves, or pressure fluctuation, to accelerate mixing
(Bayareh et al., 2020; Soltani et al., 2024). Each approach aims to
overcome the limitations of laminar flow and achieve a homogeneous
mixture within a short time.

In many nanoparticle-based systems, the variability arises not from
binding chemistry but from heterogeneous transport conditions that
lead to disordered nanoparticle-analyte encounters. The control of fluid
dynamics and mixing conditions can be as important as the surface
chemistry in determining the analytical signal (Aberg et al., 2021).
Therefore, micromixers can be considered not only as fluid mixing
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devices but also as tools used to design the nanoparticle interaction
environment (Gimondi et al., 2023).

Indeed, cancer diagnosis has emerged as one of the applications most
profoundly reshaped by advances in microfluidic technologies, with a
diverse array of systems now enabling new strategies for both funda-
mental research and clinical oncology (Jain and Pandey, 2022; Shah
et al.,, 2024). In all cancer types, therapeutic applications remain
extremely challenging, often requiring invasive intervention protocols
and imposing significant economic burdens on affected individuals
(Carrera et al., 2018). Therefore, rapid detection of malignant trans-
formations at the earliest stage of cancer is still vital for efficient treat-
ments, suggesting that there is an urgent need for detection methods
capable of identifying cancer-specific biomarkers that are not only
highly sensitive and rapid, but also affordable and adaptable across
diverse clinical settings.

This study combines computational fluid dynamics (CFD) analysis
and experimental validation to evaluate the micromixing efficiency of a
serpentine micromixer, called as TFU, and its capability to enhance
nanoparticle-biomarker interactions under laminar flow conditions. To
first confirm the fundamental functionality and reproducibility of the
platform, the streptavidin-biotin system, widely recognized as a high-
affinity and well-characterized interaction model (Chivers et al.,
2011), was employed, using streptavidin-coated SPIONs exposed to
increasing biotin concentrations. Building on this validation, the plat-
form's performance under clinically relevant conditions was subse-
quently assessed using AFP, a diagnostic biomarker associated with
hepatocellular carcinoma, by immobilizing AFP-specific monoclonal
antibodies onto the SPION surface and examining capture behavior
across varying AFP concentrations. Nanoparticle-ligand interactions
were systematically characterized using DLS and NTA, revealing that the
micromixer-enabled microfluidic system regulated binding events in a
controlled and reproducible manner. Specifically, streptavidin-biotin
experiments demonstrated preservation of nanoscale size distributions
with limited aggregation following microfluidic processing, while
AFP-binding studies exhibited stable and consistent nanoparticle size
profiles over a broad concentration range (1-10° pg/mL), including low
analyte levels. Collectively, these results indicate that micromixer
integration effectively increases nanoparticle-biomarker encounter
probability under laminar flow, providing a robust and scalable foun-
dation for point-of-care diagnostic platforms targeting early-stage dis-
ease detection.

2. Materials and methods
2.1. Materials

A 4-inch n-type silicon wafer with a <100> crystallographic orien-
tation (University Wafer) was used as the substrate for fabricating the
SU-8 mold (Supporting Information, S1), employing SU-8 3050 nega-
tive photoresist (Microresist Technology). For fluidic interfacing, PTFE
tubing with an outer diameter of 1/16" and standard connection ele-
ments (Darwin Microfluidics) were utilized. Upon completion of the
bonding process, inlet and outlet ports were carefully opened, and the
tubing connections were integrated into microfluidic chips to ensure
reliable fluid handling. For nanoparticles, Iron (II) chloride and iron (III)
chloride were obtained from Merck (purity level: 99%, Darmstadt,
Germany). Poly(acrylic acid) (PAA) (MW 5100 Da) was purchased from
Sigma (MO, USA). Vivaspin 20 centrifugal filters were acquired from
Sartorius (Gottingen, Germany). Streptavidin was purchased from New
England Biolabs (MA, USA). AFP protein was purchased from MyBio-
Source (CA, USA), and monoclonal AFP antibody was sourced from R&D
Systems (MN, USA). Ethyl-3-(3-dimethylaminopropoyl) carbodiimide
(EDC) was provided by Sigma-Aldrich (USA), and N-hydrox-
ysulfosuccinimide (sulfo-NHS) was obtained from Tokyo Chemical In-
dustry (Japan). Ultra-pure water (18.2 MQ) used for the experiments
was supplied by Rephile Bioscience and Technology (Shanghai, China).
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2.2. Synthesis of polyacrylic acid-coated SPIONs

Poly (acrylic acid) coated superparamagnetic iron oxide nano-
particles were synthesized (Fig. 1.) by a co-precipitation method from
iron salts (Fej: Fej = 2:1) previously optimized in the previous study of
the research group (Bilici et al., 2018, 2020). Briefly, iron salts and
polyacrylic acid (1.2 g) were mixed in deoxygenated water and dis-
solved at 85 °C for 20 min. Then, NH4OH (9.26 mL of 4.5 M) was added
to the solution, and the reaction continued at the same temperature for
an additional hour. Once complete, the solution was allowed to cool to
room temperature and then placed on a magnet overnight to remove any
precipitated material. The synthesized nanoparticles were washed with
deionized water using 5 kDa ultrafiltration tubes and stored at room
temperature.

2.3. Conjugation of streptavidin and AFP protein to PAA-SPIONs

Streptavidin and AFP protein were conjugated to polyacrylic acid-
coated superparamagnetic iron oxide nanoparticles with an amidation
reaction utilizing carbodiimide chemistry, as displayed in Fig. 2. 5% of
the carboxylic acid groups on the surface of the nanoparticles were
targeted for streptavidin conjugation. SPIONs were first transferred into
a 0.1 M MES buffer (pH = 6), and carboxylic acid groups were activated
with EDC and sulfo-NHS. The reaction was performed at room temper-
ature for 30 min. Then the sample was washed with PBS buffer (pH =
7.4) to remove unreacted EDC and sulfo-NHS via ultracentrifugation.
The desired amount of streptavidin and AFP protein was added to the
sample solution and reacted at room temperature overnight. The next
day, the pH of the sample solution was adjusted to 8.5, and again washed
with PBS buffer. The washed solution was collected for Bradford anal-
ysis. Bovine serum albumin was dissolved in PBS at various concentra-
tions to create a standard. Coomassie blue was added to both the
standards and the collected washed samples, and the absorbance at 595
nm was recorded for each one. The concentrations and corresponding
conjugation efficiency were calculated based on the standards. The final
conjugated particles (Strep-PAA-SPION and AFP-PAA-SPION) were
stored in the dark at 4 °C.

Polyacryli
2FeCl6H0 g
FeCl, 4H,0

NVg

NH,OH

EDC/sulfo-NHS
_—

pH 6, RT, 30 min
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2.4. Characterization of nanoparticles

The iron content of the SPIONs was quantified using an Agilent
7700X inductively coupled plasma mass spectrometer (ICP-MS). The
samples underwent thorough etching with 65% nitric acid and 96%
sulfuric acid. The absorption spectrum of the SPIONs was analyzed with
a Shimadzu UV-VIS-NIR spectrophotometer. Hydrodynamic sizes and
zeta potentials were measured using a Malvern Zetasizer Nano ZS
(Supporting Information, S2).

2.5. Numerical simulation

Under the assumption of incompressible and steady flow, the conti-
nuity equation, also known as mass conservation, can be applied in its
simplified form (Batchelor, 2000; Stone et al., 2004):

V.uU=0 @

Here, U represents the velocity vector of the fluid. Accordingly,
mixing between two liquids is governed entirely by diffusion, convec-
tion, and geometric effects (Nguyen, 2011).

Navier-Stokes equations, which are based on the momentum equa-
tions, should be also solved (Schneiderbauer and Krieger, 2013). In
microfluidic systems, fluids typically flow at low Reynolds numbers
which suggests laminar flow conditions (Amini et al., 2014). Here, the
transport characteristics and solute distribution within the proposed
micromixer geometries were resolved through numerical modeling in
COMSOL Multiphysics 6.3, employing finite-element method (FEM).
Navier-Stokes, and convection-diffusion equations are expressed as:

ov

E—I—p(V.V)V: — VP +uV?v ()]
ac
s (V.V)C =DV3C 3

where V indicates the velocity field, P is the pressure, C is the concen-
tration of a solute and D is the diffusion coefficient.
The non-dimensional Reynolds number is defined as:

PAA-SPION

Streptavidin =~/

pH 7, RT, overnight

S ¥
ArpProtein = ¥ -
pH 7, RT, overnight ,f'?; r 4

AFP Protein-PAA-SPION

Fig. 1. Visual explanation of nanoparticle synthesis, surface chemistry and conjugation, protein immobilization used in the present study.
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Fig. 2. Experimental setup with (a) concentration profile of mixing fluids showing the maximum mixing performance at R, = 50 and with 0.5mol/ m® molarity, in a
micromixer with quasi-rectangular baffle shapes reproduced from reference (Ahmadi et al., 2021) with permission, (b) streptavidin-immobilized SPIONs and biotin
were infused through the micromixer and, in parallel, (c) streptavidin-immobilized SPIONs and biotin were incubated in a controlled container for the same duration
as the micromixing process. (d) A similar incubation procedure was performed for AFP antibody-AFP protein interactions with PAA-coated SPIONSs. (e) The resulting

samples were then collected and characterized using DLS and NTA.

_pUDy
u

R, 3

Here, p is the fluid density, U is the average velocity, p is the vis-
cosity, and Dy = % with cross the cross-sectional area (A) and wetted
perimeter (P) of the microchannel. The design includes curved micro-
channel structures with radius of curvature (R) (Supporting Informa-
tion, S3. Design Parameters), secondary circulation develops, which

can be quantified through the Dean number defined as:

Dy

D, =R, °R
c

@

The fluids were considered as Newtonian and incompressible, and a
steady-state assumption was made. At the inlet, a uniform velocity
profile was imposed, while the outlet was constrained to zero static
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pressure. The wall satisfied no-slip conditions. Two fluid streams were
introduced with normalized concentrations of 0 and 1. The perfect
mixing was therefore defined at a molar concentration of 0.5. The
interdiffusion coefficient of the two streams was set to 3.6 x 1071°m?/ s.
The geometry (Supporting Information, S3) is a single manifold solid
with extensive curved features (465 faces; 462 circular features; 231
cylindrical surfaces; 234 planes) and rich topology (15,783 entities).
Discretization used a user-controlled, fluid-dynamics-oriented unstruc-
tured triangular mesh with custom sizing (max/min 2.5 x 107°/2.9 x
10°° m; growth 1.1), curvature and narrow-region controls (0.4/0.9),
corner refinement at tips and constrictions, and wall boundary layers to
resolve near-wall gradients, yielding a numerically robust grid for
coupled laminar-flow and species-transport analyses. The final solve
involved 3,264,391 degrees of freedom (plus 250,690 internal DoFs).

2.6. Post-processing

The fluorescent microscope images of the micromixer from top views
were gathered by using ZEISS ZEN 3.10 software, and the images were
extracted using ZEN BLUE 3.1 to determine mixing indices depending on
fluorescent profiles that were obtained from the outlet of the micro-
mixer. Then, the following expression was used to determine the mixing
index (Fan et al., 2017; Ahmadi et al., 2021):

()

Here, MI represents the mixing index, n indicates the number of
pixels in profile line, I refers to mean fluorescent intensity of all pixels in
the profile line, and I; stands for the fluorescence intensity of the ith
pixel.

The governing equations and associated dimensionless numbers
establish a mathematical foundation for the design and evaluation of
micromixers. This framework not only enables accurate numerical
analysis but also provides a reliable basis for modeling and experimental
validation.

3. Experimental design

The experiments were primarily conducted using sample infusing
through the micromixer and conventional incubation methods (Fig. 2).
For platform validation streptavidin-conjugated SPION suspensions
were injected through one inlet of the micromixer with R, = 20, and the
biotin analyte solution was infused to the other inlet. Following the
micromixing process, the mixed samples were collected from the outlet
and subsequently analyzed by DLS and NTA. For the streptavidin-
conjugated SPIONs-biotin binding experiments, biotin solutions were
prepared in PBS. In the second stage, AFP-protein-conjugated SPIONs
were processed under the same micromixing and incubation conditions.
Nanoparticle size distributions evaluated by DLS and NTA.

Experiments were performed at room temperature. Streptavidin-
coated SPIONs were reacted with biotin under two conditions: micro-
fluidic micromixing with an experimental duration of ~10 min, and
static incubation in microcentrifuge tubes for the same duration. Con-
centrations, total volume, and buffer composition were kept identical
during the tests.

4. Results and discussion
4.1. Numerical and experimental analysis of micromixer

Building on the findings of our previous investigation on micro-
mixing with serpentine microchannels having baffle elements of
different properties, we identified micromixer model M3 as achieving
the fast and efficient mixing ratio in a short mixing length (Ahmadi et al.,
2021). This design has a robust and highly efficient mixing performance
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across broad ranges of flow rates. The microfluidic chip features a
quasi-rectangular baffle design, with a baffle width of 150 pm, a baffle
angle of 8.75° and a baffle spacing of 26.25°. Geometric parameters
were used to calculate the cross-sectional area of the channel, defined by
a microchannel thickness (t) of 100 pm and a width (w) of 300 pm. An
inlet flow average velocity of approximately 0.133 m/s leads to a Rey-
nolds number (Re) of 20 and a Dean number (De) of 7.75, resulting in a
mixing efficiency of ~98%.

In order to obtain a more comprehensive understanding of the in-
ertial effects governing the mixing mechanism, we further investigated
the flow behavior within the microfluidic chip through an analysis of
molar concentration profiles and velocity magnitudes. As shown by the
molar concentration profiles and velocity magnitudes (Fig. 3), the
presence of baffle structures enhances the mixing efficiency by pro-
moting stronger chaotic advection (Ahmadi et al., 2021). At low Rey-
nolds numbers (~1), transport is governed primarily by molecular
diffusion, which leads to the persistence of sharp concentration gradi-
ents and the formation of low-velocity regions within the baffle geom-
etries. Under these conditions, micromixing is inefficient, as the
interface between fluid streams remains largely undisturbed. When the
Reynolds number increases to intermediate values (R, = 5— 10. The
combined influence of the channel curvature and geometric corrugation
generates secondary Dean vortices (Ahmadi et al., 2021). The vortices
continuously stretch and fold concentration profiles, initiating chaotic
advection and significantly improving local mixing performance (El
Hani et al., 2025; Habchi et al., 2013). At higher Reynolds numbers
(20-30), the secondary vortices intensify and occupy the entire
cross-section, periodically redistributing fluid between the inner and
outer channel walls. This redistribution of species produces a far more
homogeneous concentration field along the channel length, representing
aregime, where the mixing efficiency is maximized (Saffar et al., 2023).
Beyond this range (Re =~ 40-50), advection becomes dominant, driving
near-complete homogenization (Jiang et al., 2004). However, the cor-
responding reduction in the residence time and increase in the hydraulic
resistance impose practical limitations, particularly for processes that
require longer reaction times.

During the experiments, top-view fluorescence images were acquired
using the tile-scan mode of the fluorescent microscope and recon-
structed by stitching the sectional images (Fig. 4). Subsequently, image
processing of the reconstructed frames generated concentration in-
tensity profiles, from which the mixing index (MI) was calculated for
each flow condition. According to the results, the micromixer achieves a
mixing index of 0.98 at Re = 20 after starting at 0.62 at Re = 1 (Ahmadi
et al., 2021), and extended residence times allow diffusion-driven mix-
ing at low Reynolds numbers, while higher velocities show chaotic
advection, enhancing the mixing performance, Fig. 4-b. The
quasi-rectangular baffles in this design promote high vortex formation
and flow disturbances, boosting mass transfer and enabling high effi-
ciency even at low Re. Beyond Re = 20, the mixing performance stabi-
lizes between 0.97 and 0.98, showing that relatively low flow rates are
sufficient for optimal mixing.

Overall, the transition from diffusion-limited to advection-
dominated transport reflects the strong interplay between the serpen-
tine curvature and corrugated wall structures. At low Reynolds numbers,
mixing is dictated by slow molecular diffusion, while increasing flow
rates induce vortex-driven advection that progressively enhances ho-
mogenization. The intermediate regime (Re ~ 20-30) offers a favorable
balance, delivering a high micromixing efficiency without incurring
excessive energy penalties, and can therefore be considered the optimal
operating condition for most applications.

4.2. Nanoparticle characteristics
The integration of nanoparticles with a micromixing platform pro-

vides distinct advantages for biomarker capture, as nanoparticles pro-
vide a high surface-to-volume ratio that enables efficient analyte
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Fig. 3. Simulation properties of micromixing. (a) Meshing used a user-controlled, fluid-dynamics—calibrated sequence. An unstructured free tetrahedral grid was
generated with custom sizing (max 2.5 x 10~> m; min 2.9 x 10-% m; growth 1.1; curvature 0.4; narrow-region 0.9). Local control via a second size node and corner
refinement on selected boundaries sharpened baffle sections, while boundary-layer elements on all walls resolved near-wall velocity and concentration gradients. The
resulting mesh is well graded, coarser in the bulk and deliberately dense around baffles, corners, and constrictions, supporting accurate, stable laminar-flow and
species-transport solutions. (b) Steady-state molar concentration C (mol/ms) in the serpentine micromixer. Two inlet streams, blue with C = 0, and red with C =1
mol/m® are split, folded, and recombined along successive loops, enhancing transverse mixing; the outlet approaches a uniform C ~0.5 mol/m®. The color bar spans
0-1 mol/m®. (c) Velocity magnitudes (m/s) in different sections in micromixer, (d) Orthogonal plane through micromixer's end showing contraction-induced jetting:
velocity peaks near the throat (up to ~7 m/s by the scale), with steep shear layers that relax downstream. This highlights where mixing is driven by strong local
acceleration due to the baffle section. (e) An end plane map reveals a high-speed entry region (~5.3 m/s by the scale) that generates counter-rotating vortices; the
vortical intensity decays downstream as the profile becomes more uniform. The vorticity field indicates secondary flows that enhance transverse transport. (For

interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

binding (Zhang et al., 2019). In parallel, micromixing enhances nano-
particle analyte interaction rates under laminar flow conditions,
improving efficiency even at low analyte concentrations. These
enhanced interactions can lead to measurable changes in nanoparticle
hydrodynamic behavior and size distributions that reflect changed
binding stage and colloidal organization (Li et al., 2022).

Colloidally stable, aqueous PAA-SPIONs were synthesized in small
hydrodynamic sizes (number-based hydrodynamic size of 13.2 nm) with
a strong negative zeta potential (—55.3 mV) (Supporting Information,
$2). The streptavidin was covalently attached to SPION via EDC/NHS
chemistry. According to Bradford assay results, the conjugation effi-
ciency was calculated as 98%. The observed increase in the hydrody-
namic size, from 154.2 to 184.3 nm based on the intensity average, and a
decrease in the zeta potential to —35.0 mV indicate successful protein
attachment. AFP-specific antibodies were conjugated using the same
chemistry. An increase in hydrodynamic size from 12.3 nm to 296.5 nm
based on intensity average and a decrease in zeta potential to —18.2 mV
were observed.

4.3. Streptavidin conjugated SPIONs and biotin interactions

During the experiments, the DLS and NTA analysis techniques were
used to comprehensively evaluate the size distributions of nanoparticles.
The DLS reveals general changes in the hydrodynamic size and possible
aggregation trends (Rodriguez-Loya et al., 2024), and the NTA allows

for a detailed evaluation of the size distribution and concentration of
individual particles (Filipe et al., 2010). Through these complementary
analyses, changes in hydrodynamic size occurring during the interaction
of streptavidin-conjugated SPIONs with biotin under both microfluidic
treatment and conventional incubation conditions were examined. To
evaluate the performance of the micromixer-based microfluidic plat-
form, streptavidin-conjugated SPIONs were initially used with varying
concentrations of biotin. Streptavidin-biotin interactions were used as a
model in the system experiment because they are described in the
literature as high-affinity interactions (Ozawa et al., 2017). The outputs
obtained after microfluidic treatment and conventional incubation were
compared by analyzing the nanoparticle size distribution. Thus, the ef-
fect of controlled mixing on binding dynamics was investigated. NTA
and DLS analyses showed that in the microfluidic platform, as biotin
concentration increased, the dominant size population of nanoparticles
was maintained at the nanoscale, and there was no significant shift to-
wards larger size populations. This indicates that micromixing integra-
tion prevented uncontrolled aggregation formation. In contrast, samples
prepared using the incubation method showed greater size distribution,
especially at high biotin concentrations, and increased heterogeneity of
the system.

In the experiments, biotin concentration was adjusted to range from
0 to 12.22 ng/mL, with values of 0, 0.24, 1.22, 2.44, 4.89, 9.77, and
12.22 ng/mL used, respectively. The interaction of streptavidin-
conjugated SPIONs with biotin was evaluated using number-based
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Fig. 4. Flow characteristics of micromixer with (a) concentration profiles in mol/m® with varying Reynolds numbers R, = 1,5,10,20, 30,40, 50, (b) experimental
results of micromixing process in different R, obtained by fluorescent microscopy reproduced from reference (Ahmadi et al., 2021) with permission, and (c) velocity
magnitudes (m/s) of vorticity fields depending on varying Reynolds number. Here, I represent the inner wall, and O corresponds to the outer wall of the outlet of the

microchannel.

DLS analysis under a microfluidic system (Fig. 5). At low biotin con-
centrations (0.1 ng/mL <), the nanoparticles exhibited hydrodynamic
sizes around ~20 nm, while a significant increase in the average hy-
drodynamic diameter (up to 30 nm) was observed with increasing
concentration. At higher concentrations (>1 ng/mL), the decrease in
sizes suggests that the additional biotin provides a limited contribution
to nanoparticle size after the binding sites approach saturation (Fig. 5-
b). The observation of similar trends in three independent experiments
(Fig. 5-b) indicates that the results obtained under microfluidic treat-
ment are reproducible and controlled. In contrast, experiments con-
ducted under conventional incubation conditions showed that the
average hydrodynamic sizes exhibited a more irregular variation
depending on the biotin concentration (Fig. 5-c). The increases and
decreases observed at different concentration points indicate that
nanoparticle-biotin interactions occur less controllably in the incubation
method. Furthermore, the higher variation between independent

experiments compared to microfluidic conditions suggests that random
encounters and local concentration differences may occur during incu-
bation. Overall, the comparative DLS and NTA results reveal that the
microfluidic system can direct streptavidin-biotin interactions in a more
homogeneous and reproducible.

4.4. AFP specific protein conjugated SPIONs and AFP protein interactions

To evaluate the performance of the microfluidic platform, SPIONs
functionalized with AFP-specific antibodies were used. Experiments on
AFP binding were performed under incubation and microfluidic treat-
ment conditions at a wide concentration range (1-100,000 pg/mL), and
nanoparticle size changes were analyzed using DLS and NTA techniques
(Fig. 6).

Number-based DLS results show significant but irregular changes in
average hydrodynamic diameter values depending on AFP
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Fig. 5. Comparison of mean hydrodynamic diameters of streptavidin-conjugated SPIONSs at different biotin concentrations (0-12.22 ng/mL) under incubation and
microfluidic processing conditions. (a) Mean hydrodynamic diameter values measured by number-based DLS under incubation conditions. (b) Number-based DLS
results for samples processed in a microfluidic system. (c) Mean nanoparticle sizes obtained by NTA under incubation conditions. (d) Mean nanoparticle sizes
measured by NTA after microfluidic processing. Data show mean values from three independent experiments, and error bars represent the standard deviation (mean
=+ SD, n = 3). Under microfluidic processing, both DLS and NTA results show a more regular and reproducible size behavior depending on the biotin concentration.

concentration under incubation conditions (Fig. 6-a). In particular, the
abrupt increases and decreases observed at different concentration
points indicate that the binding process occurs more heterogeneously
and less controlled under the incubation method. In contrast, DLS
measurements in microfluidic treated samples showed a more consistent
size change trend throughout the AFP concentration (Fig. 6-b). This
suggests that microfluidic mixing directs nanoparticle-AFP interactions
in a more controlled manner. NTA results revealed that the dominant
nanoparticle population remained at the nanoscale under both treat-
ment conditions but showed significant differences in distribution reg-
ularity between incubation and microfluidic treatment (Fig. 6 - c and d).
Under incubation conditions, nanoparticle sizes varied over a wider
range, and inter-experimental variation was higher. In contrast, NTA
data obtained after microfluidic treatment exhibited a narrower size
range and better reproducibility. These findings suggest that the
microfluidic platform can facilitate nanoparticle-biomarker interactions
in a more homogeneous and predictable environment during the capture

of clinical biomarkers such as AFP.

Another aspect of the results of this study is that the size differences
observed between DLS and NTA measurements across both streptavidin-
and AFP-functionalized systems reflect fundamental differences in the
underlying detection principles of the two techniques, rather than
experimental inconsistency. DLS derives the hydrodynamic diameter
from fluctuations in the scattered light intensity and is inherently
intensity-weighted because light scattering scales strongly with the
particle size. Even a small subpopulation of larger species or transient
aggregates can dominate the signal and shift the apparent mean diam-
eter. Importantly, this bias persists even in number-based DLS outputs,
which are mathematically transformed from the intensity data and
therefore remain sensitive to polydispersity (Filipe et al., 2010b; Farkas
and Kramar, 2021). NTA, by contrast, tracks individual particles and
calculates the size directly from their Brownian motion, yielding a true
number-based distribution, in which each particle contributes equally
regardless of the size (Kim et al.,, 2019). In protein-functionalized
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Fig. 6. Comparison of mean hydrodynamic diameters of SPIONs functionalized with AFP-specific antibodies under different AFP concentrations (1-100,000 pg/mL)
and microfluidic processing conditions. (A) Mean hydrodynamic diameter values obtained by number-based DLS under incubation conditions. (B) Number-based DLS
results for samples processed in a microfluidic system. (C) Mean nanoparticle sizes measured by NTA under incubation conditions. (D) Mean nanoparticle sizes
obtained by NTA after microfluidic processing. Data show the mean values of three independent experiments, and error bars represent the standard deviation (mean
+ SD, n = 3). Under microfluidic processing, both DLS and NTA measurements indicate a more regular and repeatable size distribution depending on the AFP

concentration.

nanoparticle systems such as those studied here, DLS, therefore, cap-
tures an effective hydrodynamic diameter that integrates contributions
from the nanoparticle core (Monopoli et al., 2012), protein corona, and
surrounding solvation layer, while NTA more directly reflects the actual
dominant particle population. This distinction becomes particularly
apparent in the AFP datasets, where DLS reported substantially larger
apparent diameters, especially in incubated samples at lower analyte
concentrations, while NTA remained centered near approximately
100-135 nm, consistent with a polydisperse system, where the main
nanoscale population is preserved but the DLS signal is disproportion-
ately influenced by a minor fraction of larger species. The two methods,
therefore, provide complementary rather than contradictory informa-
tion, and together they offer valuable insight into both the bulk colloidal
behavior and true particle size distribution of the system.

Importantly, this improvement in micromixing is expected to
directly influence nanoparticle-protein interaction kinetics (Hu et al.,
2019). By continuously redistributing nanoparticles and analyte mole-
cules throughout the channel cross-section, the TFU micromixer reduces
the local concentration gradients and increases the frequency of

effective particle-analyte encounters (Agha et al., 2023). Compared
with static incubation, this more homogeneous mixing environment is
less prone to localized overconcentration, uneven surface binding, and
uncontrolled interparticle aggregation. The dependence of the mean
particle diameter on analyte concentration was not strictly monotonic in
several datasets, and this behavior is most likely explained by a com-
bination of analyte binding, restructuring of the adsorbed interfacial
layer, and concentration-dependent interparticle interactions rather
than binding-site occupancy alone (Vilanova et al., 2025). As the con-
centration increases toward surface saturation, bridging may be
reduced, and the interfacial layer may become more uniform or
compact, thereby decreasing the apparent diameter (Yu et al., 2020).
The DLS and NTA results support this interpretation, as microfluidically
processed samples generally maintained a more stable nanoscale pop-
ulation and exhibited less noticeable shifts toward larger particle sizes
than incubated samples. Collectively, these findings indicate that the
TFU platform improves not only the bulk mixing efficiency but also the
uniformity and reproducibility of nanoparticle binding events.
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5. Conclusion

Developing detection strategies based on the particle size distribu-
tion, particularly through passive microfluidic systems, can offer an
energy-efficient and cost-effective alternative in the diagnosis of dis-
eases. Herein, this study shows that particle size distribution-based
detection, when combined with passive microfluidic preprocessing, can
provide an energy-efficient and cost-effective approach for disease di-
agnostics. A stepwise comparison between microfluidic mixing and
conventional incubation revealed that micromixing improves the uni-
formity of binding kinetics between streptavidin-immobilized SPIONs
and target molecules over concentrations of 0, 1, 5, 10, 20, 40, and 50
nM. While the micromixer chip is not intended to operate as a stand-
alone detection platform, it functions effectively as a TFU that stan-
dardizes the particle-particle interactions and improves the reliability of
downstream nanoparticle dimensional analysis.

At the optimized operating condition of Re ~ 20, the system achieved
a mixing index of ~0.98, indicating near-complete homogenization
while preserving sufficient residence time for nanoparticle-analyte
binding. Under these hydrodynamic conditions, ~1 nM concentration
increments produced measurable and reproducible hydrodynamic size
shifts, with lower standard deviation and narrower NTA size distribu-
tions across replicates (n = 3) than those obtained by conventional in-
cubation. These results confirm that controlled advection-driven mixing
reduces the variability and enables more linear and quantitative cali-
bration of binding-induced size changes.

The platform is also not limited to size-based readout. Although size
shifts in the range of about 10-30 nm were resolved depending on
surface functionalization, the same controlled micromixing strategy
may support other outputs, including plasmonic or colorimetric in-
tensity changes, magnetic relaxation in SPION-based systems, fluores-
cence modulation, and improved particle capture before downstream
molecular assays such as PCR. In PCR-based diagnostic workflows,
target capture or enrichment steps are performed under conventional
incubation conditions (Chen et al., 2020) which may result in hetero-
geneous binding and capture efficiency variability. Thus,
micromixing-assisted processing can improve the capture uniformity
and also provide more consistent nanoparticle-target interaction, which
potentially reduces the variety in PCR pretreatment steps and improves
the reproducibility of molecular detection workflows. From an engi-
neering perspective, the operation at Re ~ 20 offers an effective
compromise between high mixing efficiency, practical flow rate, and
acceptable hydraulic resistance, enabling preprocessing within seconds
rather than the tens of minutes or hours typically required for conven-
tional incubation (Bazaz et al., 2018; Materon et al., 2021; Ha and Kim,
2022).

Overall, the platform should be viewed as a modular interaction-
control unit that delivers a high mixing efficiency (~98%) (Ahmadi
et al., 2021), reproducible nanometer-scale signal shifts, and improved
inter-experimental consistency. Its compatibility with optical, magnetic,
molecular, and droplet-based microfluidic systems makes it a promising
building block for point-of-care diagnostics, multiplexed biosensing,
high-throughput screening, and nanomedicine applications such as
formulation optimization, aggregation studies, and stability profiling
under defined shear and residence-time conditions.
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